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On-line reaction monitoring of hydrogenation reactions featuring
oxygen-sensitive organometallic complexes is done via a *'P benchtop
NMR spectrometer using the Multi-Resonance Sensitive Homoge-
neous And Resolved PEaks in Real time (MR-SHARPER) sequence.
Signal enhancement generated by MR-SHARPER enables monitoring
of reactivity on the order of minutes that could not be followed with
traditional *'P{*H} NMR detection.

Transition metal complexes are frequently used in homoge-
neous catalysis and often rely on phosphorous-based ligands.
These can be readily tuned sterically and electronically and new
systems continue to be developed." Collection of concentration
data over time is a crucial tool for understanding stoichiometric
and catalytic transformations. Among others, NMR reaction
monitoring is typically performed in situ, with an NMR tube
inserted into the spectrometer, or off-line, monitoring the ana-
lyte after sampling. The former has issues of mass transfer*
while the latter suffers from delays, which compromise the
kinetic information and might cause alteration of the sample.
On-line reaction monitoring overcomes these limitations by
connecting the reaction vessel directly with the analytical
instrument: an aliquot of reaction mixture is circulated
continuously between the external reaction vessel and the
spectrometer.’

Benchtop NMR spectrometers (1-2.4 T; 43-100 MHz)* are
a valuable tool for on-line reaction monitoring due to their
portability,> which allows for operation close to the chemical
reaction setup (e.g., in a fume hood)® and integration into larger
automated reaction setups.” Furthermore, they are much
cheaper than standard high-field NMR spectrometers (7-28 T;
300-1200 MHz), both in terms of upfront cost as well as
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maintenance. Applying benchtop NMR systems for on-line
reaction monitoring is challenging because of their lower
sensitivity and lower chemical shift resolution, when compared
to high-field spectrometers. For example, the signal-to-noise
ratio (SNR) drops approximately 11-fold when moving from
400 MHz to 80 MHz, while the absolute chemical shift axis in
hertz is compressed by a factor of five. The resultant peak
overlap can be mitigated by moving from 'H to heteronuclei
such as '°F and *'P, which have wider chemical shift ranges and
fewer background signals. However, shifting to these lower
receptivity nuclei causes further reductions in observed SNR.
These sensitivity limitations are intrinsic to the lower field
strengths of benchtop NMR spectrometers, but it is possible to
modify the conditions of the NMR experiment to improve SNR.
In this manuscript, we take advantage of advanced pulse
sequences to boost the sensitivity of *'P benchtop NMR.
Sensitive Homogeneous And Resolved PEaks in Real time
(SHARPER) is a signal enhancement pulse sequence designed
by the Uhrin research group,® which has recently been adapted
for the use on benchtop NMR spectrometers.” The SHARPER
sequence (Fig. S11) simplifies the spectrum and boosts SNR by
collapsing complicated multiplets into a single, narrow peak.
This is achieved through multiple refocusing pulses interleaved
with signal detection, where the full FID is constructed from the
so-called chunks acquired between refocusing pulses. As
a result of this refocusing, chemical shift information is sacri-
ficed to increase sensitivity. Importantly, this is achieved by the
application of radio frequency (RF) pulses exclusively to the
target nucleus. In the related pure shift methods," peak
multiplicities are removed while the chemical shift information
is preserved. However, this is often achieved at the cost of
sensitivity. For example, Zangger-Sterk™ and Pure Shift Yielded
by Chirp Excitation (PSYCHE) typically recover only 0.5-10%
and 3-20% of the signal, respectively.” The SHARPER sequence
not only retains the full NMR signal but also boosts the SNR by
concentrating it into a single narrow peak. For benchtop NMR
detection of '°F, enhancement factors of 10-30 have been
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reported via SHARPER, which not only refocuses scalar
couplings but also residual magnetic field inhomogeneity.’

The original SHARPER sequence refocuses all signals into
a single peak. Chemical specificity can be introduced through
the use of the selective SHARPER (sel-SHARPER)" variant, in
which band-selective pulses are substituted for both signal
excitation and refocusing within the acquisition loop. Sel-
SHARPER can be further optimised by using band-selective
excitation followed by non-selective refocusing pulses during
acquisition.”* This provides good selectivity and optimised
SNR enhancement while the chunk length, the duration of
signal acquisition between refocussing pulses, is kept short.
The band-selective approach requires each resonance of
interest to be acquired in separate experiments. This limitation
can be overcome by using Multi-Resonance SHARPER (MR-
SHARPER),” where the chunk length and refocusing pulse
spacing are adjusted to match a multiple of the inverse of the
chemical shift difference between the target resonances, in
hertz.

The optimal version of the SHARPER sequences depends on
the practical application. SHARPER will give the best SNR
enhancement if only one resonance or set of resonances is
present in the standard NMR spectrum. When the spectrum
includes multiple resonances, se-SHARPER can be used to
isolate and selectively enhance the target species. For reaction
monitoring applications, where it is often desirable to monitor
two components simultaneously, MR-SHARPER provides an
attractive solution.

Reaction monitoring using SHARPER has only been
demonstrated previously using high-field NMR detection. Two
examples of protodeboronation of fluorinated aryl boronic
acids have been reported for the '°F nucleus.*** One example of
phosphine oxidation has been described for the *'P nucleus.® Of
note, these cases were performed under in situ or stopped-flow
conditions. Here we explore reaction monitoring using *'P
SHARPER on our flow setup® integrated with an 80 MHz
benchtop NMR spectrometer (equipped with an additional
channel for the *'P nucleus). Previously, we have demonstrated
that the flow setup is suitable for the study of highly oxygen-
sensitive organometallic complexes, stepwise additions of
reactants and catalytic transformations under inert conditions.®
In this work, we apply SHARPER and its variants to single and
multi-component systems, for in situ and on-line reaction
monitoring with benchtop NMR detection.

Initially, we explored the performance of SHARPER on
a model single-component solution of the rhodium complex
[Rh((R,R)-DIPAMP)(NBD)|BF, (DIPAMP = (1,2-bis[(o-methox-
yphenyl)(phenyl) phosphinolethane, NBD = norbornadiene, *'P
{1H} NMR in MeOH: 6 49.3 ppm, Jrhp = 158.4 Hz, Scheme 1),
which gives rise to a doublet in the *'P{'"H} NMR spectrum
(Fig. 1B) due to coupling between '°*Rh and *'P. Proton
decoupling is essential to observe the target signal within the
concentration range (9-112 mM) reported herein (Fig. 1A and
B). The Nuclear Overhauser Effect (NOE) provides a modest
increase of the SNR of the *'P{"H} NMR sequence (Fig. 1B and
C). The previously published SHARPER '’F NMR pulse
sequences® were adapted for *'P detection and an NOE transfer
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Scheme 1 Hydrogenation of [Rh((R,R)-DIPAMP)(NBD)]BF, to produce
[Rh((R,R)-DIPAMP)(MeOH),]|BF4 in MeOH.

step was introduced, including the necessary changes in the
phase cycle list (Table S11). When coupled to SHARPER, NOE
provided a comparable boost in SNR as for standard *'P{'H}
acquisition (Fig. 1H and I). As expected, higher SNR enhance-
ment is observed when shorter selective Gaussian pulses (5 ms
vs. 10 ms, Fig. 1E and G) are employed in the sel-SHARPER
variant but the highest SNR enhancement is achieved with non-
selective SHARPER (Fig. 1I). The maximum improvement was
a factor of 9 compared to a traditional *'P{'"H} NMR sequence
with NOE (Fig. 1C and I). This is comparable to the previously
observed enhancements for '°F benchtop NMR with SHARPER.?

Moving to a model two-component solution, *'P MR-SHARPER
was explored. A sample containing two diolefin com-
plexes [Rh((R,R)-DIPAMP)(NBD)|BF, and [Rh(DPPB)(COD)|BF,
(ratio ~ 1: 1) gives rise to a pair of doublet resonances in the *'P
{'H} NMR spectrum separated by 25 ppm (Fig. S71). While each
resonance is optimally enhanced when the offset is set on the
peak itself (Fig. S7B and C,} 5-fold enhancement) the relative
intensities between the peaks are non-quantitative, when
compared to the standard *"P{'H} spectrum, due to RF pulse
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Fig. 1 Comparison between 3P NMR and SHARPER experiments of
[RA((R,R)-DIPAMP)(NBD)IBF,4 (112 mM in DCM-d.): 3P NMR spectrum
without decoupling from H and without NOE (A); *P{*H} NMR
spectra, with or without NOE (B and C); sel-SHARPER 3!P NMR spectra
with a Gaussian-shaped selective pulse of the duration of 10 ms, with
or without NOE (D and E); sel-SHARPER *'P NMR spectra with
a Gaussian-shaped selective pulse of the duration of 5 ms, with or
without NOE (F and G); SHARPER *'P NMR spectra, with or without
NOE (H and |). Please refer to Table S27t for additional information.
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Fig.2 Comparison between 3'P{*H} NMR (A, C, E) and MR-SHARPER 3P NMR (B, D, F) reaction monitoring of the hydrogenation of [Rh((R,R)-
DIPAMP)(NBD)IBF4 (9 mM in MeOH) to produce [Rh((R,R)-DIPAMP)(MeOH),]BF, (Scheme 1). Experiment times: 7 min 50 s for A; 7 min 59 s for B;
51sfor C; 54 sfor D; 59 s for E; 58 s for F. For the corresponding NMR spectra, please refer to Fig. S9-S11.1 In situ monitoring has been performed
in a J Young tube inserted into the spectrometer (A, B, C, D). On-line monitoring has been performed via a customised setup with a flow rate of
3.5 mL min~* (E, F). The preparation time is highlighted: the two points in each kinetic profile appearing at time zero have been taken from the
spectra (**P{*H} NMR and MR-SHARPER) in flow conditions of the starting material (E, F).

off-resonance effects. Thus, the best compromise is to set the
offset in the centre of the two resonances so that they experience
a consistent RF response. While setting the offset in the centre
results in a slight reduction in SNR enhancement factor for the
two resonances from 5 to 4, it remains a significant advantage
over the traditional *'P{'"H} NMR spectrum.

The comparisons above have all considered the same
number of scans. However, the repetition time is 15 s for the *'P
{"H} NMR sequence and 25 s for SHARPER. A more meaningful
SNR comparison is thus possible for equal total experiment
time (Fig. S8%). Accordingly, the SNR enhancement factor
decreases from 4, comparing equal number of scans, to 3,
comparing equal experiment time.

To evaluate the potential of the optimised MR-SHARPER
benchtop NMR sequence for in situ reaction monitoring, the
hydrogenation of [Rh((R,R)-DIPAMP)(NBD)]BF, in MeOH to give
the Rh(1) solvent complex [Rh((R,R)-DIPAMP)(MeOH),|BF, (*'P
{"H} NMR in MeOH: 6 80.0 ppm, Jgp,p = 208.2 Hz, Scheme 1) was

This journal is © The Royal Society of Chemistry 2024

explored. Each spectrum, for both *'P{'"H} NMR and SHARPER
methods, was obtained in approximately 8 minutes (Fig. 2A, B
and S91). SHARPER reaction monitoring is superior in terms of
SNRs (4-fold enhancement) as well as scattering of the data
points observed in the kinetic profile. Repeating the same
comparison but now obtaining each spectrum in approximately
1 minute, the difference between the *'P{"H} and SHARPER
data is even more pronounced (Fig. 2C, D and S107). No fitting
could be performed on the data derived from the traditional *'P
{"H} NMR spectra. Instead, a meaningful kinetic profile could
only be obtained via the SHARPER sequence. Comparing the
results from the reaction monitoring by *'P{'H} NMR where
each spectrum is obtained in ca. 8 minutes (Fig. 2A) and the
SHARPER sequence where each spectrum is obtained in ca. 1
minute (Fig. 2D) we observe similar data quality. Indeed, the
SHARPER sequence acquired in 1 min still gives slightly better
SNRs and lower dispersion errors than standard *'P{"H} NMR
spectra acquired in 8 min. Therefore, SHARPER is expected to

Anal. Methods, 2024, 16, 5399-5402 | 5401
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perform better in cases of either faster reactions or lower
concentrations of analyte. To explore faster reactivity, in the
final section monitoring was performed with an on-line setup
(flow rate of 3.5 mL min™").°

The above-described hydrogenation of the diolefin complex
[Rh((R,R)-DIPAMP)(NBD)]|BF, (Scheme 1) has been followed by
traditional *'P{"H} NMR and by the MR-SHARPER technique
(Fig. 2E, F and S11%). A delay at the start of each reaction
monitoring experiment of ca. 1 min, herein called the prepa-
ration time, could not be avoided. It consists of the time
required to stir the reaction mixture after the addition of
hydrogen and to pump the reaction mixture into the spec-
trometer. The data obtained using *'P{'"H} NMR monitoring
(Fig. 2E) is not of sufficient quality for fitting of the data points.
In contrast, SHARPER monitoring produced a robust kinetic
profile (Fig. 2F). As in static conditions, significantly better
SNRs have been obtained with the MR-SHARPER sequence for
both the reactant and product resonances. Interestingly, this
demonstrates that despite the reduced residence time of the
sample inside the active region of the benchtop NMR spec-
trometer under flow conditions, the series of SHARPER refo-
cusing pulses are able to achieve significant line-narrowing and
therefore SNR enhancement.

In conclusion, we have demonstrated that *'P benchtop
NMR spectroscopy with signal enhancement via SHARPER is
a valuable tool for in situ and on-line reaction monitoring of
organometallic systems. Focus on the heteronucleus *'P is
particularly relevant for applications in main group chemistry
and homogeneous catalysis. The sensitivity limitations posed
by the low magnetic field of the benchtop spectrometer (1.9 T)
and the relative insensitivity of >'P compared to "H nucleus were
overcome through the implementation of the SHARPER pulse
sequence, demonstrating enhancements of 3 to 9-fold when
compared to traditional *'P{"H} NMR spectra. Drawbacks are
still present, such as the pre-knowledge of the species involved
in the reaction and the limitation of the number of signals that
can be monitored in a single spectrum. However, the signal
enhancement provide by SHARPER generates kinetic profiles
with lower dispersion, which ultimately allows for either faster
analysis or analysis at lower concentrations of analyte. Indeed,
a fast reaction, which could not be followed via traditional *'P
{"H} NMR spectroscopy, was successfully monitored using the
MR-SHARPER sequence and a customised flow setup, specifi-
cally designed for highly oxygen-sensitive organometallic
species.
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