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To date, SOFAST approaches have generally been limited to bio-
molecules. We present the applicability of SOFAST-HMQC techni-
ques to small molecules in the slow-tumbling regime offering a
time-efficient characterization of catalyst substrate hydrogen
bonds with nitrogen at natural abundance. This extends NMR
access to a broader range of catalyst substrate combinations.

Hydrogen bond activation plays a special role in biochemistry,
synthesis, and organo-catalysis. In the latter, hydrogen bonds
exhibit different potentials to activate the corresponding sub-
strate. Traditionally, they induce a lowering of the activation
barrier by decreasing the energy of the LUMO orbital." Prime
examples are substrates including nitrogen atoms near weak
electrophilic centres, which become more reactive through
hydrogen bonding. The characterization of hydrogen bonds
can generally be performed via NMR spectroscopy often
omitted in synthetic studies. This neglect results mainly from
the absence of stable hydrogen bonds under reaction conditions.
However, if this condition is fulfilled, the chemical shift of the
proton can already give some insight into the character of the
corresponding hydrogen bond. A more detailed picture can be
achieved when the hydrogen bond is established to a nucleus,
which provides an NMR active isotope. Nitrogen is a prime
example offering the naturally occurring >N with a nuclear spin
of 1/2. However, only every fourth in 1000 nitrogen atoms are
naturally >N isotopes. Additionally, its low gyromagnetic ratio
(low y-nucleus, 0.1 of "H) makes "°N a quite challenging nucleus
for NMR investigations. Nevertheless, since ">N chemical shifts are
very sensitive to tiny variations of the chemical environment, if
hydrogen bonds are established to a nitrogen atom, NMR
properties can give valuable insights helping to understand
structural features, molecular assemblies,?> and also the on-
going reaction mechanism.*>* In the case of pyridines and
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imines, the Steiner-Limbach correlation between 'H and °N
chemical shift characterizes the nature of the investigated
hydrogen bond.>”® However, the low natural abundance of
N and its low gyromagnetic ratio need some workarounds
to monitor the "N chemical shift efficiently. On the one hand,
inverse detection schemes such as HMQC, HSQC and HMBC
(and variants)” are popular whereby the sensitivity gain relies
on the excitation and detection of 'H as the high-gamma
nucleus. On the other hand, the system can be (selectively)
*N-labelled to deal with its low natural abundance, which is
the established procedure in NMR investigations of biomacro-
molecules. In contrast to biomolecules, small to mid-size
molecules come with a much broader structural variety rendering
selective "’N-labelling inefficient and expensive, thus requiring
expensive N precursors and/or extended chemical synthesis.
In these cases, fast NMR acquisition techniques promise a
practical solution to overcome the extended experimental time
of NMR experiments involving nuclei with low natural abun-
dance such as "N by accumulating a high number of scans.
Herein, the accelerated acquisition is generally addressed by
two main principles - and combinations of them - either based
on changed sampling techniques, namely non-uniform sam-
pling (NUS)® and single-scan 2D-NMR experiments,” or by
reducing the relaxation time. The latter includes a bundle of
experiments such as ASAP-HSQC/HMQC, ALSOFAST-HSQC,
IMPACT-H(N)MBC,">"" Fast™ or SOFAST-HMQC." Some of
them are developed in the framework of NMR applications
for large biomolecules and are more common in these studies,
while others are applicable in a broader range from small to
large systems. SOFAST-HMQC (band-selective optimized flip-
angle short-transient) became a standard in bio-NMR with
manifold reported applications such as in proteins, and nucleic
acids™*® both in vitro and in cellulo.*®'” In contrast, there are
only a limited number of reported examples in small molecules,
herein for *H, *C-correlations in metabolomic studies'® and for
the detection of NH- - -O=C hydrogen bonds in (beta-)peptides."®
To understand the underrepresentation of small molecules, the
two fundaments for speeding up the experiment need to be
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addressed. First, the SOFAST technique utilizes the potential of
Ernst angle pulses from the Fast-HMQC,'?> which increase the
sensitivity per time unit and scan as a general concept indepen-
dent of the system and the experimental conditions. Second, it
relies on an accelerated relaxation upon selective excitation of
one distinct group of protons (e.g., amides). Whether accelerated
relaxation upon selective excitation is observed depends on the
molecular tumbling regime. Due to different signs of the dipolar
cross-relaxation rate at room temperature for fast and slow
tumbling molecules, selective excitation is detrimental for small
molecules and beneficial for large molecules. Therefore, bio-
molecules are notorious candidates for the application of SOFAST,
which fulfils its full potential in the slow tumbling regime, whereas
low molecular compounds are generally assumed to be fast tum-
bling. The conclusion for small molecules would be to force them
into the slow tumbling regime e.g., by lowering the temperature.
Given a significant amount of NOE contacts, this should render
SOFAST approaches generally applicable to small molecules.
Besides reducing cost and labour required for labelling sub-
strates, SOFAST approaches additionally hold the potential to
access substrates which cannot be ’N-labelled.

For the CPA (chiral phosphoric acid) catalyst interaction
with its imine substrate, we investigated hydrogen bonds using
low temperature NMR.>* The strength of those H-bonds corre-
lates with the reactivity at synthetic reaction conditions.” So far,
these investigations relied on the "’N-labelling of the substrates
to observe intramolecular 'H, "’N-correlations by direct °N-
detection. Under the conditions in which the hydrogen bonds
under investigation are observable — below 240 K - the inter-
mediate complexes are in the slow tumbling regime. Moreover,
the hydrogen bond protons resonate in a well isolated chemical
shift region (12-18 ppm). Both aspects make the SOFAST
approach a promising technique for the given systems.

As a proof of concept, we show the application and suitability of
the SOFAST-HMQC and some extensions (derived experiments) as
generally applicable techniques for small molecules in reaction
centres on the example of binary complexes formed by a hydrogen
bond between a CPA and an imine without prior *’N-labelling. This
allows fast access to "N chemical shifts and scalar couplings,
which can be used for the classification of the hydrogen bonds
using the theory developed by Limbach et al.®

Furthermore, the acceleration of the longitudinal relaxation
time T; upon selective excitation as the basis of the SOFAST
approach as well as the resulting sensitivity enhancement are
discussed. As a benchmark system in this study we chose nine
different binary complexes already thoroughly investigated by our
group.®* All combinations of the three imines 1a-c with the three
acids (R)-3,3'-bis(3,5-bis(trifluoromethyl)phenyl)-1,1’-binaphthyl-
2,2'-diyl hydrogen phosphate (TRIFP, 2a),>° (R)-3,3-bis(2,4,6-tri-
isopropylphenyl)-1,1’-binaphthyl-2,2’-diyl hydrogen phosphate
(TRIP, 2b)*' and tetrafluoroboric acid diethyl ether complex
(HBF,-O(CH,CHj),, 3) have been screened using a 1: 1 ratio (Fig. 1).

For all nine binary complexes, the application of 'H,
N-SOFAST-HMQC has proven successful in an amenable time
at natural abundance of N and using a standard NMR probe
at 180 K. Signals resulting from an effective '°N intermediate
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Fig. 1 Imine/acid intermediates used as model systems: structures of the
investigated imines 1, 3,3’-substituted phosphoric acids 2 and HBF,; 3.
All samples have been prepared using a concentration of 50 mM and an
imine : acid ratio of 1:1. The imines exist as both E- and Z-isomer.

concentrations as low as ~25 uM have been observed using the
SOFAST-HMQC pulse sequence offering a signal to noise ratio
(S/N) of 18 in about 30 min (see Fig. 2A). Measuring the same
sample with a classical HMQC pulse sequence only gave an S/N
of 14 in 2 h 40 min.

This allowed the establishment of the Steiner-Limbach
curve in a fraction of the time required in the literature.’*
The general trend of the spectra is discussed based on the
example of 1a-2a (for all other spectra see Sections S4-S6, ESIT).
As displayed in Fig. 2A (blue) the "H, "N-SOFAST-HMQC was
acquired in only 29 min using 256 scans and 32 increments
in the indirect dimension. Both 'H, '°N-correlations of the
present isomeric complexes are observed with their distinct
>N chemical shifts. The Z-1-2a complexes generally show smaller
line widths compared to the corresponding E-configured com-
plexes (e.g. see Section S4.1, ESIt). This is due to the exchange of
the latter with the free E-imine (see Section S8, ESIT), which results
in a coherence loss over time and generally makes this correlation
more tedious to detect. As shown in Fig. 2B all data are in
agreement with known literature chemical shifts (open circles)
performed using "°N-labelled compounds (~50 mM) and tradi-
tional pulse sequences.” Based on the mathematical description
outlined by Limbach et al, the character of the hydrogen bond
can further be corroborated by accessing the ™y coupling
constant.>®

By applying a 90° pulse on the heteronuclear channel prior
to acquisition and abstaining from the heteronuclear decou-
pling, as known from the CLIP-HSQC>* and SOFAST-IPAP-
HMQC,”® the SOFAST-HMQC (Fig. 3A(i)) is transformed into
the SOFAST-CLIP-HMQC pulse sequence (Fig. 3A(ii)). The
extraction of yy coupling constants from clean in-phase
signals becomes accessible, as shown in Fig. 2A (red). The
SOFAST-CLIP-HMQC may be acquired both as a 2D and a 1D
spectrum, whereby the latter provides a more time-efficient
variant when more scans are demanded. This comes of course
at the cost of the >N chemical shift information and is less
suitable for overlapping proton signals (see Fig. S15, ESIt).

So far, we focussed only on the *H, ’N-correlation inside the
P-O"---H-"N structural moiety. However, the 'H, *'P-correlation
corroborates the formation of the hydrogen bond within the
binary complex. Therefore, we deployed another member out
of the SOFAST family. Previously described by Farjon, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SOFAST allows full characterization of H-bonds in catalyst substrate intermediates at natural abundance of °N: (A) overlay of the *H, ®N-SOFAST-HMQC
spectrum (blue) and the *H, °N-SOFAST-CLIP-HMQC spectrum (red) at an effective >N concentration of 25 uM and 94 uM for Z- and E-1a-2a, respectively. The
SOFAST-HMQC spectrum has been acquired with 256 scans and 32 increments within 29 min. The SOFAST-CLIP-HMQC spectrum has been acquired with 1024
scans and 16 increments within 65 min. For clarity the 6(°N) axes of both spectra have been shifted against each other. (B) Constructed Steiner—Limbach curve of
the *H and °N chemical shifts extracted from the H, ®N-SOFAST-HMQC spectra at °N natural abundance (grey diamonds) in comparison with literature
reported data (red open circles) acquired on °N-labeled samples.* (C) To date elusive *H, *'P-coherence obtained via magnetization transfer through the
2oy hydrogen bond scalar coupling. *H, **P-SOFAST-HMBC spectrum acquired with 256 scans and 32 increments within 30 min. All data have been generated

using a standard NMR probe at 180 K and 50 mM **N-unlabelled complexes in an imine : acid ratio of 1:1. For further details see Sections S4-S7 (ESIt).

G, G,

Fig. 3 SOFAST pulse sequence schemes applied within the study of CPA
catalyst imine interactions. (A) (i) SOFAST-HMQC, (ii) SOFAST-CLIP-HMQC
(without broadband decoupling), and (B) SOFAST-HMBC. Pulse sequences.
Further details are outlined in the ESI{ (Section S3).

SOFAST-HMBC was used to observe NH: --O—C hydrogen bridges
in peptides.” This pulse sequence (Fig. 3B) allows the long-range
correlation of the hydrogen bond proton and the phosphorus of 2.
In our experience the detection of these 2h]PH correlations has been
tedious or even inaccessible in the case of strong acids. However,
using 'H, *'P-SOFAST-HMBC the correlation of both isomeric
complexes 1a-2a which have been to date elusive are shown in
Fig. 2C.

Finally, revisiting the accelerated relaxation in selective inver-
sion only works effectively for large slow tumbling compounds.
Therefore, we evaluated the T; relaxation using inversion recovery

This journal is © The Royal Society of Chemistry 2025

experiments with either broadband or selective pulses on our
small molecules in the slow tumbling limit at low temperature.
Fig. 4A shows the relaxation profiles performed with selective
(open circles) and broadband pulses (circles) on the hydrogen
bond proton of the binary complexes E- and Z-1a-2a. An unexpect-
edly high acceleration of the longitudinal relaxation is observed
for the hydrogen bond protons of the binary complexes in
contrast to the methyl and methoxy groups (see Section S9, ESI).
Upon selective treatment, a full recovery to the equilibrium state is
achieved after about 2 s, whereas recovery takes more than 10 s
when broadband pulses are applied. Note that first acquiring a
2D-NOESY spectrum hints at whether relaxation acceleration
upon selective treatment might be observed based on the sign
and the number of NOE cross-peaks. The observed relaxation
acceleration of the H-bond protons becomes obvious from the
high number NOE contacts with the same sign as the diagonal
peaks (see Section S8, ESIT).

In addition to the relaxation enhancements, SOFAST appro-
aches leverage the Ernst angle to obtain a sensitivity enhancement
compared to 90° excitation pulses. The effect on the sensitivity can
be studied by monitoring relaxation enhancement curves. These
are educative illustrations, since they can be constructed from any
pulse sequence, and several effects like the excitation angle can be
studied and they show the optimal experimental conditions con-
sidering the time Tycap, Le. the time required for one scan, and
sensitivity gain (Fig. 4B). The influence of Ty.,, and excitation
angle o are discussed based on Z-1a-2a. Using a broadband 90°
excitation pulse, in the following referred to as a reference, the
maximal sensitivity was obtained when T, equals around 1 s.
Using a 90° selective excitation pulse (black, open circles) the
sensitivity maximum shifts to a smaller Ty, value giving a
sensitivity gain by a factor of 2.5 together with a time gain factor
of 1.6. In agreement with biomolecular literature," increasing the
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Fig. 4 The principles of SOFAST in action: (A) accelerated relaxation in
inversion recovery series using selective (open circles) inversion pulses
versus broadband (filled circles). (B) Sensitivity enhancement curves
acquired with the 'H-SOFAST experiment (without **N-filtering) for dif-
ferent flip-angles « (open circles) in comparison with an analogous
experiment using broadband IH excitation (filled circles). At Tscan = 025 s
enhancement factors up to 3.6 are possible. The shown curves were
acquired at 180 K for the hydrogen bond protons of the complex 1a-2a
(50 mM, 1:1 ratio) using a standard NMR probe with a base frequency of
600 MHz. For further details see Sections S9 and S10 (ESIT), respectively.

selective excitation angles, the maximal sensitivity further shifts to
smaller Tg.., values linked with a small additional sensitivity gain.

Summing up the results, the successful application of
SOFAST based experiments to small molecules inside hydrogen
bonded intermediates effectively on a pmolar level was shown.
Extending our toolbox for small molecules by these methods
renders the "°N-labelling (or any other low abundant nuclei) of
our substrates under given conditions obsolete. Given that the
system under investigation falls into the slow tumbling regime,
and has sufficiently separated protons and NOE contacts,
we think that the SOFAST approach can be used as a general
concept. This is not only interesting from a time and financial
perspective but opens the door to substrates previously not
accessible due to a lack of possibilities for °’N labelling.
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