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Quantitative benchtop 19F NMR spectroscopy: a robust 
and economical tool for rapid reaction optimization 
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The instrumental analysis of reaction mixtures is usually the rate-determining step in the optimization of chemical 
processes. Traditionally, reactions are analyzed by gas chromatography (GC), high-performance liquid chromatography 
(HPLC), or quantitative nuclear magnetic resonance (qNMR) spectroscopy on high-field spectrometers. However, 
chromatographic methods require elaborate work-up and calibration protocols, while high-field NMR spectrometers are 
expensive to purchase and operate. We herein disclose an inexpensive and highly effective analysis method based on low-
field benchtop-NMR spectroscopy. Its key feature is the use of fluorine-labeled model substrates which, due to the wide 
chemical shift range and high sensitivity of 19F, enables separate, quantitative detection of product and by-product signals 
even on low-field, permanent magnet spectrometers. An external lock / shim device obviates the need for deuterated 
solvents, permitting the direct, non-invasive measurement of crude reaction mixtures with minimal work-up. The low field-
strength allows a homogeneous excitation over a wide chemical shift range, minimizing systematic integration errors. The 
addition of the correct amount of the non-shifting relaxation agent Fe(acac)3 minimizes relaxation delays at full resolution, 
reducing the analysis time to 32 seconds per sample. The correct choice of processing parameters is also crucial. A step-
by-step guideline is provided, the influence of all parameters is discussed, and potential pitfalls are highlighted. The wide 
applicability of the analytical protocol for reaction optimization is illustrated by three examples: a Buchwald-Hartwig 
amination, a Suzuki coupling, and a C–H functionalization reaction. 

Introduction 

Product analysis as the bottleneck in reaction discovery and process optimization 

The discovery, optimization, and scale-up of chemical transformations involves the testing of numerous reaction parameters such as 
solvents, catalysts, ligands, and additives to find the best set of conditions (Fig. 1, a)1. Yields are typically optimized in cycles during 
which one parameter is varied while all other parameters are held constant. After quantitative analysis, the best iteration is selected 
and held constant in the next optimization cycle in which the next parameter is varied. This process can be accelerated by smart 
screening approaches that speed up the initial discovery2–6 or assess and improve generality7,8 or sensitivity9. Alternatively, design 
of experiments (DOE) approaches are employed, in which advanced statistical methods allow multiple parameters to be optimized 
simultaneously10–16. In any case, the time required for sample preparation and analytical measurements is the bottleneck of the entire 
project. The analysis is usually performed sequentially on the same analytical instrument. Thus, the analysis time, which corresponds 
to the standstill between two optimization cycles, scales linearly with the number of reactions that need to be analyzed, since the 
design of the next optimization cycle usually depends on the result of the previous cycle10,12,14,16. 

Reaction analysis is generally performed in situ by integrating representative signals from all components of a reaction mixture relative 
to an internal standard using gas chromatography (GC), high performance liquid chromatography (HPLC), or quantitative nuclear 
magnetic resonance (qNMR) spectroscopy. We compared the main analytical methods for two optimization experiments of a catalytic 
amination reaction regarding analysis time and accuracy without calibration (Fig. 1, b). Isolation of all products by preparative 
chromatography is time-consuming but gives accurate yields. In-situ GC chromatography takes about 15 minutes plus 3 minutes for 
work-up, HPLC analysis takes 18 plus 3 minutes, and 1H NMR spectroscopy in deuterated solvents takes about 10 minutes for 
solvent exchange and 1 minute for analysis. As the model substrates carry fluorine atoms, it is also possible to follow the reaction by 
in situ 19F NMR analysis. Without prior calibration, GC and HPLC analysis under- or overestimate the yields and 19F qNMR 
spectroscopy with default parameters even gives the wrong relative order of yields leading optimization into the wrong direction. We 
herein disclose a protocol that allows reaction mixtures to be reliably analyzed within seconds by benchtop 19F qNMR spectroscopy. 

Reaction optimization by chromatographic methods 

While reaction analysis by GC and HPLC remains the state-of-the-art, the long analysis time provides a challenge due to the 
sequential nature. For instance, GC analysis of 10 reactions requires approximately 3 hours and the analysis of a 96-well plate takes 
as much as 28 hours. This observation has triggered extensive research into more efficient analysis strategies such as MISER 
chromatography17. Furthermore, both GC and HPLC must be calibrated with pure analytes in order to provide accurate yields, as 
illustrated in Fig. 1, b. However, pure analytes are often difficult to obtain in the early stages of an optimization campaign. In addition, 
many reactions contain reactive analytes that degrade the stationary phase. For instance, organometallic reagents, including even 
boronic acids, rapidly degrade GC or HPLC columns leading to large deviations in the detected yields within a series of only 20  
 



 
Fig. 1 | Reaction optimization by benchtop 19F qNMR spectroscopy. a) Illustration of a typical reaction optimization cycle for an amination reaction. 
b) Isolated vs. analytically obtained yields for an amination reaction conducted in DMSO (blue) and toluene (gray) along with the typical analysis time. 

samples. Hence, reactive analytes must be removed by a time-consuming work-up prior to analysis. The work-up-procedure tends 
to remove some of the reaction components, so that the resulting analysis may no longer be representative. 

Reaction optimization by NMR spectroscopy 

Reaction analysis by NMR spectroscopy offers several advantages over chromatographic methods18–20. First, the analysis can be 
performed within a short time. Using the default parameters for a 1H NMR spectrum, barely 1 minute of measurement time is required. 
However, additional time is generally needed to exchange the solvent for a deuterated solvent, to avoid dominant solvent signals, 
and to enable the spectrometer’s internal lock and shim. However, this is not necessary when using 19F NMR spectroscopy in 
combination with fluorinated tags. Second, no component of the instrument is in direct contact with the analyte, so contamination and 
damage to the instrument by the sample is not an issue. Third, calibration is not required, since a signal’s integral is directly 
proportional to the number of nuclei in the sample. However, this is only the case after delicate adjustment of the acquisition 
parameters specifically for quantitative measurement. Most NMR departments provide routine analyses that are optimized for signal 
resolution rather than realistic integrals. Spectroscopic yields calculated from such spectra can substantially deviate from the true 
values. Trained experts know how to individually parametrize them for a set of quantitative measurements, but preparative chemists 
often do not have sufficient knowledge to request measurements with correctly adjusted settings. Furthermore, these adjustments 
result in long analysis times and high costs per experiment due to expensive liquid helium cooling. 

Advantages of benchtop NMR spectroscopy 

In direct comparison with high-field NMR analysis, reaction monitoring by benchtop NMR spectrometers is extremely economical21–

23. The purchase price of benchtop NMR spectrometers is typically an order of magnitude lower than that of a standard high-field 
spectrometer and they can be operated and maintained without trained personnel making them accessible for individual research 
groups in industry and academia. Moreover, such instruments cause almost no operating costs because their permanent magnets 
do not require helium cooling, and they are usually equipped with an external lock and shim device, obviating the need for expensive 
deuterated solvents. In contrast to chromatographic instruments, they require much less maintenance since they never come into 
direct contact with the chemical components of the reaction mixture. We have developed an open-source 3D-printed autosampler for 
such instruments enabling rapid insertion of samples24 and increasingly shifted in situ reaction analysis from the GC- and HPLC-
based-techniques towards quantitative 19F qNMR spectroscopy using benchtop NMR spectrometers24–31. Herein, we explain how 
accurate yields can rapidly and reliably be determined using one of the most inexpensive and lowest-field (40.89 MHz) NMR 
spectrometers on the market. Using an easy-to-follow protocol, reliable quantification of reaction mixtures is achieved on similar 
instruments, within only 32 seconds, translating to a total analysis time of less than 1 minute per sample including sample preparation. 
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Development of the protocol 

Selection of the nucleus 

The main challenge in using benchtop spectrometers for reaction optimization is their low field strength, which makes it difficult to 
meet the requirements for qNMR spectroscopy18,32,33: signal selectivity must be high enough to ensure baseline-separation of all 
relevant signals of analytes and standard, resolution (signal-to-noise ratio (SNR), number of data points) must be sufficient to enable 
precise integration, and complete relaxation of all nuclei between the scans is required to enable accurate integration. Additionally, 
the solubility, chemical stability, and inertness of all analytes must be ensured during the time of the measurement. In comparison to 
high-field instruments, the lower magnetic field of bench-top instruments results in a lower signal selectivity, SNR, and resolution. 
Reaction monitoring based on 1H NMR spectroscopy is only possible for simple reaction mixtures due to signal overlap. 19F NMR 
spectroscopy is ideal for use with low-field instruments, as 19F has a wide chemical shift range (>350 ppm) and is highly sensitive 
due to its 100% natural abundance and high gyromagnetic ratio (40 MHz/T)34,35. Like the commonly used 1H nucleus, 19F has a 
nuclear spin of ½, giving first-order spectra. Due to the proverbial stability of C–F bonds36, fluorinated groups are mostly chemically 
innocent, which makes them ideal as spectroscopic labels. Fluorine substituents are of critical importance in medicinal chemistry37,38, 
which has triggered the development of fluorination39–45 and trifluoromethylation46–52 methods, so that even elaborate fluorinated 
motifs are widely available in great structural variety53–56. As a result, fluorinated model substrates are available for almost every 
reaction type. 

Indeed, for most reactions that we have investigated in recent years, suitable sets of fluorinated test substrates could be identified 
for which all reaction components, including minor side products, give baseline-separated, individually detectable signals on our 41 
MHz benchtop spectrometers. In the analysis of reaction mixtures, a realistic concentration of the major species after standard 
reaction work-up is 0.1 M. At this concentration, a more than sufficient SNR of >800 was determined for 19F nuclei after 16 scans, 
which is well-above the commonly cited threshold of 15019,33. Control experiments confirmed that within 16 scans, the cumulative 
error of the integrals falls below 3% after suitable signal processing (see SI for details)57. This is in the same range as in-situ GC-
spectroscopy. Notably, although decoupling methods afford better separated singlets for all reaction components, they must be 
avoided since the nuclear Overhauser effect (NOE) leads to individual deviations in the integrals18. 

The crucial influence of the excitation profile on the integrals 

The key challenge when using 19F NMR to quantify reaction products is to ensure a homogeneous excitation of all nuclei over a wide 
chemical shift range. Large systematic errors are encountered on high-field instruments, since the signal intensity decreases 
dramatically with their distance from the center frequency (Fig. 2)58,59. Reduced excitation translates to a reduced integral for a 
reaction component. This effect can be dramatic and is greatly underestimated. When analyzing a 2:1 mixture of 
trifluoroacetophenone (4, d = −71 ppm) and hexafluorobenzene (5, d = −163 ppm) on a 400 MHz high-field spectrometer, the integral 
of 5 is reduced to only 20% of its expected value when the center frequency of a 90° pulse is set to −71 ppm, at optimal settings for 
all other parameters (Fig. 2, entries 1 and 2). The excitation profile can be flattened by decreasing the pulse width (entry 3), but this 
also reduces the signal intensity and thereby the SNR, which must be compensated for by increasing the number of scans (entry 4). 
At a pulse width of 2 µs, which we recommend for analysis on high-field spectrometers, the integral of 5 is still reduced by 4% from 
its expected value. More accurate quantification of multiple signals with large deviations in the chemical shifts on high-field 
instruments requires elaborate pulse sequences or overlaying techniques58,60. This easily increases the analysis time per sample to 
over 10 minutes. Quantification of reaction components based on their high-field 19F NMR signals is only reliable if the signals of all 
analytes and the internal standard are all almost equidistant from the center frequency. 

 
Fig. 2 | Influence of the excitation profile on integral ratios. Signal intensity and thus the integral decrease with the distance from the center 
frequency. The dramatic effect of the profile on the integrals on a high-field spectrometer was demonstrated for a 2:1 mixture of trifluoroacetophenone 
(4) and hexafluorobenzene (5). Only a minimal integral deviation was found on the benchtop spectrometer. The deviation on the high-field 
spectrometer can be minimized by decreasing the pulse width, which also results in a lower SNR. The excitation profiles of high-field and benchtop 
NMR spectrometers were simulated using an online tool61. B0, spectrometer frequency. NS, number of scans. SNR, signal-to-noise ratio. 
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In sharp contrast, the excitation profile of benchtop spectrometers is homogeneous over a wide range due to their low field strengths. 
The signal of 5 is reduced by less than 1%, even when the center frequency is as far as 92 ppm away from the analyte signal. Thus, 
if the center frequency is set to the default value of −71 ppm, which is in the middle of the chemical shift range of 19F nuclei, the effect 
of the excitation profile on the integration can be neglected. 

The crucial influence of the relaxation delay on the integrals 

The main obstacle precluding a rapid analysis protocol based on 19F NMR spectroscopy is the long measurement time required for 
the correct integration of all signals. Due to the slow relaxation of some 19F NMR signals, the dominant component of the 
measurement time is the relaxation delay. This usually accounts for approximately 95% of the total measurement time (Fig. 3, a). 
Default settings for 19F NMR spectroscopy on high-field spectrometers generally use a much too short relaxation delay to reduce the 
measurement time. Such truncated delays lead to a systematic error, which is often believed to be identical for all analyzed samples 
so that it might still allow a qualitative comparison of screening experiments. However, we have often experienced that it also causes 
individual deviations for each sample, which cannot be corrected by calibration measurements. Although the relaxation time is mostly 
a compound-specific property, it is also subject to external factors such as solvent, pH value, salt concentration62,63 and the strength 
of the applied magnetic field64,65. Therefore, if the time between scans does not permit complete relaxation of all signals, the reaction 
environment will affect the integrals unpredictably, misrepresenting the actual yields (Fig. 1, b). Errors caused by overly short 
measuring times have repeatedly led reaction optimizations into a wrong direction. 

The required length of the relaxation delay depends on the spin-lattice relaxation time T1 of the nucleus in its environment. To ensure 
99.9% relaxation of all spins, the repetition time, including both relaxation delay and acquisition time, must be equal to at least 7 times 
the longest T1 in the sample33. Shorter relaxation delays between two scans will result in residual magnetization along the y-axis (My), 
thus falsifying the integration results (Fig. 3, b). 

 
Fig. 3 | Acquisition time and relaxation delay. a, The relaxation delay is the major component of the measurement time. b, Insufficient relaxation 
delays reduce the integrals, as incomplete relaxation of the magnetic moment along the y-axis (My) leads to a reduced My for the next scan66. This 
effect results in higher integrals for compounds with low T1 values precluding relative quantification of reaction components. 

Minimizing analysis times by paramagnetic relaxation agents 

Paramagnetic relaxation agents such as Cr(acac)3 and the more environmentally benign Fe(acac)3 are known to shorten the T1 
relaxation time without changing the chemical shift67,68. They have been used, for example, in the accelerated analysis of fluorinated 
compounds in food and environmental water sources62,69. However, most preparative chemists hesitate to use them because they 
cause line-broadening. We have found that when employing the right agent at the right concentration, the relaxation time can be 
reduced by a factor of 10 without adversely affecting the spectral resolution (Fig. 4, b, entries 2–4). Our experiments revealed that a 
concentration of only 6 mmol/L Fe(acac)3 (approximately 1 mg per 0.5 mL NMR sample) is ideal for the analysis of screening 
experiments (entry 4). This concentration has reduced the longest relaxation time in a reaction mixture of benzotrifluoride (6) and 
diarylamine 3 from 2.7 s to 0.31 s (Fig. 4, a) and has reliably reduced the T1 of all tested 19F-labelled model substances below 0.5 
seconds while maintaining an adequate line width of all signals (see SI for details). Within 16 scans, the SNR is raised well above 
150, allowing precise integration. As a result, the required analysis times per sample is dramatically reduced from several minutes to 
32 seconds without compromising the quality of the integration. 
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Fig. 4 | Minimizing analysis time by non-shifting relaxation agents. a, Relaxation agents reduce the T1 relaxation times allowing a reduction of 
the repetition time. b, Relaxation agents, when used in small amounts, can reduce the measurement time from 8 minutes to 32 seconds. Acquisition 
parameters: B0 = 41 MHz, pulse angle: 90 °, acquisition time: 1.64 s, NS: 16, relaxation delay: 28.4 or 0.4 s. Post-processing parameters: exponential 
apodization with 1 Hz LB, 4 times zero-filling, manual phase correction and baseline correction by FID reconstruction (ACD/Labs). Line width and 
SNR were determined for benzotrifluoride using MNova. NS, number of scans; acac, acetylacetonate; SNR, signal-to-noise ratio; LB, line broadening. 

Limit of detection and limit of quantification 

The limit of detection (LOD) and limit of quantification (LOQ) after 16 scans can be determined by plotting the SNR (calculated from 
the spectra using an MNova software tool)70 against the analyte concentration (Fig. 5, a). Using the slope (m) and the standard 
deviation (σ), a limit of detection of 2.5 mmol/L and a limit of quantification of 7.4 mmol/L were determined for 3 (see SI for details)71. 
Thus, when analyzing a reaction mixture that has been diluted to 0.1 mol/L maximum concentration of the limiting reagent, 
components above 2.5% relative yield can be detected and a reliable integration is possible above 7.4%. These values were 
determined for a pseudo quintet and are higher for sharp singlets. LOD and LOQ increase with the square root of the number of 
scans using extended measurement times. This level of precision is sufficient for the intended application. 

Optimal acquisition and post-processing parameters 

Control experiments showed that the acquisition time has little effect on the integration, so that standard values can be used. Values 
between 1.6 s and 3.2 s neither led to FID truncation nor to recording of excessive noise (see SI for details). For the benchtop-NMR 
spectrometer, slight deviations in the distance of signals from the center frequency do not lead to detectable differences in the 
integrals. For example, shifting the center frequency from its default value of –71 ppm to the equidistant value of –93 ppm does not 
result in a difference in the integrals of the signals at –63 and –123 ppm (Fig. 4, b, entry 5). 

Proper post-processing of the obtained data is critical to optimize the SNR and allow reliable integration without eliminating signals 
of trace side products from the spectrum (see SI for details). The use of an exponential apodization function (EM) is highly beneficial 
as it emphasizes the early parts of the FID signal, thus improving the signal intensity at the expense of the line width. The extent of 
apodization is given by the line broadening (LB) factor. An LB of 1–2 Hz was optimal for us on a benchtop spectrometer (Fig. 5, b, 
entries 1 and 2), while 0.2 Hz is sufficient on a high-field spectrometer. The digital resolution is further improved by applying zero 
filling to the FID, which increases the number of data points. A factor of 2–4 is optimal (entry 3). After Fourier transformation (FT) of 
the FID, phase- and baseline correction must be performed (entries 4 and 5). Automatic phase correction by the NMR software using 
default parameters is usually sufficient. Polynomial fits or FID reconstruction typically give good results for the baseline correction. 
Powerful baseline correction methods such as the Whittaker smoother should only be applied with caution, since these tend to smooth 
out small signals, suggesting the absence of minor side products. Finally, the internal standard can also be used as chemical shift 
reference. Referencing all spectra to the shift of the internal standard simplifies the selection of the integral regions. 
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Fig. 5 | Optimal post-processing parameters and limit of detection. a, The limit of detection of this protocol at 16 scans was determined to be 2.5 
mmol/L for a pseudo quintet while the limit of quantification was 7.4 mmol/L. b, Correct post-processing is critical to ensure accuracy and precision. 
Acquisition parameters: B0 = 41 MHz, pulse angle: 90°, acquisition time: 1.64 s, NS: 16, repetition time: 2.0 s. Post-processing parameters: exponential 
apodization with 1 Hz LB, 4 times zero-filling, manual phase correction and baseline correction by FID reconstruction (ACD/Labs). Line width and 
SNR were determined by MNova for benzotrifluoride. NS, number of scans; acac, acetylacetonate; SNR, signal-to-noise ratio; LB, line broadening; 
LOD, limit of detection; LOQ, limit of quantification. 

As illustrated by the three application cases, the main component of reaction mixtures can be reliably quantified within 32 seconds 
when using the following parameters: 

Optimal acquisition parameters: 

Field strength: B0 = 40.89 MHz, Pulse angle: 90 °, Sample concentration: 0.1 M, acquisition time: 1.64 s, number of scans: 16.Repetition time: ≥ 
7x T1. 

Optimal post processing parameters: 

Exponential apodization: 1–2 Hz of LB, zero filling: 2–4x, phasing and baseline correction: on an individual basis. 

Applications 

We have applied this protocol to the optimization of a Buchwald-Hartwig amination reaction, a Suzuki cross-coupling reaction, and a 
C–H arylation reaction. The general workflow for reaction optimization is exemplified below for the example of a Buchwald-Hartwig 
amination. 

For the Buchwald-Hartwig amination72,73, our research question was how Y-Phos ligands29 would compare with established ligands 
with regard to activity and selectivity. The workflow starts with the identification of a suitable test reaction. The reaction of p-
chloroanisol with aniline would have been a typical model reaction for analysis by GC, since this substrate combination allows all 
substrates, products, and side products to be detected. A rather similar substrate combination, namely the coupling of p-
chlorofluorobenzene (2) with p-fluoroaniline (1, Fig. 6, a), is a good first choice for analysis by 19F NMR. The coupling affects the 
electronic properties of the carbon atoms bearing the nitrogen and chlorine atoms in the substrates and due to the conjugation with 
the aromatic ring also that of the fluorine substituent in para-position thus rendering signal separation of the 19F NMR spectrum of the 
product mixture likely. Besides the substrates 1 and 2, and the diaryl amine product 3, one would expect to see fluorobenzene (7) as 
a side product under non-optimal conditions, resulting from competing dehalogenation. The 19F NMR spectrum of a typical reaction 
mixture obtained under non-optimal conditions shows clearly separated signals for all substrates, products, and side products (Fig. 
6, b). If the signals of the reaction components are too close to each other, another of the many possible model reactions could have 
been chosen, for example with o-chlorofluorobenzene as the aryl nucleophile. The next step is to choose an internal standard that is 
inert under the reaction conditions, does not overlap with any of these compounds, and has similar solubility properties. These 
prerequisites are fulfilled for benzotrifluoride (6). 

Using an authentic or a manually prepared reaction mixture consisting of internal standard, products, and side products, the T1 values 
of all components can be determined in a single experiment. Without a non-shifting relaxation reagent, the longest T1, which is 
recorded for p-chlorofluorobenzene, is 3.0 seconds. In the presence of 6 mmol/L of Fe(acac)3, all T1 values are shortened to 0.15–
0.31 seconds while the effect on the spectral resolution is barely detectable. This control experiment ensures that 2 second scans 
are long enough to allow full relaxation of all spins. 

In order to minimize the influence of the reaction solvent and additives on the chemical shift and relaxation of the reaction components, 
the screening experiments were diluted with 0.3–0.6 mL of a 2.5 M Fe(acac)3 solution in toluene and filtered into the NMR tubes. 
These were subjected to 19F analysis using the standard parameters described above, resulting in a total analysis time of 32 seconds 
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per sample. Repeated measurements of representative samples confirmed that the cumulative error caused by work-up and analysis 
is less than 3–5% of the absolute values, which is almost identical to that observed with GC analysis. Tables 1 and 2 in the chapter 
“anticipated results” show that the spectroscopic yields obtained within 32 seconds show only minimal deviations from those obtained 
using conventional methods. 

 
Fig. 6 | Application of the protocol to a Buchwald-Hartwig amination reaction. a, Model reaction and substrates, including anticipated side 
products. b, 19F NMR spectrum of the model reaction mixture in toluene showing baseline-separation of all signals. c, T1 relaxation times of the model 
substrates in toluene with and without addition of 2 mg/mL (6 mmol/L) Fe(acac)3. The longest T1 time is reduced from 3.0 s to 0.31 s. 

Likewise, the protocol was applied to the optimization of a Suzuki coupling in a “green” solvent using sterically hindered ortho-
trifluoromethyl-phenylboronic acid (9) and p-chlorofluorobenzene (2) as model substrates (Fig. S8). Optimization of the C–H arylation 
reaction proceeded using 2-fluorobenzoic acid (12) and 1-chloro-4-trifluoromethylbenzene (13, Fig. S9)74. In this case, post-
modification by quantitative methylation was key to ensure signal separation for all relevant species. In both cases, addition of 
Fe(acac)3 enabled reliable quantification of all reaction components within 32 s analysis time (Tables 3–5). See SI for further details. 

Results 

The yields of the optimization experiments for the Buchwald-Hartwig amination, the Suzuki cross-coupling, and the C–H arylation 
reactions were determined using the described procedures via equation 1 (see SI for details). The results obtained using our protocol 
for rapid measurements were benchmarked against the values obtained using state-of-the-art measurement parameters with 
elongated repetition times in the absence of a relaxation agent. In all cases, both results were within error of one-another. 

 𝑌𝑖𝑒𝑙𝑑	[%] =
𝐼!"!#$%&
𝑁!"!#$%&

∗ 𝐸𝑄'%!"(!)( ∗ 100 (1) 

𝐼!"!#$%& = integral of the analyte signal, 𝑁!"!#$%& = number of nuclei of the analyte signal, 𝐸𝑄'%!"(!)( = equivalents of the internal 
standard. 

Results for the Buchwald-Hartwig amination 

Table 1 compares the relative content of starting materials, products and side products obtained with our 32 second qNMR protocol 
with those obtained with a state-of-the art 19F quantitative NMR measurement. All data points are within a 2% error range. 
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Table 1 | Ligand screening of the Buchwald-Hartwig amination. 

 

entry ligand 

amount of 1 [%] amount of 2 [%] amount of 3 [%] amount of 7 [%] amount of 8 [%] 

repetition time repetition time repetition time repetition time repetition time 

30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 

1 BrettPhos 14 12 0 0 98 100 0 0 0 0 

2 tBuJohnPhos 108 108 100 101 0 0 0 1 0 0 

3 DavePhos 96 92 88 85 11 8 1 0 0 0 

4 SPhos 78 79 67 69 32 31 0 0 3 0 

5 RuPhos 49 47 36 34 63 61 0 1 0 0 

6 tBuXPhos 106 107 96 97 1 1 0 0 0 0 

7 XPhos 14 11 0 0 97 99 0 0 0 0 

Acquisition parameters: internal standard: benzotrifluoride, B0 = 40.89 MHz, pulse angle: 90°, number of scans: 16, acquisition time: 1.64 s, 
repetition time as indicated. 2 mg/mL (6 mmol/L) of Fe(acac)3 was used as relaxation agent for 2 s of repetition time. 

BrettPhos (Table 1, entry 1) and XPhos (entry 7) both gave near-quantitative yields of the desired product 3 with complete conversion 
of the aryl chloride 2. The amounts of protodehalogenated side product 7 and triarylamine side product 8 were below the limit of 
detection. 

Table 2 | Base screening of the Buchwald-Hartwig amination. 

 

entry base 

amount of 1 [%] amount of 2 [%] amount of 3 [%] amount of 7 [%] amount of 8 [%] 

repetition time repetition time repetition time repetition time repetition time 

30 s  2 s + Fe 30 s  2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 

1 KOtBu 13 14 0 1 96 100 0 0 0 0 

2 NaOtBu 24 21 7 8 93 94 0 0 0 0 

3 K2CO3 118 119 100 101 1 1 0 1 0 0 

4 CsF 118 118 100 100 1 1 1 0 0 0 

5 LiHMDS 22 21 1 1 60 61 1 0 17 16 

6 NaHMDS 16 16 1 1 102 102 0 0 0 0 

7 nBuLi 47 50 30 31 44 45 1 0 5 5 

Acquisition parameters: internal standard: benzotrifluoride, B0 = 40.89 MHz, pulse angle: 90°, number of scans: 16, acquisition time: 1.64 s, 
repetition time as indicated. 2 mg/mL (6 mmol/L) of Fe(acac)3 was used as relaxation agent for 2 s of repetition time. 

The base screening (Table 2) indicated that alkoxide bases like KOtBu or amide bases like NaHMDS are ideal (Table 2, entries 1, 2, 
and 6). Lithium bases caused the formation of side products and resulted in in measurable deviations of the sum of all fluorinated 
species from the value expected based on the stoichiometry (entries 5 and 7). We attribute this observation to a defluorination side 
reaction. 
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Results for the Suzuki reaction 

In table 3, the product analysis with our 32-second-long qNMR protocol is compared with that obtained with a state-of-the art 19F 
quantitative NMR measurement. 

Table 3 | Ligand screening of the Suzuki reaction. 

 

entry ligand 

amount of 2 [%] amount of 9 [%] amount of 10-F [%] amount of 10-CF3 [%] amount of 6 [%] 

repetition time repetition time repetition time repetition time repetition time 

30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 

1 XPhos 1 2 4 7 102 97 102 98 36 38 

2 tBuXPhos 29 26 1 1 66 65 66 65 85 83 

3 DavePhos 59 59 (59a) 2 2 (2a) 27 31 (31a) 32 32 (32a) 119 104 (122a) 

4 RuPhos 32 36 3 2 64 65 61 62 69 70 

5 SPhos 74 74 1 1 21 22 22 20 131 126 

Acquisition parameters: internal standard: 1,4-difluorobenzene, B0 = 40.89 MHz, pulse angle: 90°, number of scans: 16, acquisition time: 1.64 s, 
repetition time as indicated. 2 mg/mL (6 mmol/L) of Fe(acac)3 was used as relaxation agent for 2 s of repetition time. ayield was measured with 3 s 
repetition time. 

While the yields obtained with the two methods were mostly within the expected error margin of 2%, the yield of the protodeborylated 
side product 6 deviated by as much as 15% from that obtained in the control measurement (Table 3, entry 3). This outlier was traced 
back to the influence of an orthoboric acid side product. The presence of this Lewis-acidic compound almost doubled the T1 values 
of the reaction components (Fig. 9). Thus, full relaxation no longer occurred within the 2 seconds of repetition time. However, correct 
integrals were obtained when increasing the repetition time to 3 s (measurement time: 48 s). This is a rare case, in which we had to 
re-adjust the repetition time of a protocol that had been validated for the initial reaction conditions. It shows that it can be beneficial 
to add an extra 50% to the initially measured longest T1 value when calculating the minimal repetition time. 

 

Fig. 6 | Effect of B(OH)3 on the T1 relaxation times of the model mixture of the Suzuki reaction. 

Following selection of XPhos as ligand, we conducted a base screening (Table 4). Based on these results, K3PO4 was quickly 
identified as the optimal base (Table 4, entry 1). Under these basic conditions, the repetition time of 2 seconds was sufficient. 

Table 4 | Base screening of the Suzuki reaction. 

 

entry base 

amount of 2 [%] amount of 9 [%] amount of 10-F [%] amount of 10-CF3 
[%] amount of 6 [%] 

repetition time repetition time repetition time repetition time repetition time 

30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 

1 K3PO4 3 1 45 46 100 96 102 97 3 3 

2 KOH 1 2 6 5 99 95 100 94 72 66 

3 KOtBu 3 3 4 3 94 90 96 91 59 56 

4 K2CO3 80 77 3 2 12 8 14 14 11 9 

5 KOAc 89 86 1 1 2 3 2 2 85 88 
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Acquisition parameters: internal standard: 1,4-difluorobenzene, B0 = 40.89 MHz, pulse angle: 90°, number of scans: 16, acquisition time: 1.64 s, 
repetition time as indicated. 2 mg/mL (6 mmol/L) of Fe(acac)3 was used as relaxation agent for 2 s of repetition time. 

Results for the C–H arylation 

Table 5 compares the results of the 32-second long rapid analysis and the state-of-the-art qNMR analysis of reaction mixtures 
obtained when optimizing the conditions of a catalytic C–H activation. In this example, the influence of the ruthenium-precursor on 
the catalytic arylation of benzoic acids with aryl chlorides is evaluated74. 

Table 5 | Precursor screening for the C–H activation. 

 

entry ligand 

amount of 12Me [%] amount of product 14Me [%] amount of 15Me [%] 

repetition time repetition time repetition time 

30 s 2 s + Fe 30 s 2 s + Fe 30 s 2 s + Fe 

1 [Ru(p-cym)Cl2]2 4 mol% 36 33 56 51 0 0 

2 [Ru(PPh3)3Cl2] 4 mol% 101 103 0 0 0 0 

3 [Ru(PPh3)3Cl2] 8 mol% 98 100 0 0 0 0 

4 [Ru(COD(2-Me-allyl)2] 4 mol% 99 100 1 0 0 0 

5 [Ru(COD(2-Me-allyl)2] 8 mol% 96 93 4 3 0 0 

6 [Ru(acac)3] 4 mol% 71 74 26 21 0 0 

7 [Ru(acac)3] 8 mol% 102 102 0 0 0 0 

8 [RuCl3] x H2O 4 mol% 95 94 5 4 0 0 

9 [RuCl3] x H2O 8 mol% 100 103 0 2 0 0 

10 [Ru(PhH)Cl2]2 4 mol% 47 46 45 43 0 0 

11a [Ru(p-cym)Cl2]2 4 mol% 6 6 89b 87b 0 0 

Acquisition parameters: internal standard: 1,4-difluorobenzene, B0 = 40.89 MHz, pulse angle: 90°, number of scans: 16, acquisition time: 1.64 s, 
repetition time as indicated. 2 mg/mL (6 mmol/L) of Fe(acac)3 was used as relaxation agent for 2 s of repetition time. aChlorobenzene was used as a 
coupling partner instead of 13. bMethyl 3-fluoro-[1,1'-biphenyl]-2-carboxylate is obtained as product instead of 14. 

All values are within the expected error margin of 3%. [Ru(p-cym)Cl2]2 and [Ru(PhH)Cl2]2 were identified as the best precursors in 
this exemplary screen (Table 5, entries 1 and 10). All yields are relatively low, which is due to the low reactivity of the model substrate. 
A control experiment conducted with non-fluorinated aryl chloride gave the same results as reported in literature74. 

Limitations 

The presented protocol allows accurate and general quantification of mixtures of fluorinated compounds. However, there are some 
limitations. Naturally, only fluorinated compounds can be measured. This requires the introduction of a fluorinated probe. While 
fluorine is chosen in part for its relative inertness, the optimal reaction conditions obtained for the fluorinated sample may in some 
cases differ from those of the non-fluorinated parent substrate. Furthermore, despite the enormous spectral width of 19F NMR spectra, 
substances with complex coupling patterns, or reactions with little change in the chemical environment around the fluorine probe may 
still exhibit significant signal overlap. Compounds that exhibit dynamic behavior over the time scale of the measurement, such as 
fluorinated cycloalkanes, may cause line-broadening, complicating quantification by 19F NMR. Finally, the relaxation agent may react 
with aggressive analytes, interfering with its ability to act as a T1 relaxation agent. Therefore, it is recommended that the yield 
measured in the presence of a relaxation agent is regularly compared to that obtained in the control experiment in the absence of the 
relaxation agent. 

Conclusions 

This protocol facilitates rapid and reliable quantification of reactions using benchtop 19F qNMR spectroscopy. Its utility for reaction 
optimization is demonstrated for three representative model reactions, a Buchwald-Hartwig amination, a Suzuki coupling, and a C–
H activation reaction. The protocol enables quantification of a wide variety of analytes in as little as 32 s using a paramagnetic non-
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shifting relaxation agent. Reliable quantification is possible even for signals as much as 100 ppm away from the center frequency. In 
all cases, the results obtained with this rapid measurement protocol were within error of those obtained without a relaxation agent 
and elongated repetition times. Using this method, reaction analysis is no longer the bottleneck of reaction optimization. We are 
convinced that this protocol will find broad application in reaction discovery and optimization. 
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