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Probing a Hydrogen-n Interaction Involving a Trapped Water

Molecule in the Solid State

Ettore Bartalucci®, Alexander A. Malir®, Anne Mehnert', Julius B. Kleine Biining,
Lennart Giinzel, Maik Icker, Martin Borner, Christian Wiebeler, Beat H. Meier,
Stefan Grimme, Berthold Kersting, and Thomas Wiegand*

Abstract: The detection and characterization of trapped
water molecules in chemical entities and biomacromole-
cules remains a challenging task for solid materials. We
herein present proton-detected solid-state Nuclear Mag-
netic Resonance (NMR) experiments at 100 kHz magic-
angle spinning and at high static magnetic-field strengths
(282T) enabling the detection of a single water
molecule fixed in the calix[4]arene cavity of a lanthanide
complex by a combination of three types of non-
covalent interactions. The water proton resonances are
detected at a chemical-shift value close to zero ppm,
which we further confirm by quantum-chemical calcu-
lations. Density Functional Theory calculations pinpoint
to the sensitivity of the proton chemical-shift value for
hydrogen-n interactions. Our study highlights how
proton-detected solid-state NMR is turning into the
method-of-choice in probing weak non-covalent inter-
actions driving a whole branch of molecular-recognition
events in chemistry and biology. )

Introduction

Water plays an essential role in a variety of chemical and
biological processes. Many biological functions, including
proton and electron transfer reactions in biological channels,
protein activity and dynamics,!"! protein folding and
structure,”™ as well as cell activity are governed by
individual water molecules,”’ sometimes even involving
entire water clusters.l” For instance, water molecules have
been reported to function in dimeric hemoglobin as allos-
teric mediators,” to mediate protein-ligand recognition in
trypsin complexes!” and to stabilize protein-protein
interactions.® Crystalline water hydrates are furthermore of
importance in pharmaceutical compounds and have been
reported in templating nanoporous materials.!

The importance of water is particularly related to its
capability of forming hydrogen bonds, typically between an
electronegative element (e.g. N and O) and a hydrogen
atom.”! However, the definition of a hydrogen bond is not
only limited to these cases.'”! For instance, also n-hydrogen
bonds between delocalized n-electron clouds of aromatic
rings and N, O and C-bound hydrogen atoms have been
reported! and observed in biomolecules.'”! Such hydrogen
bonds were classified as weak hydrogen bonds with bond
energies less than 4 kcalmol™![*! and the water molecule
features unusually short O—H bond lengths.”” They poten-
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tially play an important role at hydrated biological
surfaces.”! From the chemical perspective, hydrogen-n
bonds between aromatic rings and a water molecule!" have
for instance been observed by X-ray crystallography in
calix[4]arene units which comprise a hydrophobic cavity that
in the absence of hydrophobic guest molecules is occupied
by a water molecule!™ as well as by single crystal neutron
diffraction.”!. A network of water molecules has been
reported in the structures of a variety of calix[n]arenes.!*'®!

Accurate refinement of water molecules is challenging
by X-ray diffraction methods due to the well-known low
scattering factor of hydrogen atoms. However, single-crystal
neutron diffraction has been employed revealing the exact
location of water molecules.” Proton-detected NMR spec-
troscopy is another major technique capable of directly
detecting water molecules in chemical and biological con-
texts, particularly benefitting from the sensitivity of the
proton chemical shift on the chemical environment as well
as on the hydrogen bond strength.'! This allows for probing
water molecules engaged in hydrogen bonding, leading to
more deshielded resonances. Protons engaged in n-hydrogen
bond interactions and therefore above an aromatic plane, in
contrast, are expected to resonate at lower frequencies
(more shielded), which is caused by the circulating electron
cloud in aromatic units (ring-current effects)."® Aromaticity
is for instance defined based on quantum-chemically calcu-
lated nucleus independent chemical-shift values,!'”*” also
established in the solid state.” The development of fast
magic-angle spinning (MAS) technology, typically achieving
sample rotation frequencies of 110kHz (or even 150-
170 kHz?**!) provide nowadays sufficient resolution for the
investigation of proton-detected spectra also in the solid
state, mostly applied to biomacromolecules (for a recent
review see ref.[24]), but for instance also applied to
pharmaceutics (for selected examples see™>"! which was in
previous decades a domain reserved to solution-state NMR
only. In addition to fast MAS, an approach revealing pure
isotropic proton solid-state  NMR spectra has been
reported.” Proton-detected solid-state NMR at slower
MAS frequencies (<35 kHz) has already been successfully
employed in  probing supramolecular  host-guest
interactions,”” for instance by detecting the low-frequency
shifted 'H resonances of guest molecules (toluene and
pyridine) in p-tert-butylcalix[4]arene complexes enabling
structure determination by “NMR crystallography” !

We herein report a novel vanillylimine-appended calix-
[4]arene La’*/K* complex which hosts a single water
molecule within the calix[4]arene cavity by a combination of
three types of non-covalent interactions, making it a suitable
target for exploring recent advances in the field of solid-
state NMR to study such interactions. Solid-state NMR
experiments at 100 kHz MAS frequency allow not only for
the spectroscopic characterization of the trapped water
molecule, but enable as well a full structural investigation of
the complex. The high magnetic-field strength employed
(282 T corresponding to 1200 MHz proton Larmor
frequency®) avoids the requirement of any specific isotope
labelling and an assignment of the NMR resonances by
proton-detected "C,'H heteronuclear correlation experi-
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ments becomes possible, including the spectroscopic identi-
fication of the trapped water signals. Density Functional
Theory (DFT) calculations support the resonance assign-
ments. The unusual, strongly shielded resonances of the
water protons indeed point to the capture of an isolated
water molecule. DFT calculations were performed as well to
further unravel the role of a hydrogen-n interaction on the
observed proton chemical-shift values and reveal that a
maximum shielding effect of around —1.5 ppm is possible
for hydrogen-n interactions. Our solid-state NMR ap-
proaches are extendable to the detection of protons engaged
in weak, non-covalent interactions, driving a whole branch
of molecular-recognition events in chemistry and biology. A
particularly important example comprises the nowadays
intensively discussed area of liquid-liquid phase separation
that seems to be governed by cation-n interactions high-
lighting the fundamental role of such interactions in bio-
logical processes.’!

Results and Discussion

The vanillylimine-appended calix[4]arene, hereafter abbre-
viated as H,L, was prepared according to a published
procedure.®” Treatment of the triethylammonium salt of
H,L with lanthanum(III) nitrate hexahydrate and potassium
carbonate in a 1:1:1 molar ratio at room temperature in a
mixed CH,Cl,/MeOH solution (1:1) reproducibly affords a
pale-yellow solution, from which the pale-yellow neutral
complex [K(H,O)LaL] (compound 1) precipitates in nearly
quantitative yield (Scheme 1). The structure of the diamag-
netic K*/La®* complex in solution was studied by mass
spectrometry and one- and two-dimensional NMR spectro-
scopy in solution (see Figures S1-S10).

Pale-yellow single-crystals of [K(H,O)LaL] (1) suitable
for X-ray crystallographic analysis®™ were obtained from
CH,Cl,-d, solutions that were used for the NMR studies (for
the X-ray crystallographic characterization of the free ligand
H,L see Supporting Information and Figure S11 therein
[36]). The crystal structure of 1 comprises neutral [K-
(H,O)LaL] complexes, which are linked by intermolecular
hydrogen bonding interactions (Figure 1). The potassium
ion is located in the calix[4]arene cavity, being coordinated
by two phenolate O atoms and two aryl rings from the
calix[4]arene and one water molecule. The K*-#° arene
(centroid) distances at 2.94 A and 2.97 A differ slightly, but
lie in a typical range for K*-n interactions.””* The open
coordination site of the K* ion is shielded by a vanillin ring
of an adjacent complex. This intermolecular K"-#® arene
(centroid) distance of 4.36 A, however, is rather long and
suggests that the n-system of this ring does not interact with
the K* ion. The single H,O molecule in 1 appears to be
involved in three non-covalent interactions. The K*--OH,
interaction can be considered as an electrostatic “ion-
dipole” interaction and its distance (2.71 A) is typical for
eight-coordinated K™ aqua complexes.?*"! The water mole-
cule is further involved in an intramolecular HOH--n
interaction with one of the phenolate rings as suggested by
the relatively short O--arene (centroid) distance of

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

a5u2dI'T suowwo)) aanear)) qedrjdde ayy Aq pauIaAos aIe S[AIIE YO oSN JO SN I0J ATeIqI auljuQ AJ]IA\ UO (SUONIPUOI-PUE-SULIS)/WO0d Kd[Im AIeIqI[aur[uo,/:sdny) suonipuo)) pue suia ], o) 39S “[$z0g/10/11] uo Areiqr auruQ Aapip ‘SingsSny [qigsieensioatun Aq $zLL1720T 1UR/Z001 0 1/10p/wod Ka]im KIeiqiaut[uo,/:sdiy woiy papeojumo( ‘v ‘€70T ‘€LLETTST



GDCh
~~

2. K,CO;

Research Articles

1. La(NO3)zaq, NEt;

Angewandte

intemationaldition’y Chemie

OH HO MeOH/CH,Cl,

=0
—0

H,L

[K(H20)Lal] (1)

Scheme 1. Synthesis of the neutral La complex 1 starting from the vanillylimine-appended calix[4]arene H,L.

Figure 1. Molecular structure of the [K(H,O)Lal] complex in the solid
state (50% thermal ellipsoids). The H-atoms (except for H,O) are
omitted for clarity. Dashed lines refer to H,0--t and HOH--O hydrogen
bonding interactions. Selected distances in A: La--O1 2.732(4), La--O2
2.336(4), La--O3 2.692(4), La--O4 2.349(4), La~O5 2.398(4), La--O7
2.360(4), La~N1 2.643(6), La~-N2 2.672(5), K02 3.117(5), K-O4
2.801(4), K09 2.713(6), 09--05’ 2.950(8), O1 (arene)=""*...0-
(3)arene®™ 5.8135(2). Symmetry code used to generate equivalent
atoms: 1+x,y, z ().
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3.24 AP** Thus, a value of 3.3 A has been determined
experimentally for the distance between the centre of mass
of water and the CsH¢H,O complex.'¥ The water molecule
forms also a weak intermolecular hydrogen bond with a La-
bound aryloxide group of an adjacent complex (0O9--O5’
2.95 A). Although both H atoms could be located from final
Fourier maps, their exact positions remain elusive, due to
the difficulties in localizing them accurately at the obtained
resolution of the electron density.*? The ATR FTIR
spectrum of [K(H,O)Lal] (Figure S12) reveals two OH
stretching bands at 3574 cm™' and 3400 cm™'. These values
are red shifted from those reported for isolated H,O
molecules as expected for the presence of hydrogen bonding
interactions.™ This trend is also qualitatively reproduced by
vibrational frequency calculations at the semiempirical
GFN2-xTB™/! level-of-theory using the single-point Hessian
(SPH)*! approach (see Supporting Information, e.g. Ta-
ble S1, for more details). The La’" ions are eight-coordi-
nated by four calix[4]arene O atoms and two imine N and O
atoms of the pendant vanillylimine Schiff base units. The
coordination environment is best described as biaugmented
trigonal prismatic as implied by a shape symmetry factor*’
of 4.13 (Table S2). The La—O and La-N distances are
typical for coordination number 8, ranging from 2.33 to
273 A

The *C NMR spectrum of 1 in solution (Figure 2a, blue)
shows 14 signals for the calix[4]arene moiety and six signals
for the two salicylidene fragments, which suggest time-
averaged C, symmetry and/or fast exchange of K*-bound
co-ligands. C, symmetry could arise when the two open
coordination sites of the K™ ion are occupied by identical
solvate molecules (L'=H,0) as illustrated in Scheme 2.
Indeed, such K* coordination environments have been
reported, as for example in the complex [K(L'),Ti(calix
[4]arene)(acac)] with L'=MeOH or THF.""! The "C signal
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Figure 2. The spectroscopic characterization by NMR of 1 in the solid state is achieved employing fast MAS and a high static magnetic field. a) >C
solution-state NMR spectrum recorded at 11.7 T (blue) and "*C-detected 'H,"C CP-MAS solid-state NMR spectrum of 1 (black) recorded at 60 kHz
MAS and 16.4 T. Blue-shaded spectral regions show peak doubling observed in the solid state. b) 'H-detected MAS spectrum of 1 recorded at

100 kHz measured and 28.2 T. The top spectrum represents the solution-state NMR spectrum recorded at 11.7 T. Some resonance assignments
(see below) are indicated on the spectrum. Resonances highlighted in red are absent in solution. c) hCH correlation spectroscopy enables resonance
assignment. Natural abundance 2D-hCH correlation spectrum of 1 recorded at 100 kHz MAS and 28.2 T external magnetic-field strength. The lowest
contour level is plotted at 2 times noise RMSD. The contour level increment is 1.1. The "TH-MAS spectrum recorded under the same experimental
conditions is displayed in red on top of the panel. Assignments have been obtained by comparison with the *C-detected solution-state spectrum
from (a). For atom numbering, see Scheme 1. The vertical dashed line denotes the low-ppm proton chemical-shift position of the trapped water

resonances. * indicate contacts between different C—H groups.

for C atoms bearing phenolic O atoms is known to depend
strongly on the protonation state and environment,[**
ranging from limiting values of about 154 ppm for the
neutral PhOH form to around 174 ppm for naked PhO~
anions (in CH,Cl,-d, solution). The chemical-shift values for
the corresponding C atoms in 1 are detected at 160.7 ppm
for the pendant vanillylimine groups and at 164.1 ppm for
the calix[4]arene scaffold, respectively. These values deviate
clearly from the value of 174 ppm seen for naked phenolate
anions, providing further support for the fact that the
aryloxide groups interact with the K* and La** ions. The 'H
NMR spectrum of 1 (Figure S13) also reveals a resonance at
1.4 ppm, which is assigned to free water in the solvent
CD,Cl,.P"

Angew. Chem. Int. Ed. 2023, 62, €202217725 (4 of 10)

We next moved to solid-state NMR and recorded “*C-
detected "H,”C cross-polarization (CP)-MAS experiments.
The comparison of solution and solid-state NMR spectra is
provided in Figure 2a. Interestingly, several *C resonances
show a peak doubling not observed in solution, pointing to
crystallographically distinct sites (highlighted in blue in
Figure 2a). We thus attribute this effect to a structural
inequivalence of the two vanillylimine Schiff base units and
thus a break of the C, symmetry which is present in solution
(as illustrated in Scheme 2). This is in agreement with the
crystal structure in which the irregular coordination geome-
try about the K™ ion (trapped water molecule) is responsible
for the symmetry reduction (Figure 1).

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

QSULIIT suowo)) dAneaI) ajqedrjdde ayy £q pauraA0S a1e sa[oNIR () (asn JO S[NI 10J AIIQIT AUIUQ AJ[IAN UO (SUONIPUOD-PUE-SULID}/ WO AAIM" ATeIqI[aul[uo//:sd)iy) SUONIPUO)) PUE SWId T, Y} 39S [$70Z/10/11] uo Areiqry auruQ Lopip “Sinqsdny [qigsieensiaatun £q §7/ L1770 2MUe/Z001 01/10p/wod Kafim AreIqrjaurjuo//:sdny woiy papeojumoq ‘#1 ‘€Z0T ‘€LLEITST



Research Articles

Angewandte

intemationaldition’y) Chemie

[K(L')oLaL] (1)

proposed structure in solution
(L' = solvate molecules)

2-fold symmetry

[K(H2O)LaL] (1)

in solid state
crystals isolated from wet
CH,ClI,

no symmetry

Scheme 2. Symmetry reduction of 1 upon going from the solution to the solid state. The atom numbering used herein is given on the left.

Proton-detected solid-state NMR at fast MAS frequen-
cies should allow for a direct detection of the trapped water
molecule, thus providing more insights into the bonding
behaviour and extending our previous knowledge obtained
from the X-ray structure. Figure 2b presents the '"H-detected
MAS spectra of 1 recorded at 100 kHz MAS at a magnetic
field of 28.2 T using only sub-milligram sample amounts. We
observe the expected increase in spectral resolution with
increasing MAS frequency as reported in biological and
chemical contexts due to a more efficient reduction of
residual homonuclear proton dipolar coupling-induced
broadening at faster MASP**"*?! (see Figure S13 and S14).
The homogeneous broadening at 1200 MHz is smaller than
at 850 MHz for most resonances (Figure S14) highlighting
the advantage of high steady-state magnetic fields.

Overall spectral resolution is higher at 1200 MHz
compared to 850 MHz (see Figure S15 for a comparison
with the spectrum at 850 MHz), despite the fact that the
proton linewidths in 1 are significantly affected by inhomo-
geneous broadening effects, either caused by structural
heterogeneities (e.g. slight structural perturbations in the
aromatic units) or anisotropic bulk magnetic susceptibility

Angew. Chem. Int. Ed. 2023, 62, €202217725 (5 of 10)

effects.”> Note, that additional spectral overlap in such
spectra arises from the crystallographic inequivalence of the
two vanillylimine Schiff base units and the local G,
symmetry break induced by the trapped water molecule (see
above), making 1 a particularly challenging target for solid-
state NMR. Interestingly, the solid-state NMR spectrum
shows additional resonances at low ppm-values (0.4, 1.8 and
2.4 ppm) that remain absent in solution (highlighted in red
in Figure 2b). At this point we speculate that at least one of
the additional resonances appearing in the solid-state NMR
spectrum at low frequencies might be assigned to the water
molecule trapped in the calixarene moiety that has been
observed crystallographically (see Figure 1). Water chem-
ical-shift values around Oppm have been described for
isolated water proton resonances in the gas phase, whereas
liquid water resonates at significantly higher chemical-shift
values (around 4.8 ppm).’”* Strongly low-frequency shifted
proton water resonances have already been detected in the
solid state for instance for water molecules sorbed on
carbonaceous materials.**-*!

For identifying which of the proton resonances belong to
the trapped water molecule, we recorded a proton-detected

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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CP-based 2D hCH spectrum with short CP contact times.
This experiment filters protons that do not possess a directly
bound carbon atom. The availability of the high static
magnetic field (1200 MHz) combined with fast MAS
(100 kHz) allowed for recording such a spectrum in only
22 hours using sub-milligram amounts of non-isotopically
labelled sample. Figure 2c shows the hCH spectrum and the
obtained resonance assignments using previously assigned
BC solution-state NMR shifts for guidance (see Table 1).
And indeed, the resonance at 0.4 ppm (marked with a
vertical dashed line) remains absent in the spectrum
supporting the assignment to the trapped water molecule.
The same observation is made when comparing a 1D hcH
spectrum to the 'H-MAS spectrum, in which also the
resonance at 0.4 ppm is missing (Figure S16). The other two
resonances at low frequencies (1.8 and 2.4 ppm) which
remain absent in the solution-state NMR spectra are
assigned to the methyl groups (H*/H*) and calixarene (HY
H') protons. The observation of two methyl groups, both
fast rotating on the NMR timescale, is supported by their
crystallographic inequivalence illustrating that proton-de-
tected solid-state NMR is very sensitive in detecting the
small structural differences in the two vanillylimine Schiff
base units. We have also recorded “C dipolar dephasing CP-
MAS spectra in which CH and CH, groups are strongly
attenuated (or even disappearing) in the spectra, whereas
quaternary carbon atoms as well as methyl groups remain
visible (see Figure S17, also for a comparison with the
solution-state spectrum including resonance assignments).
And indeed, the two methyl groups possess different “C
chemical-shift values (53 and 59 ppm), further supporting
the resonance assignments. Under the used experimental
conditions, we are even able to distinguish the intra-
methylene protons (e.g. H, H/H* and HYH") revealing
significant chemical-shift differences as also observed by
solution-state NMR. The resonance at highest frequency
(8.7 ppm) is assigned to the imino proton of the Schiff base.

We next recorded a 2D 'H-'H single-quantum (SQ)/
double-quantum (DQ) correlation spectrum at 100 kHz
MAS using the Back-to-Back (BaBa) recoupling sequence!®
with 80 us mixing time to further support the assignment of

Table 1: Comparison of solid and solution-state NMR proton chem-
ical-shift values.

Proton species 6sohd(1H) lppm] 6so\ut'\on(TH) lppm]

H,0 0.4 n.d.®
H'38/H38 18,24 3.3
H30 3.2/6.0; 4.1/5.4 3.5/5.8
H29 43 44
H8/H20 3.1/4.8 3.3/4.7
H2/H14 2.4/39 3.2/4.1
H5/H17/H33/H34 53-6.8 6.3-6.8
H31 8.7 8.2

[a] The absence of the resonance in the solution-state NMR spectrum
is possibly attributed to fast exchange with residual H,O content in
the CD,Cl, solvent. For H38, two resolved resonances are detected
caused by the crystallographic inequivalence of the two vanillylimine
Schiff base units.
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the resonance at 0.4 ppm to a water molecule proton and
elucidate the position of the second water proton resonance
(Figure 3a). In the case were both water protons resonate
close to 0.4 ppm (nearly degenerate chemical shifts), a
correlation peak at the sum of the two chemical-shift values
(0.8 ppm) in the indirect dimension should appear. And
indeed, this is observed for the resonance at low-ppm values
assigned to the water molecule. The water protons have
thus, within the experimentally achieved linewidths, similar
chemical-shift values. In addition, the peak intensity of the
0.4 ppm resonance is consistent with two protons, for
instance by comparing it to the intensity of the imino
protons at 8.7 ppm. The BaBa spectrum is further used to
support the resonance assignments derived so far (see the
blue dashed horizontal lines in Figure 3a revealing protons
in close spatial proximity). Particularly, the chemically
distinct protons of the methylene groups are clearly identi-
fied. In addition, we have recorded 'H-'H spin-diffusion
(SD) based spectra with different mixing times (see Fig-
ure 3b for the spectrum with 100 ms mixing time, and
Figure S18 for the spectra with 10 and 50 ms mixing time).
Such spectra are often used for proton resonance assignment
purposes,®® although their interpretation remains chal-
lenging in the present case due to significant spectral overlap
in the 2D spectra, the dependence of the spin-diffusion
mechanism on the chemical-shift differences and the MAS
frequency and their general lack in selectivity. However, the
spectrum at long mixing times (Figures 3b) clearly reveals
cross-peaks and thus spin diffusion for the water resonance
at low-ppm values to further resonances of the lanthanide
complexes, which is a clear evidence that we indeed detect a
trapped water molecule. Interestingly, there are further
cross-peaks observed for the low-intensity resonance at
around 1.1 ppm, possibly a second water molecule trapped
in the complex (marked by + in Figure 3b).

We also noticed several cross-peaks involving the methyl
group protons with negative intensity in the 'H-'H spectra
(e.g. opposite intensity than the diagonal), particularly
intense at shorter mixing times (Figure S18), possibly
originating from incoherent cross relaxation effects induced
by the fast rotating methyl groups as observed in NOESY
spectral® in case of short correlation times,'® which needs
to be further evaluated for the present case. Negative cross-
peaks in spin-diffusion based spectra have also been
reported originating from a coherent mechanism,'”’ which
also remains a possible explanation for the observed
negative cross-peaks. Interestingly, the SD spectrum with
the shortest mixing time of 10ms (Figure S18) already
reveals a contact between the water protons and a methyl
group that can only be realized by an intermolecular contact,
whereas short-range contacts to the aromatic protons remain
unobserved, most likely due to an inefficient SD process
caused by the large chemical-shift differences.[*!

To further support the assignment of the strongly
shielded resonance to the bound water molecule, we turned
to DFT calculations. For the complex 1 in vacuo, the most
shielded protons obtained are those of the water molecule
with —0.60 and 0.03 ppm at the PBEO/pcSseg-2 level-of-
theory in reasonable agreement with the experimental value
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Figure 3. '"H-"H correlation spectroscopy reveals spatial proximities for the trapped water molecule. a) Single-quantum-double quantum 'H-'H
spectrum of 1 employing BaBa recoupling with 80 ps mixing at 100 kHz MAS and 28.2 T. Spatial proximities are highlighted by horizontal blue-
dashed lines. The black solid line denotes the double-quantum diagonal. The lowest contour level is plotted at 15 times noise RMSD. 64 contour
levels with an increment of 1.1 are shown. b) 'H-'H spin diffusion-based spectrum of 1 recorded at 100 kHz MAS and 20.0 T with mixing times of
100 ms. The lowest contour level is plotted at 8 times noise RMSD. 64 contour levels with an increment of 1.1 are shown. The blue bands highlight
correlation peaks encoding spatial proximity information for the trapped water. The cyan peaks represent negative contour levels. + indicates

possibly a second water molecule trapped in the complex.

(0.4 ppm, see below). Compound 1 is a particularly suitable
compound to further address the influence of the hydrogen-
7 interaction and therefore the aromatic ring-current effects
on the water proton chemical-shift values. To disentangle
the contribution of this interaction from other local effects
on the magnetic shielding of the water protons, we
performed calculations using a model extracted from the
crystal structure comprising a water and a benzene molecule
with relaxed positions of the hydrogen atoms (via a
constraint optimization using the r*SCAN-3c!®! composite
density functional approximation). Figure 4 shows the dis-
tance dependence of the water proton chemical-shift values
(given as the relative change with respect to the dissociation
limit, A8) from the benzene plane as calculated at the PBE0/
pcSseg-2" Jevel-of-theory (which are confirmed by highly
accurate coupled cluster CCSD(T)/TZ +extrap.>™! calcu-
lations; see the Supporting Information for these, Fig-
ure S19, and for further technical details). The curve of the
proton facing the benzene plane (H,) resembles a potential-
energy curve with the maximal chemical-shift change of
—1.9 ppm for the distance of 2.25 A, which corresponds to
the hydrogen-benzene distance in the crystal structure of
compound 1. The second water proton (Hg) exhibits a much
smaller change in chemical shift at the measured distance, as
it points away from the aromatic plane and is thus less
exposed to the ring-current effects. This analysis clearly
reveals that NMR itself is sensitive enough to probe the
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engagement of protons in such interactions, which is of
particular relevance for instance in bio-macromolecules.”
However, as mentioned above, the two water protons in 1
experimentally show rather similar chemical-shift values,
which can be explained either by a still insufficient
resolution in the solid-state NMR spectra or by chemical-
exchange effects, e.g., a two-site jump of the H,O molecule.
In the latter case, the distance dependence is best described
by the average of both chemical-shift values (gray curve in
Figure 4), which still shows a maximum change of
—1.65 ppm (at a slightly shorter distance of 2.03 A), still
significant enough for an experimental distinction between a
(non-covalently) bound and an unbound state. The 'H
chemical-shift values of the benzene protons are much less
sensitive to the water-benzene distance and thus to the
hydrogen-n interaction (see Figure S20). Note that the
experimentally-observed low-frequency shifts of the methyl
groups (H38 and H'38) of compound 1 (1.8 and 2.4 ppm) are
caused by intermolecular ring-current effects®?! as dis-
cussed in detail in the Supporting Information (see Fig-
ure S21).

Conclusion

In conclusion, we have presented the spectroscopic charac-
terization of an isolated, trapped water molecule in a

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Proton NMR chemical-shift values are sensitive reporters for hydrogen-mt interactions as revealed by quantum chemical calculations.
Relative (with respect to the dissociation limit) '"H NMR chemical shifts Ad of a water molecule (protons H,, Hg and their average value) as a
function of its distance from a benzene molecule given as the projection of the H, atom onto the aromatic plane. Calculations have been
performed using the PBEO density functional approximation with the pcSseg-2 basis set (see Supporting Information for details). The arrow

indicates the distance found in the crystal structure of compound 1.

calix[4]arene lanthanide complex by solid-state NMR. The
combination of fast MAS with high steady-state magnetic
fields have allowed us identifying the water proton reso-
nances at rather unusual low-frequency chemical-shift values
close to zero ppm, similar to reported gas phase water shifts.
We have shown by DFT calculations that hydrogen-n
interactions, which are an important molecular grammar in
chemistry and biology, can lead to a further shielding of the
proton resonances, depending significantly on the distance
of the protons with respect to the aromatic plane. The
reported lanthanide complex will serve as a model to further
investigate hydrogen-n interactions, for instance to explore
experimentally the distance-dependence of 'H chemical-shift
values by substituting the potassium ion with further alkali
metal ions. Our study paves the way for further inspecting
the sensitivity of NMR observables for probing the role of
weak non-covalent interactions in transient molecular recog-
nition events.
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