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NMR spectroscopy is generally used to investigate molecules under
equilibrium conditions. Despite recent technological and methodogical
developments to study on-going reactions, tracing the fate of individual
atoms during an irreversible chemical reaction is still a challenging and
elaborate task. Reaction-interrupted excitation transfer (ExTra) NMR
provides a selective tracking of resonances from atoms, which undergo
chemical conversion. We show that reactions triggered either by rapid
mixing or by photo-excitation can be conveniently followed at a sub-
second time scale using standard NMR equipment. In ExTra NMR we use
the selectively inverted magnetization of a selected atom to follow its
conversion in the course of a fast chemical reaction. The chemical
reaction has to be started within the relaxation period of an initial
inverting 180° pulse. The presented protocol provides a generally
applicable NMR method for reaction monitoring.

NMR spectroscopy is a powerful, widely used tool for the
investigation of chemical reactions. It has been used to study
kinetics of unstable reaction intermediates, mechanisms in
organic chemistry"> and for process control in inline/online
NMR.>* Early on it has been extended to the field of biochemistry,
where it is an important tool for the investigation of enzyme
reactions, protein folding,>® or more recently for the study of fast
kinetics of pH-induced protein unfolding.” These versatile fields of
application result from the extensive structural information that
can be derived from the chemical shift and multiplet structures
of the spectra.>'® A further advantage compared to other
methods is that there is no necessity for a prior calibration,
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as the integral of a signal is directly proportional to the quantity
of the material present.'*

NMR is routinely used to study molecular rearrangements of
fast reversible reactions by EXSY type experiments,">"* where
recently an experiment for the monitoring of photochemical
equilibria was proposed (PC-EXSY).™ Similar to these methods
are SCOTCH type experiments, where magnetisation is transferred
during the mixing time of a modified NOESY pulse sequence.'>'®
For other photo-induced reactions, photo-CIDNP is particularly
useful and provides a simple tool to study the interactions of
proteins with cofactors, inhibitors and other molecules of choice."”

The method of choice for slow reversible and irreversible
reactions is usually the acquisition of a series of spectra. For
instance, ultrafast 2D NMR is used for the real-time monitoring
of redox reactions.'® One of the drawbacks in the latter case is
the low temporal resolution of NMR spectroscopic approaches,
with sampling rates usually in the range of seconds. This is due
to a rather long relaxation delay, which is needed to avoid
successive signal saturation. However, several methods have been
proposed to circumvent this problem, including the addition of
paramagnetic relaxation agents,"® to lower relaxation times®*>*
or the use of smaller pulse-angles and purge gradients.>*

For fast reactions below the microsecond scale, time-
resolved CIDNP is the method of choice.?””*® In contrast, fast
and irreversible reactions are difficult to study by NMR. Such
reactions might already be finished before the sample can be
transferred into the NMR magnet. Rapid injection devices™?°™*
or stopped flow techniques®>*? can be used to cope with this
limitation. In combination with our recently published NMR
experiment, which allows for a continuous excitation and
acquisition of spectra without any interscan delay, this setup
allows the investigation of on-going reactions at an unprecedented
temporal resolution.” Furthermore, field inhomogeneities caused by
the injection of reactants and volume changes are drastically
reduced because each signal is recorded in a narrow zslice only."

With a few exceptions, the focus of reaction monitoring by
NMR spectroscopy has been on the properties shown by reactants
over the course of a reaction as described above. However, if the fate
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of a specific atom is of interest, options are pretty limited. In
general, such an issue will be addressed by the incorporation of
labelled isotopes, which often is not only a cost-but also a time-
intensive task. More recently, hyperpolarized NMR spectro-
scopy was used to achieve mechanistic insight into organic
and bioorganic chemical reactions.>**® Amongst others, Hilty
and colleagues developed an experiment, where the selective
inversion of a single carbon atom could be traced from the
reactant to its final position within the product molecule at
natural abundance by using ex situ dynamic nuclear polariza-
tion (DNP). This is possible because of the preservation of spin
states even during on-going reactions and the signal increase
due to DNP by a factor of roughly 10 000.>°™*!

Within this work we want to extend the application of NMR-
assisted tracking of individual atoms during fast reactions. Our
method is specifically suited for irreversible reactions with a
high conversion percentage within the first few seconds of the
reaction. A reaction-interrupted pulse sequence (Fig. 1) is proposed
where the inversion of the resonance of interest occurs before the

P, ¢
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Fig. 1 Pulse-injection/light sequence for the proposed excitation transfer
reaction monitoring experiment. The resonance of interest is selectively
inverted by a 180° shaped pulse. The reaction takes place during the delay
d, and is triggered either by rapid injection or illumination (for photo-

chemical reactions). The readout is achieved by a non-selective 90° hard
pulse.
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injection of the reactant and not afterwards.*® So as a first step,
selective inversion of one signal takes place. Then, the chemical
reaction is started by rapid injection of a reactant or, for photo-
chemical reactions, by illumination of the sample. After a sufficient
reaction delay, the inverted polarization can be detected on the
product. While our experiment has inherently a lower sensitivity
than DNP-based techniques, it has other advantages: (1) it does not
require any additional dedicated hardware and therefore it can be
carried out in any lab, equipped with a standard NMR system (II) it
is independent of special solvents and radicals for DNP polarization,
which might interfere with the investigated reaction.

As a proof of concept, we chose to follow the fate of the allyl
alcohol’s Hi-proton during a bromination using the ExTra
NMR approach (Fig. 2). A selective 180° Gaussian pulse was
used to invert the corresponding resonance at 6.04 ppm right
before the manual injection of bromine (Fig. 2a). Mixing of the
reaction compounds within a dead time of roughly 100 ms right
inside the NMR magnet was achieved by using a flat bottom
5 mm Shigemi tube and a rapid injection device as described by
Mok et al.*' The reaction is finished almost within a second
and hence allowed us to observe the transfer of the selectively
inverted magnetization from the reactant to the product. The
final spectrum (Fig. 2b) was recorded 1.5 seconds after the
inversion pulse to allow the reaction to proceed. In the product
spectrum, there is a loss in resolution, likely caused by pertur-
bation of the sample heterogeneity by mixing. However, the fate
of the mentioned proton can easily be followed due to the
appearance of a negative peak in the obtained NMR spectrum
of the product. This peak belongs to the H1'-proton in 2,3-
dibromo-1-propanol and hence demonstrates the potential of
the proposed NMR experiment.

The approach is not limited to chemically-induced reactions
but can be initiated by any other trigger. An example is the
isomerization of the (Z)-isomer of 5,6-dihydrodibenzo[c,g][1,2]-
diazocine (1) to (E)-1 by irradiation with UV-light. This reaction
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Fig. 2 Depiction of the reaction scheme of the bromination of allyl alcohol and the corresponding spectra of the reactant and the product 2,3-
dibromo-1-propanol: (a) conventional 1D spectrum of allyl alcohol. The resonance of the proton that is selectively inverted by an 180° Gaussian pulse
during the ExTra NMR approach is marked in red. (b) The ExTra NMR sequence allows an easy identification of the previously inverted H1-proton in the
product spectrum due to the appearance of a negative signal at the respective frequency (H1'-proton marked in blue). Parameters of spectra (a) and

(b): 1 scan, 16k data points, 0.3 Hz exponential window function.
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(a) Proton spectrum of the aromatic region of (2)-1 in acetonitrile-ds (16 scans, 64k data points, 0.3 Hz exponential window function).

(b—d) Selective inversion of signals 1-4 by application of the proposed pulse-and-light sequence, allowing the correlation of each of the aromatic
protons of (2)-1 to the corresponding protons in (E)-1. (e) Assignment of all aromatic signals in the proton spectrum (1 scan, 16k data points, 0.3 Hz
exponential window function) of the reaction mixture (taken after 30 s of illumination).

is fast at room temperature, producing yields of five percent
and higher of (E)-1 after one second of illumination and reaching
an equilibrium of both isomers after prolonged illumination
(photostationary state). Green light (1 = 523 nm) can be used to
switch back to the pure (Z)-isomer within 60 seconds. Switching
the LED used for in situ illumination eliminates the need to
remove the sample from the magnet. Therefore, the elucidation
of the reaction path of one proton only takes slightly over a minute.
Application of the proposed pulse sequence allows for quick and
facile assignment of a selected signal of (Z)-1 to the corresponding
signal of (E)-1 after a single scan. Repetition of the experiment to
determine the fate of other protons is swiftly accomplished as
shown in Fig. 3b-d.

Noteworthy, the magnetization of a certain resonance does
not have to be negative in order to be traced. The conversion of
the selected atom from the educts to the product is traceable as
long as the reaction is triggered before the inverted magnetization
relaxes: the differing intensities of product peaks in the ExTra
NMR spectrum and product peaks from a normal proton spectrum
recorded after the reaction clearly reveal the chemical conversion
(see Fig. S1, ESIT). In place of inversion, the resonance frequency
can also be saturated prior to the reaction. However, we have
found that inversion gives more convincing and convenient results
(see Fig. S2, ESIT).

In conclusion, we have shown that irreversible chemical
reactions, which can be triggered by mixing or illumination
and which proceed at rates in the millisecond time regime can
be conveniently followed by NMR. A simple 1D experiment
consisting of a selective 180° preparation pulse, followed by
triggering the reaction and a readout 90° hard pulse provides

This journal is © The Royal Society of Chemistry 2019

the course of the reaction mirrored by the resonances of selected
protons. Our pulse sequence has the potential of assessing a wide
range of chemical reactions including protonation, complexation,
halogenation and photoreactions. Limitations are the presence of
NMR active nuclei participating in the reaction and being present at
an appropriately high concentration. The conversion of observable
amounts of product has to be faster than the relaxation of the
inverted magnetisation.

Furthermore, the proposed approach can be used to get
insight into reaction mechanisms, without the necessity of
investigating compounds with fully assigned NMR spectra.

Our strategy allows analysing chemical conversions with
standard NMR equipment (see ESIT for pulse sequences) with-
out the requirement of isotopic labelling or the use of very
specific and chemically limited DNP-based (dynamic nuclear
polarization) methods.

All NMR experiments were performed on a Bruker Avance I1I
500 MHz spectrometer equipped with a 5 mm TXI probe with
z-axis gradients at 300 K except for the photoisomerization. The
spectra of the latter were recorded on a Bruker Avance III
700 MHz spectrometer using a 5 mm cryogenically cooled TCI
probe with z-axis gradients.

All chemicals were purchased from Sigma Aldrich in the
highest grade available and used as received. The photo-switchable
molecule 5,6-dihydrodibenzoc,g][1,2]diazocine (1) was synthesized
according to published procedures.****

For in situ sample irradiation, light emitted from high power
LEDs (lumitronix) was directly coupled into the blunt and
polished end of a 4 mm thick optical fiber (ceramoptec). At
the tip of the fiber, the nylon jacket was removed and a pencil
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shaped tip was created by sandblasting. The high-power LEDs
were powered by a custom-made power source allowing for
precise modulation of intensity by pulse width modulation
(Sahlmann Photochemical Solutions) and were triggered by
the NMR console via the IPSO-unit.
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