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Abstract

The ability for nuclear magnetic resonance (NMR) spectroscopy to provide
quantitative, structurally rich information makes this spectroscopic technique
an attractive reaction monitoring tool. The practicality of NMR for this type of
analysis has only increased in the recent years with the influx of commercially
available benchtop NMR instruments and compatible flow systems. In this
study, we aim to compare '°F NMR reaction profiles acquired under both on-
line continuous-flow and stopped-flow sampling methods, with modern bench-
top NMR instrumentation, and two reaction systems: a homogeneous imina-
tion reaction and a biphasic activation of a carboxylic acid to acyl fluoride.
Reaction trends with higher data density can be acquired with on-line
continuous-flow analyses, and this work highlights that representative reaction
trends can be acquired without any correction when monitoring resonances
with a shorter spin-lattice relaxation time (T;), and with the used flow condi-
tions. On-line stopped-flow analyses resulted in representative reaction trends
in all cases, including the monitoring of resonances with a long T;, without
the need of any correction factors. The benefit of easier data analysis, however,
comes with the cost of time, as the fresh reaction solution must be flowed into
the NMR system, halted, and time must be provided for spins to become polar-
ized in the instrument's external magnetic field prior to spectral measurement.
Results for one of the reactions were additionally compared with the use of a
high-field NMR.

KEYWORDS

benchtop NMR, on-line stopped-flow NMR, on-line continuous-flow NMR, process analytical
technology, reaction monitoring

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Magnetic Resonance in Chemistry published by John Wiley & Sons Ltd.

Magn Reson Chem. 2023;1-13.

wileyonlinelibrary.com/journal/mrc


https://orcid.org/0000-0002-9472-6747
https://orcid.org/0000-0003-1250-2262
https://orcid.org/0000-0002-4345-3005
mailto:jhein@chem.ubc.ca
mailto:napolitano-farina.jose@gene.com
https://doi.org/10.1002/mrc.5395
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/mrc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmrc.5395&domain=pdf&date_stamp=2023-09-22

: | WILEY

MASCHMEYER ET AL.

1 | INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is a
well-known analytical technique with the ability to pro-
vide structurally rich information in a non-destructive
and in an inherently quantitative manner.! These fea-
tures are highly valuable assets for reaction monitoring
in the pharmaceutical industry, as knowledge of con-
sumption and/or formation of chemical species can help
inform critical decisions related to a chemical process.
While NMR is generally associated with physically large
and expensive superconducting high-field systems,
benchtop NMR instruments are providing a viable alter-
native for certain applications.

Benchtop NMR spectrometers are significantly smal-
ler and cheaper to purchase and maintain. The smaller
physical footprint of these systems allow for the struc-
tural insights associated with NMR to enter the synthetic
laboratory.>* This is not without tradeoffs, however, as
the application of smaller external applied magnetic field
strength results in an overall decrease in sensitivity and
signal dispersion.*

While benchtop NMR may not be a viable option for
complex structure elucidation problems due to the limita-
tions highlighted above, reaction monitoring generally
entails tracking key resonances, so the impact of these
limitations can be minimized. To address the decrease in
sensitivity, hyperpolarization techniques®® may be
employed or one can simply monitor a more concen-
trated reaction solution.”® In order to decrease the likeli-
hood of resonance overlap, and enhance signal
dispersion, one can monitor a nucleus with a large chem-
ical shift range (such as '°F or *'P).”'° If greater signal
dispersion cannot be achieved, non-traditional data pro-
cessing methods, such as Complete Reduction to Ampli-
tude Frequency Table (CRAFT),""'? may be leveraged.

It should be noted that, while benchtop NMR allows
for NMR data to be conveniently acquired in a synthetic
laboratory, the sample (i.e., reaction solution in this case)
must physically be transported to the instrument for
analysis. For a reaction ongoing in batch, this implies
three primary options: (i) the reaction can be performed
on small-scale in an NMR tube itself; (ii) the reaction can
be periodically sampled and aliquot transferred to NMR
tube for analysis, or (iii) a flow system can be devised
such that a portion of the reaction solution is transferred
to the NMR magnet for analysis. In the interest of
decreasing the human power needed to perform a reac-
tion monitoring analysis, only (i) and (iii) will further be
considered.

In 2016, Foley et al. demonstrated the significant dif-
ferences that one can observe in the reaction rates when
observing processes in an NMR tube versus on-line

continuous-flow conditions using high-field NMR."
Differences were particularly evident in heterogeneous
systems where stirring allowed for more representative
mass transfer under ‘regular’ synthetic conditions.

Much work has been completed in effort to under-
stand the effect of flow on NMR data acquisition; even at
the start of this century, a review was written including
relevant work on the subject to that point, and with the
application to process monitoring.'* Investigations, how-
ever, have continued to enhance our understanding on
the subject. For example, Nordon et al. showcased how a
pre-magnetization region can assist in increasing the
polarization of spins in continuous-flow analyses,"> and
Dalitz et al. highlighted quantitative reaction monitoring
with continuous-flow conditions with consideration of
the impacts of flow.'® Additionally, the impact of flow
rate and flow cell geometry on flow behaviour has been
studied,'” and the necessary hardware considerations one
must make when designing a flow NMR system (such as
choice of pump and resultant pulsation of analyte) has
more recently been reported."® Recent investigations of
on-line continuous-flow conditions for NMR measure-
ments with a modern high-field NMR system'® and a
modern benchtop NMR system® have been conducted
with application to reaction monitoring in mind.

Recently, the authors have demonstrated the utility of
an on-line stopped-flow benchtop NMR system where we
quantitatively monitored reaction systems.” This on-line
stopped-flow system is analogous type to a stopped-flow
system applied as far back as the 1980s for reaction moni-
toring?® and different than the in situ stopped-flow sys-
tems employed for monitoring rapid reactions, where
fundamentally those systems are used to minimize the
time between initiation of the reaction and data
acquisition.** This on-line stopped-flow system is a
closed-loop flow batch system, as solution circulates
through the NMR instrument and reactor, but the solu-
tion is halted in the magnet just prior and during NMR
data collection (Figure 1). After data acquisition, the solu-
tion returns to continuous circulation until the next data
acquisition event. Using this method, NMR measure-
ments are conducted under static conditions, so irregular-
ities of hardware that can be detrimental to NMR
measurements, such as pump pulsation, are a non-issue
so long that sufficient time for analyte to stabilize is pro-
vided prior to data acquisition.

In this manuscript, reaction profiles are acquired
under on-line stopped-flow and continuous-flow sam-
pling conditions with a modern, commercially available
benchtop NMR instrument and accompanied flow cell.
Acquired data and reaction trends are directly compared,
with the desire to reduce complexity of data analysis and
allow for approachable reaction monitoring analyses for
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FIGURE 1 Schematic of the NMR flow systems compared in this study for (a) on-line stopped-flow analyses and (b) on-line continuous-

flow analyses.

a non-NMR specialist. This was of particular interest as
the extent of flow effects are known to be specific to
magnet configurations'’; therefore, these empirical
observations may be of interest for users of similar sys-
tems. Two reactions were monitored in this effort: a
homogeneous imination reaction between
4-fluoroaniline and 4-fluorobenzaldehyde and a biphasic
activation reaction of 4-fluorobenzoic acid with perfluor-
obutanesulfuryl fluoride (PBSF) to the corresponding
acyl fluoride. In either case, reactions were additionally
performed in a 5 mm NMR tube as a benchmark
measurement.

2 | MATERIALS AND METHODS
2.1 | Materials

All materials were obtained from commercial sources
and used as received. 4-Fluoroaniline,
4-fluorobenzaldehyde, 4-fluorobenzoic acid, PBSF and
diisopropylethylamine (DIPEA) were obtained from
Sigma-Aldrich and used as received. Additionally, aceto-
nitrile (MeCN) and methanol (MeOH) were obtained
from Fisher Scientific.

2.2 | NMR instrumentation and data
acquisition

NMR measurements were conducted on a 1.46 T Magri-
tek Spinsolve 60 benchtop NMR system (‘H: 62 MHz,
9F: 58 MHz) and a 11.74 T Bruker AVANCE III HD

system (‘H: 500 MHz, '°F: 471 MHz) equipped with a
nitrogen-cooled Prodigy broadband probe.

Concentration of species were determined by convert-
ing absolute NMR integrations to concentrations. This
was completed using an external calibration gNMR
method where a single concentration conversion factor
was applied to all resonances for a given reaction and
sampling method. A conversion factor was determined
with each sampling method (5 mm NMR tube, stopped-
flow, continuous-flow) by comparing the absolute inte-
gration of a resonance to the known gravimetric
concentration.

2.3 | Benchtop NMR flow system

The benchtop NMR on-line stopped-flow
system (Figure 1) consisted of three hardware compo-
nents: a benchtop NMR spectrometer, a peristaltic pump
(Vapourtec SF-10 reagent pump) and a six-way valve
(Vici C2, two-ports plugged). These components were
connected by either ethylene tetrafluoroethylene [ETFE,
1/16” outer diameter (O.D.), 0.02” inner diameter (I.D.)]
or polyether ether ketone (PEEK, 1/16” O.D., 0.01” 1.D.)
tubing. No thermal regulation of these lines was imple-
mented, as a lack of thermal regulation is a known and
well-established limitation of many benchtop NMR
instruments. With this temperature consideration in
mind, all reaction solutions in the primary reaction flask
(either NMR tube or scintillation vial) were maintained
at 26°C (internal temperature of magnet) to ensure the
integrity of direct comparisons between analysis
techniques.
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In addition to the hardware components listed above,
an NMR glass flow cell from the instrument manufac-
turer was used where the analyte solution entered from
the bottom of the instrument and exited the top. The
entire volume of this system, with all tubing to/from
the reaction flask and the glass flow cell, was determined
to be 1.76 mL (Supporting Information Section S2.c).

For on-line stopped-flow analyses (Figure 1la), an
internally developed Python script was used. This script
allowed central control of pump flow rate, valve position
and benchtop NMR data acquisition (experiment, acqui-
sition parameters, number of spectra and overall time
between spectra).

Reaction solution initially was pumped from the flask
through the valve and NMR flow cell, returning to the
flask (valve position ‘A’). At a pre-determined timepoint,
the valve position switched (valve position ‘B’), resulting
in the reaction solution being pumped from the reaction
flask to the valve and returning to the flask, without
entering the NMR loop. After a lock and calibrate proto-
col, and pre-magnetization time in this static condition,
data were acquired. Once acquisition completed, the
valve position switched (position ‘A’) to allow for reac-
tion solution to be replenished and the procedure
repeats.

For on-line continuous-flow analyses (Figure 1b), the
same hardware system and Python script were used, but
the valve position was not toggled through the reaction
course (i.e., valve remained in position ‘A’). This allowed
for the reaction mixture to continuously flow through the
system, with data acquisition occurring as the sample flo-
wed through the spectrometer.

In all flow analyses, a flow rate of 2.7 mL/min was
used. This flow rate resulted in a 38 s residence time for
analyte within the entire benchtop NMR flow system
(valve position ‘A’) and allowed for a timely transfer of
reaction solution from the reaction flask to the benchtop
NMR for analysis. It is acknowledged that a slower flow
rate may be leveraged and may be beneficial in enhanc-
ing polarization in continuous-flow analyses. However,
this comes at the expense of lengthening the time to
which reaction solution is exposed to conditions not rep-
resentative of the reaction flask (e.g., if reaction flask is
heated/cooled or mechanically stirred).

2.4 | High-field NMR flow system

An on-line flow system analogous to that shown in
Figure 1b was used to acquire continuous-flow data on a
reaction mixture (see Supporting Information Section S2.
d) using a high-field NMR system. The only hardware dif-
ference occurred in the incorporation of a Bruker

InsightMR flow system along with a high-field NMR
spectrometer. Additionally, during reaction monitoring
trial, a lock and calibrate protocol was not necessary with
the used Bruker spectrometer prior to data acquisition.

2.5 | Procedures for imination reaction
For both stopped- and continuous-flow trials, 1:1
MeCN:MeOH (7.20 mL) was added to septum capped vial
equipped with a magnetic stir bar. This solution was then
circulated through the flow system at a flow rate of
2.7 mL/min. To this vial 4-fluorobenzaldehyde (0.18 mL,
1.7 mmol, 1.0 eq.) was added, followed by 4-fluoroaniline
(0.18 mL, 1.9 mmol, 1.1 eq.). After mixing, the Python
script controlling data acquisition was started.

For the reaction completed in a 5 mm NMR tube, 1:1
MeCN:MeOH (1.00 mL) was added to an NMR tube, fol-
lowed by 4-fluorobenzaldehyde (0.025 mL, 0.23 mmol,
1.0 eq.) and 4-fluoroaniline (0.025 mL, 0.26 mmol,
1.1 eq.). The tube was inverted multiple times to achieve
good mixing and was entered into the NMR spectrome-
ter. The Python script was then started (pump and valve
not used, lines commented out in code) controlling data
collection.

Spectra were collected every 250 s, and a lock and cal-
ibration protocol (~ 55 s), followed by 20 s pause time,
was completed just before each F{'H} NMR experiment
was initiated. For the stopped-flow trial, 25 spectra were
acquired, where for continuous-flow and 5 mm NMR
tube reaction, 36 spectra were collected in total. Addi-
tionally, due to the lock and calibration protocol and des-
ignated pause time, ~ 75 s was supplied for the reaction
solution to stabilize in the NMR prior to spectral mea-
surement in the case of stopped-flow analysis.

In all cases "*F{'H} NMR data were collected with a
90° pulse, 1 scan, 0 dummy scans, 1.64 s acquisition time,
5,000 Hz (85.9 ppm) spectral width, —115 ppm spectral
offset, and a 4 s repetition time.

2.6 | Procedures for activation of
carboxylic acid with PBSF

For both on-line stopped- and continuous-flow trials,
4-fluorobenzoic  acid  (stopped-flow:  349.954 mg,
2.4 mmol, 1 eq.; continuous-flow: 349.928, 2.4 mmol,
1.0 eq.) was weighed into a septum capped vial. To this
vial, MeCN (7.20 mL) was added and was equipped with
a magnetic stir bar. DIPEA (0.54 mL, 3.0 mmol, 1.2 eq.)
was next added. This solution was then circulated
through the flow system, with flow rate of 2.7 mL/min.
Finally, PBSF (0.54 mL, 2.7 mmol, 1.1 eq.) was added.
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After mixing, data acquisition was started and only the
MeCN layer was sampled. This was achieved as the PBSF
layer was both small (~ 6% of the total initial volume)
and more dense than the MeCN layer. Therefore, by plac-
ing the intake line near the surface of the liquid level, we
were able to ensure only the MeCN layer was pumped
through the system and sampled with the NMR.

For the reaction completed in a 5 mm NMR tube,
4-fluorobenzoic acid (39.427 mg, 0.28 mmol, 1.0 eq.) was
weighed into a vial. To this vial, MeCN (0.80 mL), DIPEA
(0.060 mL, 0.34 mmol, 1.2 eq.), and PBSF (0.055 mL,
0.31 mmol, 1.1 eq.) were added. Upon quickly mixing the
contents of the vial, the entire solution was transferred to
a 5 mm NMR tube and entered into the NMR spectrome-
ter such that only the MeCN soluble layer was within the
reading frame of the instrument. The Python script was
then started for data collection where the pump and
valve were not active.

Spectra were collected every 540 s for the stopped-
flow and continuous-flow analyses and every 600 s for
the reaction performed in a 5 mm NMR tube. A lock and
calibration protocol (~ 55 s), followed by 40 s pause time,
was completed just before each *F{"H} NMR experiment
was initiated. For stopped-flow, continuous-flow, and
5 mm NMR tube reactions, 132, 129, and 394 spectra
were collected in total, respectively. Additionally, due to
the lock and calibration protocol and designated pause
time, ~ 95 s was supplied for the reaction solution to sta-
bilize in the NMR prior to spectral measurement in the
case of stopped-flow analysis. Additionally, as the reac-
tion progressed, all reaction solutions became
homogeneous.

In all cases (stopped- or continuous-flow, 5 mm NMR
tube), "F{'H} NMR data were collected with a 90° pulse,
1 scan, 0 dummy scans, 1.64 s acquisition time, 5,000 Hz
(85.9 ppm) spectral width, —100 ppm spectral offset, and
a 10 s repetition time.

For the high-field continuous-flow/no flow trial,
4-fluorobenzoic acid (459.500 mg, 3.2 mmol, 1 eq) was
weighed into a septum capped vial. To this vial, MeCN
(9.48 mL) was added and was equipped with a magnetic
stir bar. To this solution, DIPEA (0.70 mL, 3.9 mmol,
1.2 eq.) was added. This solution was then circulated
through the flow system, with flow rate of 2.7 mL/min.
Finally, PBSF (0.70 mL, 3.6 mmol, 1.1 eq.) was added.
Only the MeCN layer was sampled.

After manual acquisition of the first '°F NMR spec-
trum, additional datasets were acquired utilizing the Bru-
ker ‘multi_zgvd’ command where the 90 spectra were
collected with a 613s fixed delay. For the first
90 minutes, data were acquired under continuous-flow
conditions. For the remainder of the trial, data were
acquired on the static solution as the pump was turned

off for the remainder of the time. The '°F NMR data were
acquired with a 90° pulse, 1 scan, 0 dummy scans, 1.50 s
acquisition time, 208,333 Hz (442.7 ppm) spectral width,
—100 ppm spectral offset, and a 6.5 s repetition time.

3 | RESULTS AND DISCUSSION

3.1 | Homogeneous imination reaction
The coupling of 4-fluorobenzaldehyde (1) and
4-fluoroaniline (2) to prepare the corresponding imine (3)
was performed in batch and monitored by both on-line
stopped-flow and continuous-flow techniques. Addition-
ally, this reaction was performed and monitored in a
5 mm NMR tube. This system was selected as it repre-
sented a homogeneous reaction system similar to the
reaction analyzed by Foley et al. in 2016'* where trends
resulting from the reaction performed in a 5 mm tube
(with and without periodic inversion) and under on-line
continuous-flow conditions were directly compared.

This reaction system (along with activation reaction
to follow) was monitored via '*F{*H} NMR. This was the
desired method as there was no solvent signal in
the resulting spectra and the greater signal dispersion
helped with accurately quantifying resonances without
the need of advanced spectral processing and analysis.
Furthermore, the "H decoupling consolidated each of the
aryl fluoride signals to a singlet, resulting in better digiti-
zation of resonances and overall reducing the impact of
the sensitivity limitation associated with benchtop NMR.

For this reaction and all monitoring techniques (on-
line stopped-flow, on-line continuous-flow, or 5 mm
NMR tube), resonances consistent with each species were
readily observed. The consumption of 1 and 2 could be
monitored with the disappearance of resonances with
chemical shifts of g —105.0 ppm and —129.6 ppm,
respectively. Additionally, the appearance of two fluorine
resonances with chemical shifts of 6 —110.0 ppm and
—118.9 ppm were consistent with the formation of the
desired imine product 3. Representative data for this
transformation for the on-line stopped-flow monitoring
trial can be found in Figure 2.

The reaction profiles tracking each component, with
each analysis method, was directly compared (Figure 3,
Supporting Information Section S4). With this homoge-
neous reaction system, excellent agreement in reaction
rates when tracking each of the components with on-line
stopped-flow and continuous-flow analysis methods was
observed. This can be seen both qualitatively in the reac-
tion trends and quantitatively by monitoring the appar-
ent rate constants when fitting the reaction trends to a
first-order exponential. Additionally, no difference in
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pink diamonds) and reaction performed in 5 mm NMR tube (grey cross): (b) aldehyde starting material (1) and (c) imine product (3).

(d) Apparent rate constants for each component/resonance when fitted to first-order exponential.

reaction trends resulted when comparing each of the flow
methods (on-line stopped- and continuous-flow) and the
reaction conducted in a 5 mm NMR tube. Though some
deviation existed in the aniline reaction profile and
apparent rate constant with a 5 mm NMR tube, likely
caused from error in measuring such a small volume.
Overall, this suggests that the reaction solution in the
5 mm NMR tube was well mixed and the reaction was
not diffusion limited.

It should be mentioned that the spin-lattice relaxa-
tion time (T,) dictates the time needed for adequate
polarization of spins prior to application of a

radiofrequency (RF) pulse after the sample is both intro-
duced into an instrument's external applied magnetic
field and after the application of RF pulse. This constant
can be estimated using methods such as the inversion-
recovery sequence”>”** or Faster Longitudinal relaxation
Investigated by Progression Saturation.®

Further, it should be noted that the T, of a nucleus is
a physical constant for a particular resonance at a partic-
ular external field strength, temperature and concentra-
tion. Therefore, depending on residence time of analyte
under continuous-flow conditions and the T; for a reso-
nance, spins may not become fully polarized prior to
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FIGURE 4 Superimposed NMR spectra (*°F{'H}, 58 MHz,
normalized to noise) for an imine product 3 resonance (5

—118.9 ppm) from the same timepoint of the reaction. Spectra
showcase the relative SNR differences for data acquired with the
same acquisition parameters between 5 mm NMR tube analysis
(orange), on-line stopped-flow (green) and on-line continuous-flow
(blue) analyses.

NMR measurement. This is referred to as ‘in-flow’
effects. Furthermore, a T, value estimated under
continuous-flow conditions does not represent the true
T, of the resonance, rather a complex relationship to
reach maximum signal polarization considering non-
polarized spins entering, polarized spins pulsed and
observed, and polarized spins leaving the reading frame.
This is referred to as ‘out-flow’ effects.

While these phenomena have been known for
decades, the work by Hall et al. has nicely described these
effects with a modern high-field NMR instrumentation
and highlighted a simple correction factor to compensate
for in-flow effects."” Additionally, Bara-Estain et al.
recently highlighted the use of paramagnetic relaxation
agents in flow NMR analyses, allowing for faster polariza-
tion of spins.*’

For each component of this imination reaction sys-
tem, the true T, values of each of the aryl fluoride reso-
nances were estimated using the inversion-recovery
method under static conditions (Supporting Information
Section S3.a). The T, values for all '°F resonances were
estimated to be similar and ~4 s or less (Figure 3a, Sup-
porting Information Section S3.a). While sufficient time
for polarization buildup was confidently supplied in our
on-line stopped-flow and 5 mm NMR tube experiments,
the nature of reaction profiles for the continuous-flow
analysis suggest that a relatively equal polarization
steady-state was additionally achieved prior to '*F{'H}
NMR measurements.

While these imination reaction data highlight the
consistent reaction profiles that may be achieved with
either on-line stopped-flow or continuous-flow monitor-
ing techniques for when all monitored resonances pos-
sess reasonable T; values, differences arise in the SNR for
a given resonance, acquired with the same number of
scans with each technique (Figure 4). This highlights a
consideration that may alone lead one to choose one
monitoring technique over another with a benchtop
NMR system.

In the case of on-line stopped-flow, the reaction mix-
ture was halted in the active volume of the instrument
for well over 5 x T, prior to pulse excitation. This means
that over 99% polarization was achieved, lending to a
maximum amount of signal to be acquired considering
the analyte within the active volume of the flow cell.
Under on-line continuous-flow conditions, however, the
same amount of analyte is present within the active vol-
ume, but the previously described in-flow effects overall
decrease the amount of polarization of spins, and there-
fore signal. As an example, for the imine product reso-
nance at 6 —118.9 ppm the continuous-flow 0.4 h
timepoint showcased 72% of the SNR for the stopped-
flow analysis at the same timepoint.

Therefore, it should be highlighted that while more
data points per unit time could be acquired with on-line
continuous-flow analyses, these results suggest that the
data density comes at an intrinsic SNR cost when consid-
ering data acquired with the same acquisition. Addition-
ally, if a relatively high data density is acquired,
consideration of the ‘out-flow’ effects and the time
between spectral measurements may be necessary. In
contrast, the relative increase in sensitivity for on-line
stopped-flow analyses, comes at a cost of time as the
NMR flow cell must be replenished, the flow must be
halted, and time must be supplied for polarization of
spins prior to measurement of an NMR spectrum.

Additionally, it is important to note that without the
replenishment and polarization steps, more scans per
data point could be acquired with on-line continuous-
flow analyses, therefore increasing sensitivity of these
measurements. While possible, it would become impera-
tive to consider the repetition time and the ‘out-flow’
effects on the apparent T; values with signal averaged
data—where the need for further correction factors may
result.®® Therefore, this inherent sensitivity trade-off
and/or complexity of data analysis represents important
considerations when selecting an appropriate sampling
method for a reaction system with resonances with rea-
sonable T; values.

When comparing the data from on-line stopped-flow
and 5 mm NMR tube analyses, in either case sufficient
time for polarization of spins was supplied (>5 x Tj).
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diisopropylethylamine (DIPEA) to access the associated acyl fluoride 10.

Therefore, the difference in observed SNR can be ratio-
nalized purely from the difference in the amount of ana-
lyte present in the active volume of the NMR instrument
between the 5 mm NMR tube itself and the glass flow
cell. The larger internal volume of the 5 mm NMR tube
suggests more spins in the active volume that can in turn
be excited, resulting in more signal and higher SNR. For
one of the imine products resonances (6g —118.9 ppm),
the stopped-flow 0.4 h timepoint showcased 64% of the
SNR than the 5 mm NMR tube analysis at the same
timepoint.

Overall, this homogeneous reaction example high-
lights that while consistent reaction trends may be able
to be acquired with either on-line stopped- or continuous-
flow analyses, there will be an intrinsic SNR benefit con-
sidering data measured with the same number of scans.
For the case of reaction monitoring, where observation of
low-level species (intermediates, side-products etc.) is
often desired, on-line stopped-flow can provide the maxi-
mum SNR for a particular flow cell and set of data acqui-
sition set, and without the introduction of correction
factors for either ‘in-flow’ or ‘out-flow’ effects. Most
importantly, this relative SNR maximum is of interest
with the decrease in sensitivity inherent to benchtop
NMR systems.

3.2 | Heterogeneous (biphasic)
carboxylic activation

PBSF has long been reported as a reagent used in the
deoxyfluorination of alcohols.” Our lab has been
involved in a similar transformation,”*° monitoring the
activation of a carboxylic acid to the corresponding acyl
fluoride with sulfuryl fluoride (SO,F,), a toxic gaseous
reagent. We therefore sought to perform a similar trans-
formation with a commercially available liquid substi-
tute. The goal was to monitor the activation of

o@—>
FFFF

fopaet
@/@

OOFFFF

Plausible reaction pathways for the activation of 4-fluorobenzoic acid (4) with PBSF (6) in the presence of

4-fluorobenzoic acid (4) with PBSF (6) to prepare the cor-
responding acyl fluoride (10). The reaction was studied
via “F{'H} NMR.

While monitoring this reaction with the various tech-
niques (on-line stopped-flow, on-line continuous-flow,
5 mm NMR tube), aryl fluoride resonances consistent
with the carboxylic acid starting material, an intermedi-
ate (later identified as symmetrical intermediate 9, see
Scheme 1 and Supporting Information Section S5.b), and
acyl fluoride product were readily observed. The aryl
fluoride resonances consistent with these species were
observed with chemical shifts of 5z —112.5, —103.0, and
—101.3 ppm for species 4, 9 and 10, respectively. Repre-
sentative data for this transformation for the stopped-
flow monitoring trial can be found in Figure 5.

Similar to the analysis conducted with the previous
homogeneous imination reaction, reactions sampled
under on-line continuous-flow conditions resulted in the
lowest SNR, on-line stopped-flow with a relatively higher
SNR, and the reaction performed in an NMR tube
resulted in the highest SNR for a given mole fraction con-
version timepoint and data collected with the same
acquisition. The reasons for these observed SNR differ-
ences are consistent with those as previously described
for the imination reaction.

Further, reaction profiles and apparent rate constants
for this reaction system, with each analysis method, were
directly compared (Figure 6). Considering carboxylic acid
starting material 4 of this heterogenous, biphasic reaction
system, reaction trends and apparent rate constants
acquired under on-line stopped-flow and continuous-flow
conditions showcased great agreement. Additionally,
consistent with literature,! monitoring this resonance
and reaction with flow resulted in a significantly faster
reaction compared with if the reaction is performed in a
5 mm NMR tube. This can be observed qualitatively with
the reaction trends or quantitatively with the apparent
rate constants when fit to first-order exponential. This
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FIGURE 5 (a) Reaction scheme for the activation of 4 (0.30 M, 1.0 eq., 5 —112.5 ppm) with 6 (1.1 eq.) to form the corresponding acyl

fluoride 10 (6p —101.3 ppm) in MeCN with DIPEA (1.2 eq.). (b) Representative zoomed decimated stacked array of ’F{*"H} NMR spectra
(58 MHz) of the transformation when monitored via on-line stopped-flow NMR. (c) Reaction profile resulting from tracking each resonance

with time.
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FIGURE 6 (a)Reaction scheme for the activation of 4 (0.30 M, 1.0 eq., 6r —112.5 ppm) to form the corresponding acyl fluoride 10 (6

—101.3 ppm) using PBSF (6, 1.1 eq.), along with estimated T, values for the two aryl fluoride resonances. Observed reaction trends from '°F

{*H} NMR spectra (58 MHz) are compared for each component monitored via on-line stopped-flow (purple circle), on-line continuous-flow

(open pink diamonds), and reaction performed in 5 mm NMR tube (grey cross): (b) carboxylic acid starting material 4 and (c) aryl fluoride of

acyl fluoride product 10. (d) Apparent rate constants for each component/resonance when fitted to first-order exponential.

expected behaviour is consistent with more efficient mass
transfer as a result of stirring in the reaction flask when
performed in batch.

Interestingly, when comparing reaction trends for the
aryl fluoride resonance of acyl fluoride product 10,
the reaction profiles and apparent rate constants acquired
with on-line stopped-flow and continuous-flow analyses
were not in agreement. Instead, the on-line stopped-flow
analysis suggested faster product formation, unexpected
as the reactions were performed under the same condi-
tions (scale, temperature etc.). Furthermore, the reaction
performed in a 5 mm NMR tube resulted in a slower

reaction trend than that monitored via stopped-flow as
expected, but unexpectedly matched that from the on-line
continuous-flow trial.

Upon consideration of the resulting reaction trends
and estimation of aryl fluoride T, values, it was hypothe-
sized that the previously described ‘in-flow’ effect of flow
on resonance polarization was an influencing factor in
the discrepancy. The estimated T, of the aryl fluoride of
product 10 (14.7 s) was significantly longer than that
of the carboxylic acid starting material (3.5 s). Therefore,
we posit the very long T; of the product's aryl fluoride
resonance results in inadequate buildup of polarization
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FIGURE 7 (a)Summation of reaction component concentrations used for uncorrected mass balance analysis. (b) Results of uncorrected

mass balance with line equation for linear line of best fit displayed (line not shown) for (b) 5 mm NMR tube, (c) on-line stopped-flow and d)

on-line continuous-flow.

prior to F{*H} spectral acquisition during the on-line
continuous-flow analysis.

While the use of correction factors has been reported
to compensate for such deviations due to ‘in-flow’
effects,'” this may have been applied for a more accurate
representation of the apparent concentration over time
for 10 under on-line continuous-flow conditions. How-
ever, even without correction, the apparent rate constant
would be expected to be in agreement with the on-line
stopped-flow trial, so long that the apparent T; and all
other physical factors (such as pump flow rate) remain
unchanged throughout the reaction.

Therefore, the disagreement between on-line stopped-
flow and continuous-flow rate constants for 10 suggest
some inconsistencies through the course of the reaction.
For instance, T; values are known to be dependent on
many physical properties, such as viscosity of solvent,
concentration and temperature.”’**> As the species is
being formed through the reaction, the concentration
inherently changed (from 0 M to ~0.2 M). Additionally,
as the reaction went from a heterogeneous, biphasic solu-
tion, to a homogeneous solution, a change in viscosity of
the reaction solvent is evident. Not only could a change
in viscosity directly impact the T, values directly, but this
could further impact the flow rate, intrinsically changing
the ‘in-flow’ and ‘out-flow’ effects. Therefore, with the
many factors that would need be accounted for to accu-
rately monitor this dynamic system over the entire reac-
tion course, we avoided the application of a correction
factor in effort to simplify data analysis, with the ultimate
goal of highlighting a method for robust walk-up ana-
lyses for our synthetic chemist colleagues.

Additionally, analysis of the apparent mass balance
with acquired F{'H} NMR data (Figure 7) from the on-
line continuous-flow trial is further consistent with our

previous hypothesis of inadequate polarization of the res-
onance consistent with the aryl fluoride of 10. While the
apparent mass balance is expected to be constant
throughout the reaction course if any and all flow effects
are accounted for, the sum of aryl fluoride concentrations
for continuous-flow monitoring showcased a decrease
over the first 5 h, followed by a slow increase over the
remainder of time. This is in contrast to the mass balance
trends of that from the 5 mm NMR tube and on-line
stopped-flow trials that showcased a mass balance closer
to what would be expected. Therefore, the uncorrected
on-line continuous-flow data are consistent with the
underestimation of a reaction component over the time
course as the product is being formed.

While all previous data were acquired on a benchtop
NMR instrument, we were curious if the inadequate
polarization of acyl fluoride 10 would be observed to the
same extent with the utilization of a high-field NMR
instrument. The magnitude of the impacts of flow on
NMR data have been documented to be dependent
on magnet design.'® Additionally, this was particularly of
interest with the difference in stray field available to
polarize nuclei with flow analyses for high-field systems
with superconducting magnets and benchtop NMR sys-
tems with permanent magnets.33 Therefore, activation of
the same carboxylic acid 4 with PBSF (6) was performed
under the same flow conditions (concentration, flow rate,
etc.) but monitored via '’F NMR at 471 MHz (Figure 8,
see Supporting Information Section S2.d for a system
setup). In effort to probe the question, the reaction ini-
tially was monitored under on-line continuous-flow con-
ditions, but part way through the reaction course, the
pump was turned off, and the monitoring continued
under static conditions for the remainder of the time
course.
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The same polarization phenomenon was observed
under the same conditions but monitoring via high-field
NMR. This was particularly evident by comparing the
apparent concentrations of the last data point with
the pump ‘on’ and the first data point with the pump
‘off” for starting material 4, intermediate 9 and product
10 (Figure 8). With all the final data points with the
pump ‘on’ normalized, the integrations for resonance of
both starting material 4 and intermediate 9 increased by
16%. While it is expected that integrations would increase
with the flow halted (for reasons highlighted in previous
discussion regarding T; and polarization), the integral
values for all species were expected to increase by the
same relative amount if the same relative polarization
was achieved prior to spectral measurement. Instead, we
observed a much larger (47%) increase in resonance inte-
gration for product 10.

The difference in relative for the last data point with
the pump ‘on’ and the first point with the pump ‘off’ can
be rationalized based on the estimated T; values. The sig-
nificantly large relative difference for the aryl fluoride reso-
nance of product 10 suggested that an unequal proportion
of spins remained unpolarized in continuous-flow condi-
tions, compared with starting material 4 and intermediate
9 prior to acquiring the fluorine spectra. This result is con-
sistent with the ‘in-flow’ effects of flow NMR, where the
long estimated T, (14.7 s) for 10 suggests that a smaller
proportion of spins may be polarized for a given flow rate
relative to starting material 4 (estimated T, of 4.7 s). Then
upon halting the reaction mixture in the instrument, all
the spins existed in the external magnetic field such that
over 99% polarization was achieved prior to spectral mea-
surement, regardless of the specific resonance.

Additionally, through monitoring the aryl fluoride
apparent mass balance for carboxylic acid starting mate-
rial 4, symmetric anhydride intermediate 9, and acyl fluo-
ride 10 for the same trial, interesting behaviour is
observed (Figure 8d). During the first part of the reaction,
when the system was monitored via on-line continuous-
flow, one can observe similar downward trend to that
observed in the on-line continuous-flow trial utilizing the
benchtop NMR. Then once the pump is turned off
the mass balance becomes, as expected, linear with a
slope of zero. These data are therefore consistent with
previous observations and further are consistent with
inadequate polarization for the on-line continuous-flow
conditions used, even when acquired with a different
magnet geometry and high-field NMR spectrometer.

4 | CONCLUSION

With the increase in commercially available benchtop
NMR instruments and associated flow systems, the
potential for NMR to serve as a convenient process ana-
lytical technology is ever increasing. With such a system,
a reaction can be easily monitored via on-line stopped-
flow (flowing reaction solution to the NMR, stopping the
solution, acquiring a spectrum, repeat) or on-line
continuous-flow (acquire NMR spectrum as solution is
flowing through NMR). As in the literature it has been
reported on the substantial difference one may observe in
reactions performed in a 5 mm NMR tube and those
monitored by continuous-flow,"* we sought to compare
on-line stopped-flow and continuous-flow sampling
methods for NMR reaction monitoring.
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Our work suggests that even in instances where the
resulting reaction trends may agree between sampling
techniques, there will always be an inherent SNR benefit
to on-line stopped-flow analyses as maximum polariza-
tion of NMR active spins for a particular volume may be
achieved, considering the data measured with the same
acquisition parameters. This difference in SNR may be
particularly of interest to benchtop NMR users with the
sensitivity limitation inherent to benchtop instruments.
The work presented on the homogeneous imination reac-
tion particularly showcases the SNR differences as
described. It should be noted that under on-line
continuous-flow conditions, however, either a higher
degree of data density could be collected, or data can be
collected with more scans to improve SNR.

Furthermore, the work presented on the heteroge-
neous activation of a 4-fluorobenzoic acid (4) to the cor-
responding acyl fluoride (10) using PBSF (6) highlights
where one can observe differences in reaction profiles
between on-line stopped-flow and continuous-flow
trials—when the T; of a resonance of interest is long.
In this case, on-line continuous-flow conditions may not
allow for appropriate polarization to accurately
characterize a given profile. It is important to note that
correction factors may be applied to compensate for
‘in-flow’ effects. However, under dynamic reaction con-
ditions, a change in T; (due to change in concentration
or solvent viscosity) or change in flow rate (due to
change in reaction mixture viscosity) may make for
challenging corrections. Additionally, our work high-
lights that this may not solely be a limitation of bench-
top NMR systems, as the same observations resulted
with the same reaction system monitored with a high-
field NMR system.

In the interest of furthering benchtop NMR as an
accessible reaction monitoring tool for non-NMR special-
ists, on-line stopped-flow analyses allow under quantita-
tive conditions without correction factors for T; and with
the convenience of using a flow system. While reaction
monitoring under on-line continuous-flow conditions
may be the method of choice for a faster reactions due to
higher data density, on-line stopped-flow analyses can
enhance the ease of ensuring the quantitative nature of
the benchtop NMR reaction data.
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