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Tunable Alignment for All Polymer Gel/Solvent Combinations for the
Measurement of Anisotropic NMR Parameters
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Dedicated to Professor Horst Kessler on the occasion of his 70th birthday

Residual dipolar couplings (RDCs) and other anisotropic
NMR parameters provide valuable structural information
on the conformation and configuration of biomolecules!"! as
well as small organic molecules such as sugars, peptides, and
natural or synthetic products.” A fundamental requirement
for their accurate measurement is the adjustment of a
proper degree of partial alignment of the solute molecule.

Mechanically stretched polymer gels allow the scaling of
alignment without lower limit in practically all NMR sol-
vents,’! but the classical way of stretching the gel directly in
an NMR tube? demands a new sample for each alignment
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strength. Since the prediction of the orientational order for
small organic molecules is still not easily achieved, this fre-
quently leads to unnecessary and time-consuming sample
preparations and eventually to a corresponding loss of val-
uable material. Only with the introduction of a stretching
apparatus by the Kuchel group!*” the situation changed and
it is now possible to rapidly and reversibly adjust the degree
of orientation within a single sample using standard liquid
state NMR equipment.

While the original stretching apparatus can be used with
gelatin™®! and other gels containing polar solvents such as
D,0 and DMSO,” it is incompatible with more apolar or-
ganic solvents such as chloroform, dichloromethane, or tet-
rahydrofuran. The silicone tube as the main part of the
device also allows water and humidity to penetrate into the
gel sample® and leads to an intense, broad signal around
0.1 ppm in corresponding '"H NMR spectra. It is therefore of
very limited use for the analysis of most organic compounds.
Here we present a novel stretching device based on a tailor-
made perfluorinated elastomer tube which overcomes the
main existing limitations of the original apparatus and pro-
vides the desired stretching capabilities for practically all
polymer/solvent combinations.

Following our design of the stretching device equipped
with a silicone tube, the flexible perfluorinated elastomer
tube is placed inside a cut-open 5 mm NMR tube and fixed
at the bottom with a specially designed screw clamp made
out of PCTFE (Figure 1). The elastomer tube works as an
expandable container for the swollen gel with the solute
molecule inside. Upon stretching of the flexible tube the
polymer gel is stretched as well, which in turn leads to par-
tial alignment of the solute and measurable anisotropic
NMR parameters.

After testing a variety of different materials, Kalrez 8002
perfluoroelastomer,l” with its superior resistance against
most chemicals and its high purity (e.g., no detectable para-
magnetic impurities that are present in most other similar
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Figure 1. Stretching apparatus for 5 mm standard high resolution NMR
probe heads. The flexible Kalrez 8002UP!” tube (A) is placed inside a
cut-open 5Smm NMR tube (B) and fixed with a specially designed
PCTFE screw (C) at the bottom. A PCTFE device with nylon screws (D)
is used to fix the stretched tube at the top. Inside the assembled appara-
tus a reddish-brown PAN/DMSO gel is ready to be stretched.

materials), was found to be the ideal material for the given
task. A Kalrez 8002UP perfluoroelastomer parts tube with
inner/outer diameters of 3.2/4.2 mm was specifically pro-
duced at DuPont Performance Elastomers for the current
studies.

Although the material is not fully inert towards halogen-
ated hydrocarbons, the tubing can be used with all common
NMR solvents, including chloroform and dichloromethane.
As an example, we monitored the stepwise stretching of a
PDMS/CDCI; gel® containing hydroquinidine as a test mol-
ecule by acquiring a number of CLIP-HSQC spectra at
different extensions (Figure 2). As reported previously,” the
alignment strength and therefore anisotropic NMR parame-
ters are approximately proportional to the so-called exten-
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Figure 2. Kalrez 8002UP tubing allows the arbitrary scaling of RDCs
even in gels with halogenated solvents: CLIP-HSQC spectrum!” of hy-
droquinidine in a PDMS/CDCl; gel.®¥! Insets show two signals (C1”"-H1”
and C5'-H5’) at various stages of stretching with peaks separated in the
vertical direction according to the corresponding quadrupolar splitting
Avg, of the solvent CDCl,. The linear dependence between observed 'Tey
couplings and quadrupolar splittings is evident.
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quadrupolar splitting Av, reveals highly precise RDCs as
the slopes of corresponding linear fits (see Supporting Infor-
mation).F!

In addition to the advantage of a wide range of compati-
ble solvents, the quality of '"H NMR spectra is substantially
improved using the Kalrez 8002UP tubing compared with
identical spectra recorded with the silicone tubing, as the
perfluorinated elastomer does not contain protons. In Figure
3a and b the 1D 'H spectra of two identical gel samples with
alanine in gelatin/D,O stretched within a silicone tube and
within a Kalrez 8002UP tube are compared. While the sili-
cone tubing shows an intense, broad signal around 0.1 ppm,
there is no additional signal from the Kalrez 8002UP tubing,
which not only leads to cleaner spectra, but also to an im-
proved sensitivity as the receiver gain of the spectrometer
can be increased.

a) HDO Hp silicone
JM
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Figure 3. Comparison of 'H 1D spectra acquired in a stretching device
equipped with silicone tubing (a) and Kalrez 8002UP tubing (b) contain-
ing identical samples of 1M alanine (L-Ala/p-Ala in 2:1 ratio) in 50% gel-
atin in D,O. In the case of the silicone tube a broad signal around
0.1 ppm dominates, while the Kalrez 8002UP tube does not contribute to
the spectrum; additional low-intensity background contributions origi-
nate from the alignment medium gelatin. ¢) Corresponding samples of
1M p-Ala and L-Ala in 50% gelatin/D,O have been measured with ap-
proximately identical stretching. The weighted sum of the spectra (c,
dark gray) results in a spectrum similar to the spectrum measured for the
2:1 mixture (d). For clarity only the Hf region is shown in c) and d); for
full spectra and the corresponding Ha region see the Supporting Infor-
mation.

As has been shown previously, stretched gelatin provides
the possibility of distinguishing enantiomers.**!"! The dis-
tinction is even more facile with the Kalrez 8002UP tubing,
as we demonstrate by repeating a set of 1D '"H NMR spec-
tra of different samples of L- and p-alanine for the determi-
nation of enantiomeric excess. When adding up the signals
of enantiomerically pure amino acids inside equally stretch-
ed (chiral) gelatin in the correct mass ratio (Figure 3c) the
resulting spectrum is equivalent to the spectrum acquired
for the mixture of the two enantiomers (Figure 3d; see also
Supporting Information).
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Figure 4. Conformational analysis of the natural product parthenolide (a)
by RDCs measured in a PAN/DMSO gel!' stretched with the apparatus
depicted in Figure 1. b) Back-calculated vs measured RDCs for the chair-
like conformation confirm the structural model in solution. ¢) The struc-
tural model is shown with color-coded bonds (red: negative; blue: posi-
tive RDCs) and the axes of the corresponding alignment tensor next to
it.

As another test molecule we investigated the natural
product parthenolide, a sesquiterpenic lactone isolated from
Chrysanthemum parthenium.'! A set of 16 one-bond RDCs
could be obtained for the compound in a PAN/DMSO gel™
stretched within the stretching apparatus equipped with a
Kalrez 8002UP tube. RDCs fitted with the program
PALES™! confirm the presence of a chair-like conformation
of the compound, as previously measured by X-ray crystal-
lography™¥ and as proposed by MM-calculations,!” also in
DMSO solution (see Figure 4 and Supporting Information).

In contrast to corresponding gels in the silicone-based
device, where penetrating humidity leads to shrinking gels
within a couple of weeks,”! the used PAN/DMSO gel is
stable for several months as water can not diffuse through
the gas-tight walls of the perfluorinated tube.

In summary, the stretching apparatus equipped with the
perfluorinated Kalrez 8002UP tube is an ideal tool to parti-
ally align molecules for measuring anisotropic NMR param-
eters, with easily adjustable alignment strength in practically
all polymer gel matrices, including those with apolar sol-
vents. In contrast to previously reported stretching devices
based on silicone tubes, the perfluorinated elastomer tube
does not contribute to "H NMR-spectra and is generally gas-
tight, which, for example, prevents the diffusion of humidity
into the sample. Especially in combination with perdeuterat-
ed polymer gels,'l the presented stretching apparatus is of
high interest for samples at low concentration as it provides
proton spectra void of signals originating from the alignment
medium.
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