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Long-Range Residual Dipolar Couplings: A Tool for Determining the

Configuration of Small Molecules

Nilamoni Nath, Edward J. d’Auvergne, and Christian Griesinger*

Abstract: Together with NOE and J coupling, one-bond
residual dipolar coupling (RDC), which reports on the three-
dimensional orientation of an internuclear vector in the
molecular frame, plays an important role in the conformation
and configuration analysis of small molecules in solution by
NMR spectroscopy. When the molecule has few C—H bonds, or
too many bonds are in parallel, the available RD Cs may not be
sufficient to obtain the alignment tensor used for structure
elucidation. Long-range RDCs that connect nuclei over multi-
ple bonds are normally not parallel to the single bonds and
therefore complement one-bond RDCs. Herein we present
a method for extracting the long-range RDC of a chosen
proton or group of protons to all remotely connected carbon
atoms, including non-protonated carbon atoms. Alignment
tensors fitted directly to the total long-range couplings (T=J +
D) enabled straightforward analysis of both the long-range and
one-bond RDCs for strychnine.

The elucidation of the relative configuration of stereocenters
of natural products can be a formidable task for organic
chemists. Conventionally, NMR restraints measured in iso-
tropic solution (that is, all orientations of a molecule are
equally populated), including the NOE!" and J coupling,” are
used to determine the constitution of compounds®' and yield
the configuration of stereocenters in rigid compounds. This
approach has proven to be difficult or impossible in cases in
which the molecule is flexible or the stereocenters are remote
in the bonding network.™ In such cases, the comparison of
NMR spectra of synthesized and natural products can
establish the configuration,” although this process is cum-
bersome, expensive, and time-consuming, and sometimes
even erroneous.”! The prediction of chemical shifts and scalar
couplings through ab initio calculations, mostly on the basis of
DFT, is also utilized for the analysis of medium-sized
molecules.”? A big step forward has been taken by the
introduction of RDCs into the elucidation of the conforma-
tion and configuration of small molecules, and has been made
possible by the availability of alignment media for several
solvents. Media compatible with solvents® such as CDCl; or
DMSO have allowed the application of RDCs for the
determination of the relative configurations of locally
rigid,!”! semiflexible,"!! and highly flexible molecules.>*!

[*] Dr. N. Nath, Dr. E. |. d’Auvergne, Prof. C. Griesinger
Department of NMR-based Structural Biology
Max Planck Institute for Biophysical Chemistry
37077 Gottingen (Germany)
E-mail: cigr@nmr.mpibpc.mpg.de

(@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201504432.

Angew. Chem. 2015, 127, 12897 -12901

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Additional examples of the determination of the constitu-
tion™ or configuration™' and conformation!”! of molecules
by the use of one-bond C-H RDCs ('Dy) extracted from ;-
or w,-coupled HSQC spectra have also been reported.!"¥!

The above-mentioned alignment media lead to an aniso-
tropic orientational order and consequently reintroduce
parameters hidden in isotropic solvents, including RDCs!"!
and RCSAs.?” The observable coupling between a proton
and a >C nucleus located n bonds away is then "Ty ="y +
"D¢y, in which J is the scalar coupling and D the RDC. The
anisotropic orientational distribution of the compound under
alignment conditions is described by the alignment tensor
A® which contains five independent elements and therefore
requires a minimum of five linearly independent RDCs. In
cases in which too few 'Dy values can be measured or the
C—H bonds are close to parallel, the five independent RDCs
required for the analysis may not be present. A special
situation may arise in which all diastereoisomers of a molecule
with multiple stereogenic centers fit equally well to a partic-
ular set of 'Dy; data. Long-range RDCs (LR RDCs)—*D¢y
and *Dcy—can solve this problem by providing additional
orientations.

A spin-flip experiment in a HSQC-based pulse sequence,
named SJS-HSQC,”! was reported for the determination of
long-range RDC:s for protonated carbon atoms. Although the
method is sensitive because of the use of proton excitation
and detection, it does not enable the determination of long-
range RDCs for non-protonated carbon atoms. Herein, we
describe a simple proton-selective *C-detected NMR experi-
ment that facilitates the extraction of LR RDCs, including
those of non-protonated carbon atoms. Both methods exhibit
doublet splitting in the indirect dimension as "Dy without
homonuclear coupling and provide higher accuracy in their
measurement. Since the method does not enable determina-
tion of the sign of the measured 7 value, a new analysis tool
that operates with absolute values |"T¢y| is required. We
show both with and without the n=1 couplings that it is
possible to isolate the correct configuration from the 18
different configurations of the natural product strychnine by
using the measured |"T¢y | values.

As the dipolar couplings depend on r~*, where r is the
distance between the two nuclei, LR RDCs are one or more
orders of magnitude smaller than their one-bond counter-
parts. Therefore, high precision is required to extract these
values. The pulse sequence used, which is conceptually similar
to INEPT-based 2D experiments,?!! is presented in Figure 1.
In the experiment, semi-selective inversion and refocusing
pulses are applied to the proton H;, whose coupling to remote
carbon atoms is to be measured. Owing to the application of
a selective refocusing pulse at the center of ¢, in-phase proton
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Figure 1. Pulse sequence for the proton-selective '*C-detected INEPT-
based experiment for the simple and systematic measurement of
remote "Joy coupling constants. Narrow bars represent hard 90°
pulses. The shaped 'H pulses are semiselective refocusing and
inversion pulses (10-25 ms at a 'H frequency of 900 MHz) and
Gaussian shapes applied to a proton or a group of protons whose
long-range coupling constants are to be measured. All shaped "*C
pulses are of the adiabatic-chirp type, with durations of 2000 and

500 ps for refocusing and inversion carbon pulses, respectively.
Unmarked pulses have phase x, and other pulse phases are cycled as
follows: ¢y =x, —x; dy=he=4(x), 4(y), 4(—), 4(—); =, y, —, ¥;
Gree=2(x), 4(—), 2(x), 2(—x), 4(x), 2(—x). States-TPPI (phase incre-
ment on ¢,) was used for the evolution time (t,) for frequency
discrimination. An RF power of 2.5 kHz for WALTZ-16 was used to
decouple protons during acquisition. The 7, interpulse delay value was
set to (2"cy) ', where "Jy is a long-range coupling constant. The

"Jen values used for isotropic and anisotropic measurement were 12
and 16 Hz, respectively.

magnetization after the first proton 90° pulse evolves only
under long-range heteronuclear coupling "7y Following £
evolution, the interpulse delay (7, ="T¢y/2) is optimized for
the long-range coupling, and the selected proton H; is
inverted. Refocusing of the chemical shifts during f, results
in a simple 2D spectrum with cross-peaks split by the
heteronuclear coupling in the indirect dimension. If a single
proton is selectively excited, the result is a doublet for its long-
range coupled *C nuclei centered at », with their respective
chemical shifts in w,. The absolute value of the coupling
without its sign, | "7y |, is measured as the line splitting in the
indirect dimension. Since the proton magnetization is trans-
mitted through |"Tcy | to the carbon nuclei, the method
enables the measurement of long-range coupling to quater-
nary and non-protonated carbon atoms.

Although the proton resonance of H; needs to be
selectively inverted, a significant advantage is that several
protons can be inverted simultaneously, provided that they do
not share a common "*C coupling partner. Multiplexing in this
way makes it possible to reduce the number of experiments
required. Usually the constitution of a molecule is known
before the conformation and configuration are determined.
The appropriate selection of protons to be multiplexed is not
critical, as it will be obvious from non-doublets in w, in the
spectrum if multiplexing has been performed for the wrong
protons. Spectra obtained from the inversion of several
protons with a single multi-frequency-band pulse are shown
in Figure 3.

Regarding sensitivity, these experiments were conducted
at 900 MHz with a cryoprobe. Importantly, the measured
signal-to-noise ratios in our experiment are approximately 0.8
times lower than in the SJS-HSQC experiment, yet the
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precision of both techniques is equal, as the experimental
errors in the measured coupling values are the same (see
Table S1 as well as a thorough discussion of the signal-to-
noise ratio (S/N) and a comparison with proton-detected SJS-
HSQC in the Supporting Information). Owing to “C detec-
tion, the performance of the method at lower magnetic fields
is not significantly affected by decreased spectral resolution
and sensitivity. Experimental errors in the measurement of
RDCs are calculated as the standard deviation of 10
separately measured peak positions from the noise-added
signals.

To demonstrate the potential of NMR spectroscopy
enhanced by LR RDCs in combination with one-bond
RDCs, we chose the rigid molecule strychnine (Figure 2a),
which is only influenced by a single alignment tensor. The
molecule was aligned in a compressed PMMA/CDCl; gel.””
RDCs were calculated as the difference in C-H splitting
under isotropic and anisotropic conditions. ' D¢y values were
measured from 'H,”C-CLIP-HSQC spectra.l'* Long-range
"Dy values were measured by the selective inversion of
protons H15a, H14, H16, H22, H15b, H8, H4, H20a, H18a,
and H18b in the pulse sequence in Figure 1. The determi-
nation of the relative configuration of the adjacent stereo-
genic carbon-atom pairs C8/C13, C13/C14, and C12/C13 from
J coupling analysis is discussed in the Supporting Information.
The configurations used in the analysis were optimized by
DFT at the B3LYP/6-311g(2d,p) level by using Gaussian 09!
with the ICF-PCM solvent continuum model and CHCI; as
the solvent.*! The configurations were labeled on the basis of
the R or S configuration of carbon atoms C5, C7, C8, C9, C16,
and C23, in that order, for example, SRRSRS.

The long-range "Jqy, values (n > 1) can either be positive
or negative. If only the absolute value of "J¢y, is known, from
the measured "7y, values, four possible LR RDC values for
each bond vector can exist. Jq; coupling constants are
normally positive.’) The 2Jcy values in aliphatic systems are
often negative. The *J¢ y, coupling constant present in the
terminal olefinic moiety is positive as is expected for such
moieties.”” For the configurational analysis of the 18 diaster-
oisomers, a new technique for handling signless coupling
constants was designed: The measured absolute and signless
"Tcp, values together with the "Joy, values, including their
predetermined signs, are used to fit an alignment tensor
through nonlinear least-squares optimization. During opti-
mization, the alignment tensor parameters 6 are varied, and
the resultant tensor is used to calculate signed back-calculated
"D(0) values, which are added to the signed "Jqy, values to
obtain signed "7(#) values. For comparison with the absolute
"Tcn values, the chi-squared (x?) equation used in the
alignment tensor optimization is constructed as:

N _In 2
= Z ("Ten, — |"Ten, (0)]) (1)

2
OnTen,

in which N is the total number of couplings and o is the
experimental error. For the equivalent one-bond RDC
equation, the "7y, values are replaced with 'D values, and
the absolute value is removed. For the final analysis, the two
%* values were simply summed.
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Figure 2. a) Molecular structure of strychnine with atomic numbering.
b) RDC extraction: Side-by-side comparison of the H22/C20 cross-peak
of the isotropic (left) and anisotropic spectra (right) when H22 was
selectively refocused during t, and inverted during 7, The change in
splitting of the anisotropic doublet components upon alignment as
compared to the isotropic components is caused by the proton—
carbon RDC. c) Side-by-side comparison of the H12/C10 cross-peak
when H12 was selectively refocused and inverted during the experi-
ment; the anisotropic splitting is smaller than the isotropic splitting.
d) Superimposed plots of w, slices through the H12/C10 cross-peaks
of the isotropic (purple) and anisotropic (blue) spectra.

After tensor optimization, the structures were validated
on the basis of quality factors (Q factors) calculated from the
sum of squared errors (SSE) in the "7y, values, as normalized
by the sum of squared "7y, values. This calculation corre-
sponds to the standard definition of RDC Q factors, with 'D ¢y
replaced with absolute "Ty. The full analysis was imple-
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mented in the software relax.’® Optimization of the align-
ment tensor on the basis of only long-range coupling
constants has multiple minima, but the global minimum is
found readily by a grid search. As the global minimum is
found in all 18 configurations, the comparison of Q values was
possible and yielded the results shown in Figure 4.

Since each experiment with inversion of a selected proton
provides three to five couplings, inversions of several protons
resulted in a sufficient number of independent couplings. As
an example, the cross-peak for the C20/H22 spin pair
obtained by the selective refocusing and inversion of H22 is
presented in Figure 2b. Another cross-peak that arose from
the selective inversion of H12 and yielded a coupling to the
non-protonated carbonyl group (C10) is shown in Figure 2c.
The S/N values in the spectra are reasonable; they vary
between 25 and 45 for different sets of peaks. The multi-
plexing 2D spectrum for which H22 and H12 were inverted
together (Figure 3) enabled the extraction of several multiple-
bond C-H coupling constants. Some of the cross-peaks are
shown above the 2D plot for better clarity, and the overlay of
cross-peaks in isotropic and anisotropic phases are shown side
by side.

To investigate the impact of the LR RDCs on the analysis
of the RDC data, we considered three scenarios:analysis with
only 'D ¢y values, analysis with only "7y values, and analysis
with both RDC types combined. In the case of strychnine,
more than five independent one-bond RDCs are available.
These RDCs enable discrimination between all 18 viable
diastereoisomers. The 4 pairs of a total of 10 diastereotopic
protons were assigned by the use of Dy values on the basis
of the Q factors (see the Supporting Information). The
correct diastereomer SRRSRS was found to have the lowest
Q factor of 0.086 (Figure 4; red bar). The next best structure is
SSRSRS with a Q factor of 0.189. The possibility of using LR
RDC:s alone was explored by the construction of correlation
plots of the back-calculated versus experimental absolute
T values for the 18 diastereomers from only long-range
couplings (see Figure S3 in the Supporting Information). As
in the one-bond RDC analysis, SRRSRS had the lowest
Q factor of 0.17 (Figure 4; yellow). The Q factor computed
for the LR RDC:s is slightly higher than that for the one-bond
RDCs since the former are associated with a larger measure-
ment error than the latter. The next best configuration
SSRSRS has a sufficiently higher Q factor of 0.223, thus
enabling the correct diastereomer to be isolated from long-
range couplings alone. The diastereoisomers RRRSRS and
SSRSRS have very similar one-bond RDC Q factors of 0.195
and 0.189, respectively. However, the Q factors for LR RDCs
clearly discriminate between the two (0.543 and 0.209 for
RRRSRS and SSRSRS, respectively). When analyzing a com-
bination of one-bond and LR RDCs, we found the lowest
Q factor of 0.09 for SRRSRS (Figure 4; blue). The next best
structure is SSRSRS with 0.186. In the case of strychnine, any
one of these three sets of coupling contants—single-bond
RDCs, long-range RDCs, or their combination—can be
employed for structural discrimination of the diastereomers.

To ascertain the adequacy of the LR RDC analysis, we
determined the quality of the data by cross-validation of the
one-bond and LR RDCs. An alignment tensor was calculated
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RDC experiment types. It can be
used for the analysis of data from the
SJS-HSQC experiment,” but also for
any new experiments which may be
developed in the future. The tech-
nique removes the requirement for
relative sign determination by
E.COSY-type methods.””)

The use of accurate LR RDCs
extracted from the method described
herein can complement the more
conventional J coupling constants,

NOEs, and one-bond RDCs. The
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Figure 3. Multiplexed 2D spectra obtained when protons H12 and H22 were simultaneously and a result of the narrow line width in

selectively inverted to extract several long-range CH coupling constants.

the detection period because of
decoupling as well as homo- and
heteronuclear decoupling in the indi-

by using the one-bond RDCs and was used in turn to back-  rect dimension. We used a quantity of 12 mg of strychnine in
calculate LR RDCs. The experimental and back-calculated a5 mm tube and a 5 mm cryoprobe; however, it is expected
LR RDCs are in good agreement. Similarly, use of the that 6 mg would suffice under anisotropic conditions. This
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Figure 4. Strychnine RDC analysis. Comparison of quality factors (Q) obtained from the
analysis of experimental RDC data for each viable diastereoisomer of strychnine (the lower
the value of Q, the better the fit). Red bars: use of only one-bond coupling constants;
yellow bars: use of only long-range coupling constants; blue bars: use of a combination of
one-bond and long-range coupling constants.
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amount could be further reduced to 1.2 mg
if a 1.7 mm cryoprobe was used owing to its
5 times larger S/N for equal amounts.

It has been demonstrated that LR
RDCs alone can discriminate between dif-
ferent configurations of strychnine in the
absence of one-bond RDCs. However, the
utilization of different combinations of
RDCs is beneficial, as the number of
experimental parameters increases,
whereas the number of parameters to be
fitted stays constant at five. As LR RDCs
provide information complementary to that
obtained from one-bond RDCs for the
determination of conformation and config-
uration, they can be used in all situations in
which one-bond RDCs are used, such as for
flexible molecules, and in new cases in
which one-bond RDCs are insufficient,
such as for molecules with an insufficient
number of independent CH vectors.
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