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Di(ethylene glycol) methyl ether methacrylate
(DEGMEMA)-derived gels align small organic
molecules in methanol

Manuela E. Garcia,>® Shannon R. Woodruff,“° Erich Hellemann,?
Nicolay V. Tsarevsky“® and Roberto R. Gil**

Residual dipolar couplings (RDCs) constitute an important NMR parameter for structural elucidation in all areas of chemistry. In
this study, di(ethylene glycol) methyl ether methacrylate (DEGMEMA)-based gels are introduced as alignment media for the mea-
surement of RDCs of small organic molecules in polar solvents such as methanol. The low viscosity of methanol permits the exe-
cution of J-scaled BIRD HSQC experiments that yield very sharp lines in anisotropic conditions. The gels have excellent mechanical
properties, and their compression and expansion in the swollen state can be reversed and performed multiple times. This process
enables the easy loading and release of analytes. The excellent performance of these new aligning gels is demonstrated by ana-

lyzing the structure of the alkaloid retrorsine. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

There is no question that NMR is one of the most powerful tech-
niques in the area of structural analysis in organic and biological
chemistry. During the past 10 years, there has been a breakthrough
in the field, which is largely because of the emergence of residual
dipolar coupling (RDC) analysis as a powerful tool for the constitu-
tional, configurational, and conformational analysis of small organic
molecules in solution.""’ Although RDC analysis already complements
existing powerful NMR techniques, such as the measurement of NOE
or 3J couplings (both proton-proton®?! and proton-carbon®), RDCs
also eliminate structural ambiguities that often result from these
two NMR parameters.*™ The main advantage of RDCs over these
classical NMR parameters is that they provide information of non-
local character and allow the determination of relative orientation
of internuclear vectors (e.g. CH bonds), regardless of the distance be-
tween them.

A crucial point for the measurement of anisotropic parameters is
the availability of adequate alignment media to partially align the
molecules of interest. While several such media for aqueous!'®"?
and apolart>~'® solvents have been found in the field of NMR spec-
troscopy, the situation for polar organic solvents such as DMSO
(one of the most commonly used solvents in the pharmaceutical
field) or methanol is different. Some interesting DMSO-compatible
alignment media have been developed within the last decade. An
early example was cross-linked poly(vinyl acetate) (PVAc),"" which
showed wide compatibility with most polar organic solvents. Later,
cross-linked polyacrylonitrile  (PAN)?”" was synthesized and
employed successfully as an alignment medium in which disadvan-
tages, such as residual signals (polymer or impurities), were over-
come. However, equilibration times of the samples were long,
and the synthetic procedures were rather tedious and involved
the use of electron beam irradiation to achieve cross-linking.

Additionally, neutral and anionically charged (containing sulfonate
groups) acrylamide derivatives were copolymerized in the presence
of cross-linkers, producing gels with varying fractions of ionic
groups. These derivatives were found to be compatible with differ-
ent solvents even though certain charged molecules could not be
analyzed.”"*?' More recently, Luy and co-workers developed a ver-
satile cross-linked poly(ethylene oxide) (PEO)'® as an alignment
medium, which covers an extensive range of solvents, from water
and polar organic solvents (including DMSO, CHsOH, and CHsCN)
to apolar organic solvents (including dioxane, THF, DCM, CHCls,
and benzene). This is probably one of the most widely applicable
alignment media as a result of its large solvent compatibility range.
A wide range of chiral lyotropic liquid crystalline phases (LLC), com-
patible with organic solvents (CDCl; and DMSO), have also been
used to align small organic molecules.** Very recently, a new type
of alignment medium based on graphene oxide was reported for
very polar solvents.?*!

Although it seems that there are many examples, the reality is
that this area of research is in its infancy as there are many
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drawbacks and challenges to be overcome. Based on the need to
find new alignment media compatible with polar organic solvents,
we propose the use of a new orienting gel that exhibits good align-
ment properties in methanol-d,; (CD;0D). Methanol is an appropri-
ate solvent for important classes of molecules that are insoluble in
other organic solvents, including sugars, peptides, polar natural
products, and other compounds. Herein, we propose the use of
compressed di(ethylene glycol) methyl ether methacrylate
(DEGMEMA)-based gels for partial orientation of small molecules
in methanol.

Experimental

All gels were prepared in 3-mm disposable NMR tubes, which were
pre-silanized (in order to prevent strong adhesion of the gel to the
glass) using the following procedure. A 10 % (v/v) solution of
1,1,1,3,3,3-hexamethyldisilazane in toluene was prepared and
added to each tube. The tubes were capped with rubber septa,
sealed with parafilm, and left to sit for 24 h. Afterwards, the tubes
were emptied and air-dried over mild heat.

The monomer, DEGMEMA (10 ml, 542x 10~2 mol, after being
passed through a column filled with basic alumina in order to re-
move the polymerization inhibitor in the commercial reagent),
was mixed with 2ml of CH;OH. Ethylene glycol dimethacrylate
(EGDMA) was used as the cross-linker after being passed through
a column filled with basic alumina, while 2,2"-azobis(2,4-dimethyl-
4-methoxyvaleronitrile) (V-70) was employed as the polymerization
initiator. Four vials were labeled A, B, C, and D. Each vial was
charged with a different amount of V-70 and EGDMA (with V-70 be-
ing calculated at 10 mol % of EGDMA) as follows: vial A-0.6 mg of V-
70 and 3.4 ul of EGDMA,; vial B-0.8 mg of V-70 and 5.1 ul of EGDMA;
vial C-1.1 mg of V-70 and 6.8 ul of EGDMA; and vial D-1.7 mg of V-70
and 10.2 ul of EGDMA. Then, 2.5 ml of the DEGMEMA/CH;0H mix-
ture were then added to each vial. Once the contents were mixed,
the silanized 3-mm NMR tubes were filled with solutions A, B, C, or D.
These four tubes were capped with rubber septa and submersed in
an oil bath at 50°C for 6 h. Following gelation, the gels dried in
their tubes for 3 days. The tubes were then carefully broken, and
the gels were removed (while taking care to not damage them)
and placed in CH;OH for 3 h to swell and wash out any remaining
monomer. After washing, the gels were removed, dried, and stored

in glass tubes to prevent bending during drying. The gels de-
creased in size significantly upon drying (2.1-mm diameter on aver-
age) and have a flexible, rubbery, and sticky consistency. For RDC
measurements, 2.5-cm rods were cut and swollen in CD;0D inside
5-mm NMR tubes. All synthesized gels were tested for their me-
chanical properties and *H quadrupolar splitting (Ave) of the H
NMR signal of CD3;OD. The fraction of crosslinker relative to mono-
mer in composition C was found to be useful for poly(methyl meth-
acrylate)-based gels,"™ and in this study, we prepared gels with
both higher and lower crosslink densities in order to identify the
optimally performing one. Gel A demonstrated the best mechanical
properties and was used for the following experiments.

Retrorsine, a member of the natural pyrrolizidine family of
alkaloids, was used to test the alignment capabilities of Gel A. This
molecule has four stereocenters with the well-established configu-
ration, 7R,8R,125,13R (Fig. 1).*®! For simplicity, the configuration of
the stereocenters will be shown without numbers and in the same
order for every diastereomer, as displayed in Fig. 2.

Retrorsine (3 mg) was dissolved in CD30D (200 pl) and placed ina
5-mm NMR tube containing the clean and fully relaxed swollen
polyDEGMEMA gel stick. A Shigemi plunger was inserted into the
tube and used to pump the gel several times in order to let the
compound diffuse into the gel. A 1D 'H NMR spectrum was col-
lected; it showed that the sample was inside the gel within a few
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Figure 1. Retrorsine structure with its stereocenter configurations.
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Figure 2. N/Xz fit for the eight possible configurations of retrorsine.
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minutes time. For the purpose of measuring the Avq of the solvent,
a ?H NMR spectrum was obtained, showing a small ?H quadrupolar
splitting value for the —~OD signal (6.14 Hz) for the fully compressed
gel. Moreover, a sample (5 mg) of alkaloid was dissolved in CD;0D
for its isotropic measurements. J-scaled BIRD HSQC spectra with a
scaling factor (k) of 4 were acquired under both isotropic and aniso-
tropic conditions.'?2®!

Results and Discussion

The DEGMEMA-based gels described in this work are affordable as
well as easy to prepare and use. Their chemical structure, being
without aromatic rings, minimizes chemical shift perturbation. In
addition, they are flexible, have reversible compression, and the
swelling time is short (a few hours). These gels can be stored dry,
are very stable over time, and allow sample recovery. In our view,
the most remarkable feature and advantage is that excellent resolu-
tion is obtained even under anisotropic conditions as a result of the
low viscosity of CD;0D.

Similar to other gels, polymer background signals are still ob-
served and overlap with the analyte signals is probable within a lim-
ited region (3.4-3.7 ppm). Furthermore, although these gels exhibit
a low degree of alignment resulting in small 'Dcy, values, these pa-
rameters can be extracted and measured with great accuracy be-
cause of the high quality of the spectra and narrow lines. It is
well-known that one of the most common experimental problems
to measure RDCs is the significant proton—proton dipolar
broadening of the signals under anisotropic conditions. In order
to overcome this disadvantage, we have been avoiding the use of
F2 'H-coupled HSQC experiments to measure one-bond 'H,"*C
RDCs ('Dcy) since 2011,*% and instead, we have measured RDCs
from the F1 "H-coupled version of HSQC experiments.?’?® Added
to this, we later found that the J-scaled BIRD version of this experi-
ment generated RDCs with higher accuracy.”®*! The resolution
can be further enhanced by the use of low viscosity solvents, such
as CDs0D, as demonstrated in this work (Fig. 3).

One-bond proton-carbon RDCs ('Dcp) were extracted as the dif-
ference between the signal splitting observed under anisotropic
conditions (' Tey = "Jen + 'Den) and the splitting observed under iso-
tropic conditions (' J;), as shown in Table 1. As previously reported,
fitting RDC data to all possible configurations and conformations,

Table 1. Retrorsine >C and 'H NMR chemical shifts, scalar coupling
constants 'Jcy, total splitting ' Tey = "Je+ 'Dery, and experimental (exp)
and calculated (caIc)IDCH values with their corresponding experimental
errors
#C oc On 1TCH 1JCH Exp ! Calc' Error
(ppm)  (ppm)® (Hz) (Hz) Dcy (Hz) Dy (Hz)  (Hz)
2 135.1 6.20 165.77 168.31 —254 -254 035
3 624 a: 3.92 139.81 139.90 —-0.10 —0.08 0.24
b: 3.41 — 139.90 — —0.08 —
5 52.6 a:3.27 141.77 140.00 1.80 191 0.30
b: 2.60 141.77 140.00 1.80 191 0.30
6 343 a: 243 13224 13253 —0.30 —0.02 039
b: 2.16 13224 13253 —0.30 —-0.02 039
7 751 5.08 151.73 159.50 —7.77 —7.66 0.10
77.2 4.32 140.88 144.55 —3.67 —3.74 0.17
9 59.5 a:5.50 145.04 149.26 —4.22 —4.15 0.33
b: 4.18 145.04  149.26 —4.22 —4.15 033
13 358 1.75 125,52 128.58 —3.07 —-32 0.27
14 379 a: 2.28 12933 130.04 —-0.77 —066 047
b: 1.80 129.33 130.04 —0.77 —0.66 0.47
18 66.7 3.66 144.26 144.21 0.05 —024 0.3
19 104 0.86 12538 126.35 —-0.97 —-093 0.3
20 1339 5.79 154.62 154.45 0.17 038 0.17
21 13.8 1.83 126.27 127.30 -1.04 —-115 0.07
“Residual dipolar couplings for CH, groups are reported as half of the
sum of the couplings of CHa and CHb. The methylene protons are
designed as ‘a’ and ‘b’, according to its chemical shift order. (—)
not measurable (overlapping with signals from gel).

alignment tensor determination, and calculation of Cornilescu qual-
ity (Q) factors’®® were performed using MSpin.>"

The eight possible structures were initially energy-minimized.
Conformational searches were performed using the molecular me-
chanics force-field in Macromodel (Schrodinger Suite); structures
within a window of 2 kcal mol™" were selected from the conforma-
tional search. Single tensor approximation with fit to populations
was performed for the eight possible configurations and their
conformations. The results are presented in the form of Cornilescu
quality (Q) factors and as N/){2 (Fig. 2 and Supporting Information).?
By using the Q factors, six out of the eight configurations were
eliminated with certainty. The two remaining structures were the
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Figure 3. Extraction of CH couplings ('Tew and ey from the experimental data collected with the J-scaled BIRD HSQC experiment. Expanded region of
C7-H7 cross-peak with isotropic spectrum shown in red and anisotropic spectrum in blue. Note that the low viscosity of methanol yields very sharp lines

in anisotropic conditions.
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isomers RRRR and RRSR, with RRSR having the lower Q factor (0.081
against 0.094). A better discrimination between these two structures
was obtained with the N/){2 criterion; the incorrect structure (RRRR)
had the lowest value and thus was eliminated by this criterion, as
shown in Fig. 2. A fit of the experimental RDC data to the X-ray
structure of retrorsine obtained by Pretorius and co-workers”® was
performed, resulting in a Q factor of 0.050 for the RRSR structure.
The Q factor illustrates the good agreement between X-ray structural
analysis and RDCs. The main goal of the present article is to present a
new aligning gel compatible with methanol. The alkaloid retrorsine,
whose configuration is well-known, was solely used to demonstrate
the capabilities of this gel to produce excellent quality RDCs. As
shown earlier, RDCs cannot discriminate between the isomers RRRR
and RRSR without ambiguity, but both compounds should show dis-
tinct sets of NOE enhancement for the protons H-13, H-14, and H-18.
NOE-derived distances should straightforwardly discriminate these
two structures, but this discussion is outside the scope of this article.

The very low viscosity of methanol leads to very narrow lines for
the signals of the compound, both in isotropic and anisotropic con-
ditions. Although the range of RDC values is smaller than usual
(—2.5 to +7.8), these linewidths provide highly accurate values, as
reflected in the very low values of the Q factor for the correct
structure.

In summary, the usefulness of cross-linked polyDEGMEMA for the
partial alignment of molecules in polar organic solvents such as
CDs0D was demonstrated. The main advantage of these gels is
the remarkable resolution obtained under anisotropic conditions
as well as their excellent mechanical properties.
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