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ABSTRACT

Residual dipolar couplings were successfully used to distinguish between the two diastereotopic protons on C-20 of strychnine dissolved in
an organic liquid crystal (PBLG/CDCl3). The results presented here strongly suggest that this method will be of help in organic structure
determination, making the determination of relative stereochemistry in the absence of NOE data possible.

The determination of relative stereochemistry by nuclear
magnetic resonance is often complicated by the absence of
NOE data and/or3J coupling data. To demonstrate the utility
of the use of residual dipolar couplings (rdcs) for organic
structure determination, we have applied this method to a
problem that can also be readily solved by conventional
methods, namely, the differentiation between the two dia-
stereotopic protons on C-20 of strychnine (cf. Figure 1). We
acknowledge simultaneous but independent work by Verdier
et al.1

NMR in orienting media is a very well-established field
of research.2 The application to complicated organic mol-
ecules was restricted so far only by the degree of alignment
induced. Since new alignment media were introduced (e.g.,
aqueous solutions of phospholipid bicelles,3 cellulose crys-
tallites,4 purple membrane fragments,5 filamentous bacte-

riophages,6 or dilute lamellar phases), residual coupling
information can be extracted more easily.
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Figure 1. Structure of strychnine and numbering of atoms.

ORGANIC
LETTERS

2003
Vol. 5, No. 5

705-708

10.1021/ol0275163 CCC: $25.00 © 2003 American Chemical Society
Published on Web 02/04/2003



Residual dipolar couplings have recently been used by
various groups for the refinement of protein structures,7 the
de novo structure determination of proteins,8 the conforma-
tional analysis of oligosaccharides,9 and even the observation
of protein backbone dynamics.10

The observation of residual dipolar couplings is only
possible if the magnetic susceptibility anisotropy of the
molecule is sufficiently large11 or if the molecule is
incorporated into one of the various alignment media.12 Even
mechanical orientation13 has been used on biomolecules, but
to our knowledge, no application of this weak alignment for
the structure determination of a complicated organic molecule
embedded in an organic liquid crystal has been reported so
far.14

If any kind of molecule is introduced into a liquid
crystalline phase, an anisotropic environment is created,
orienting the molecule partially within the magnetic field.
The observation of orientation-dependent nuclear spin in-
teractions such as direct dipole-dipole interaction, chemical
shift anisotropy, or quadrupole interaction (for nuclei with
spin > 1/2 only) becomes possible. Mostly only the direct
dipole-dipole interactiondIS has been used for structural
refinements so far, which is defined for two spins I and S in
eq 1:15

The angleΘIS is the angle between the IS vector and the
field; the symbols<> indicate a time average over all

orientations sampled by the molecules in the liquid crystal,
andbIS is the direct dipole-dipole coupling constant.16

If the degree of alignment is sufficiently small, the
contributions from different spins can be distinguished and
the linesplitting (in rad/s) in a13C spectrum of a spin pair
13C-1H is given by the eq 2:

whereJC-H is the scalar coupling constant in hertz. Thus,
the linesplitting is either larger thanJC-H for a positive
residual dipolar couplingDC-H

17 or smaller thanJC-H for
negativeDC-H.

As can be seen from eq 1 and ref 16, the dipolar interaction
is proportional to r-3, making this method much more
sensitive toward internuclear distances than NOE measure-
ments, which are rather short-ranging due to their propor-
tionality to r-6.

Much more important for the current application is the
dependence of the dipolar interaction on the angleΘIS

between the vector of the two spins I and S and the magnetic
field. From this time average over internuclear angles, the
orientation of the molecular axis within the magnetic field
can be calculated. This yields a second rank tensor called
the alignment tensor, which can be determined as soon as
five linearly independent I-S vectors are known (e.g., five
DC-H of different sizes are measured).

With the alignment tensor determined, the orientation of
other internuclear vectors can be predicted from a known
structure. Thus, it is possible to predict which size of the
residual dipolar coupling is expected for each vector. This
can be applied, for example, to C-H vectors. It is therefore
possible to distinguish between two diastereotopic protons
of a methylene group by comparison of the expected and
observed size of the residual dipolar coupling.

To be able to apply this methodology to strychnine
(depicted in Figure 1), which has become the standard test
molecule for NMR developments,18 a liquid crystal compat-
ible with organic substrates and solvents was of necessity.
The degree of alignment induced is of crucial importance
so that the observed spin system is still first-order, rendering
the interpretation of the NMR spectra possible. For this
purpose we employed poly-γ-benzyl-L-glutamate (PBLG),19

which has been used successfully by the group of Courtieu20

for the NMR spectroscopic analysis of enantiomeric mix-
tures.
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We recorded2H NMR spectra to check the degree of
alignment from the size of the quadrupolar splitting of the
deuterium signal of CDCl3, which is assumed to follow the
same alignment mechanism as strychnine and therefore
should be a measure of the degree of alignment. For
alignment media that are aligned solely due to their magnetic
susceptibility anisotropy, there is a dependence on the square
of the static magnetic fieldB0;7b thus, the quadrupolar
interaction (and with it also the dipolar interaction) should
increase tremendously at higher field.

We acquired2H NMR spectra at 61.4, 92.1, and 107.5
MHz21 and 300 K22 but could not confirm a square
dependence onB0. We obtained a linear relationship with
quadrupolar interactions∆νQ ) 423 Hz at 61.4 MHz, 454
Hz at 92.1 MHz, and 464 Hz at 102.5 MHz. Although this
experimental finding is not yet fully understood, it is
nevertheless of great importance, as it enables us to determine
the sign ofDC-H.

As the sign of1JC-H is known, the sign ofDC-H can be
seen from the alteration of the linesplitting at different fields.
If the linesplitting increases with increasing field,DC-H is
positive; if the linesplitting decreases with increasing field,
DC-H is negative.

As the observed dipolar and quadrupolar interactions for
our sample are rather large,23 we followed the most straight-
forward way to measure13C-1H couplings. We recorded
gated-decoupled13C NMR spectra,22,24 where a full survey
over the complexity of the spin system is provided and non-
first-order cases can be seen immediately (cf. the triplet at
δ ) 27 ppm, which changes into a doublet-type pattern in
the aligned case in Figure 2).

From these spectra at different magnetic field strengths,
the linesplitting ls can be extracted and the residual dipolar
coupling can be calculated with the following formulas:

As can be seen in Figure 2, not all spin systems are first
order; it is therefore not safe in all cases to extract the dipolar
interactions from the linesplittings. In ambiguous cases, a
careful simulation of the spin system was performed25 and
the dipolar interaction was used only if good agreement
between observed and simulated values was achieved. Ten
DC-H were considered to be safe (eight of those representing
C-H vectors and one CH2 group, the C-H vectors of which
are to be assigned correctly).

These rdcs were fed into the program package PALES,26

which uses the mathematical concept of singular value
decomposition (SVD)27 to determine the alignment tensor
from a given structure. As an input structure, the crystal
structure of strychnine28 was used after it had been minimized
with the software package SPARTAN,29 because of the
uncertainty of hydrogen coordinates taken from X-ray data.
After the alignment tensor was calculated from the experi-
mental rdcsDC-H, the expected rdcsDcalc are back calculated
for this alignment tensor within PALES. The values ofDcalc

andDC-H are compared in Table 1.
A good agreement between observed and calculated values

([, R2 ) 0.99) was obtained; hence, the structure matches
the size of the observed residual dipolar couplings and the
assignment of the two diastereotopic protons on C-20 was
right.
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Figure 2. Expansion of the aliphatic region of gated decoupled
13C NMR spectra of strychnine at 300 K.19,22 First (from top to
bottom): strychnine in PBLG/CDCl3 at 100.6 MHz; second at 150.9
MHz; and third at 176.1 MHz. For comparison, the spectrum of an
isotropic solution of strychnine in CDCl3 at 176.1 MHz is depicted
at the bottom.
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To check for consistency, the rdcs of the two protons on
C-20 were interchanged and the calculation was performed
again. This time the agreement between calculated rdcsDcalc

and observed rdcsDC-H was poor, as can be seen from Figure
3 (0, R2 ) 0.88). The two exchanged rdcs clearly deviate

from the straight line (which is depicted only for the case of
right assignment,[). Two other rdcs (belonging to C-13
and C-22) also deviate to a rather large extent from the line,
indicating that the number of rdcs acquired is at the lower
limit for solving this issue.

The good agreement in the case of right assignment and
the poor agreement when the two diastereotopic protons are

interchanged clearly shows that it is possible to use residual
dipolar couplings to distinguish between diastereotopic
protons.

The example of the use of rdcs presented here illustrates
impressively the capacities of this approach for the deter-
mination of the diastereotopicity of methylene protons of a
water-insoluble organic compound. An application to more
flexible molecules30 will be possible if five or more different
rdcs (e.g.,2DC-H, 3DC-H) can be acquired for each flexible
part of the molecule in order to be able to determine an
alignment tensor for every flexible part.

The above results strongly suggest that it should also be
possible to determine the relative stereochemistry of non-
hydrogen-bearing stereocenters if13C-13C residual dipolar
couplings are obtained. This would revolutionize organic
structure determination as conventional NMR techniques
usually fail due to the lack of NOE data. For this purpose,
the INADEQUATE pulse sequence31 can certainly be used.32

This method will be applicable to the structure determination
of natural products as well, as it is possible to extract the
molecule from the liquid crystal after performing the NMR
experiments.33

We will now concentrate on improving the alignment
properties of this liquid crystal toward a smaller degree of
orientation so that the observed rdcs come into a range where
it is not necessary to acquire spectra at different magnetic
fields in order to determine the sign of the rdc.

Much work also has to be done on measurement tech-
niques so that the spin system is fully understood and more
and different kinds of rdcs (for example13C-13C, 1H-1H,
or long-range couplings) can be acquired, making this method
generally applicable for organic structure determination and
more flexible to different tasks.
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Table 1. Residual Dipolar CouplingsDC-H Extracted from a
176.1 MHz Gated Decoupled13C NMR Spectrum of Strychnine
in PBLG/CDCl319 Compared with the Values Back Calculated
by PALES (Dcalc)

residue DC-H (Hz) Dcalc (Hz)

C-1 -6.8 -13.4
C-4 -15.6 -4.4
C-12 123.0 116.2
C-13 -42.3 -37.0
C-8 -75.5 -77.1
C-22 4.3 -12.1
C-14 123.8 133.0
C-16 -209.6 -210.0
C-20-Ha 98.7 95.7
C-20-Hb -34.7 -30.2

Figure 3. Comparison of the correlations of observed rdcsDC-H

and back-calculated onesDcalc. The diamond ([) represents the
values ofDcalc vs DC-H for right assignment of the two diaste-
reotopic protons on C-20; the square (0) depicts the values ofDcalc

vs DC-H for interchanged rdcs of C-20-Ha and C-20-Hb. Due to
the large linebroadening, an error of 5 Hz on the rdcs (10 Hz on
the linesplitting) was assumed, which is shown as an error bar.
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