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Although residual dipolar couplings (RDCs) are widely used
in macromolecular structural studies in relation to NMR
spectroscopic experiments,[1] they are also proving to be very
powerful for the constitutional,[2] configurational,[3–9] and
conformational analysis[10, 11] of small molecules. Before
RDCs were available, the determination of the 3D structure
of small molecules by NMR experiments in solution was
principally achieved on the basis of parameters such as NOE
interactions and 3J coupling constants. However, if the chain
of short-range spin–spin interactions is “interrupted”, for
example by a magnetically inactive linker, there often is no
way to determine the relative configuration of the two
disconnected molecular fragments by conventional NMR
analysis. This situation is not uncommon, and many unsolved
structures are “waiting” for a better method that will permit
their identification. Residual dipolar couplings can provide
the solution for such problems as they can provide information on the relative configuration of remotely located
stereogenic centers.
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After the initial introduction of water-compatible weakalignment media for studies of biomolecular compounds,
development of new alignment media compatible with
organic solvents has extended RDC technology to analysis
of organic compounds. These alignment methods include
liquid-crystalline phases such as those formed by homopolypeptides in CDCl3,[7, 12–14] and a variety of different polymer
gels that swell in a broad range of organic solvents.[15] In
addition, devices that reversibly stretch[16] and compress[17]
such swollen polymer gels have been recently developed, thus
permitting the collection of rapidly tunable RDC values.
Nearly all of the studies published thus far on the
application of RDCs to the constitutional, configurational,
and conformational analysis of small molecules, mainly
natural products, involved the use of only one-bond 1H–13C
RDCs (1DCH) at natural abundance. These 1DCH values are
relatively easy to measure, either from F2 or F1 cross-sections
through 1H-coupled HSQC spectra, where RDCs add to the
observed 1JCH splitting: nTCH = nJCH + nDCH, where nTCH is the
total coupling between a proton and a 13C located n bonds
away. With 1JCH coupling constants being large and well
resolved, an additional 1DCH contribution to the splitting upon
inducing weak alignment is easily quantified from the change
in the splitting. These studies have shown that 1DCH couplings
can suffice to solve configurational problems in small rigid or
semirigid molecules. However, there are many situations in
which it is desirable or essential to have more independent
RDCs, such as for: 1) molecules where the individual fragments containing the stereogenic centers have too few CH
bonds, or where the CH bonds are close to being parallel to
one another, such that their RDC values are not independent;[9, 18] or 2) rigid or semirigid molecules with multiple
unknown stereogenic centers, in which different configurations and/or conformations fit equally well to the experimental set of 1DCH data. Such cases are actually quite common
but, as we will demonstrate here, measurement of two- and
three-bond RDCs (2DCH and 3DCH) is readily feasible and can
solve such problems.
Dipolar couplings scale with 1/r3, where r is the internuclear distance; therefore 2DCH and 3DCH couplings cover a
range that is about an order of magnitude smaller than
1
DCH values requiring a measurement precision that is much
higher than for 1DCH values. Although the value of long-range
DCH couplings is well recognized, and methods for their
measurement have been described,[9, 18] their accurate measurement has proved challenging,[15, 19] therefore limiting their
general application.
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in sensitivity relative to the optimized gradient-enhanced
HSQC experiment. The use of a large scaling factor k (k = 20
in our experiments), affords high resolution of the
n
JCH doublets with a limited number of t1 increments, thus
allowing rapid probing of couplings to different protons in
consecutive HSQC experiments.
For technical reasons, the experiment is coded with two
1808 pulses during the time where 13C magnetization evolves.
This makes it possible to use adiabatic pulses for refocusing
purposes, as these compensate each other’s phase imperfections.[25] Use of the gradient-enhanced pulse scheme to
transfer magnetization from 13C back to 1H, to first order,
leaves unchanged the spin state of protons not attached to a
13
C atom (neglecting pulse imperfections and 1H–1H dephasing and relaxation during the short 2t + 2t’ + 2d period).
Therefore, when a proton, 1HA, is selected by the 1808 f2
1
H pulse between 13C evolution and 1H detection, this results
in an E.COSY type multiplet,[26] where the 13C splitting for a
given 1HB–13CB correlation corresponds to JHA–CB, and the
F2 displacement of the two doublet components equals JHA–HB.
The direction of the relative displacement then contains the
relative sign of the JHA–CB and JHA–HB coupling constants
(Figure 2 B,C).
The experiment described above was demonstrated for
10-epi-8-deoxycumambrin B (1, Figure 3), below simply referred to as 10-epi, a biologically relevant sesquiterpene
lactone (SQL).[27] The natural absolute configuration at C7 in
SQLs isolated from Compositae plants is always S.[28]
10-Epi (1) was aligned in a PMMA gel swollen in CDCl3
using the previously described, reversible compression/relaxation method.[17] The 1DCH couplings were measured for C1–
H1, C3–H3, C5–H5, C6–H6, and C7–H7 using F1-dimension
1
H-coupled HSQC experiments. The 1DCH couplings for C13–
H13a, C13–H13b, as well as the two-bond 1H–1H RDC
(2DHH) for the pair H13a–H13b were measured using a
J-modulated HMQC-type experiment.[29] For the methylene groups of C2, C8, and C9, measurement of
accurate 1DCH and 2DHH couplings was prevented by
very extensive nDHH splittings to other, passive protons.
Instead, the sum of the two 1DCH couplings for each of
these methylene groups was determined from the F1dimension 1H-coupled HSQC, as were the
1
DCH couplings for methyl groups at C14 and C15.
Use of the SJS-HSQC experiment, and selecting
Figure 1. Pulse sequence of the SJS-HSQC experiment for selective measureonly four proton resonances (H2a, H5, H6, and the
ment of remote nJC–H and nJH–H coupling constants. Narrow- and wide-filled
bars represent 908 and 1808 pulses, respectively. All the shaped 13C pulses are
overlapping H3/H13b) added 15 more RDCs (see the
of the adiabatic hyperbolic secant type, with a duration of 500 ms (at
Supporting Information). For example, selective inver187.9 MHz 13C frequency), centered at d = 73 ppm. The shaped 1H pulse (6.5–
sion of H5 allowed measurement of its couplings to C1,
25 ms at 747 MHz 1H frequency) has the profile of the center lobe of a sin(x)/x
C2, C3, C6, C7, and C15 (Figure 2 A). Although, at first
function, and selectively inverts the resonance of individual proton(s) whose
sight, it appears prerequisite for selective inversion of a
long-range coupling constants are to be measured. The BIRD pulse cluster
given proton resonance, HA, that is well isolated from
[90x(1H)-2t-180x(1H/13C)-2t-90x(1H)] helps to suppress signals and t1 noise
other resonances in the 1H spectrum, in practice this
from protons attached to 12C atoms.[22] Unmarked pulses have phase x; f1 = x,
x; f2 = 4(x), 4(x); f3 = 2(x), 2(x); f4 = 2(y), 2(y); and frec = x, x, x, x.
requirement does not apply as long as protons overQuadrature detection in the 13C dimension is achieved using the echo-antiecho
lapping or resonating in the vicinity of HA do not have a
approach by inverting f4 as well as the G1 and G2 gradient pulses for every
long-range scalar or dipolar coupling to the 13C atom
other t1 increment.[21] Gradient pulses are sine bell shaped with durations of
whose coupling to HA needs to be measured in the 2D
600, 400, and 251 ms and peak power of 24, 24, and 24 G cm1 in the x- and
1
spectrum.
For example, the nearly overlapping resoy-directions, and 28, 28, and 28 G cm in the z-direction for G1, G2, and G3,
nances of H3 and H13b, located on opposite ends of 10respectively. Delays: t = 1.61 ms; t’ = 0.89 ms; d = 459 ms; and D = 375 ms.
epi, were inverted with a single pulse in the same
The nJCH scaling factor k is 20.
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Herein, we present a simple and effective NMR experiment that allows the measurement of long-range CH RDCs at
very high precision, and describe its application to the
configuration determination of a sesquiterpene lactone with
five stereogenic centers. The new pulse sequence is shown in
Figure 1 and it integrates the conceptual simplicity of the
selective 1H-flip experiment[20] into the widely used 1Hdetected HSQC experiment, which is enhanced by gradient
selection of coherence pathways for sensitivity enhancement
and suppression of artifacts.[21] Further suppression of artifacts and a minor sensitivity enhancement, resulting from
positive 1H–1H NOE interactions, is accomplished by generating a mostly saturated state for 12C-attached protons by
inverting them through a bilinear rotation and subsequent
recovery delay D,[22] prior to the start of the actual selective Jscaled (SJS) HSQC experiment. The actual gradientenhanced SJS-HSQC experiment starts at the end of the
D period with an INEPT transfer of 1H magnetization to 13C,
and uses t and t’ delays that are optimized for simultaneous
detection of methine, methylene, and methyl signals.[23] The
evolution period in this experiment is preceded by a selective
J-dephasing period, of duration kt1, which enhances by a
factor k the F1 dimension JCH-splitting to the proton selectively inverted by the 1808 f2 pulse.[24] Importantly, effects of
static field inhomogeneity, which can be problematic in
aligned samples, are refocused at the end of the kt1 period,
and do not impact resolution of the doublet splitting. Also, as
in the original selective 1H-flip experiment, only a single
proton is inverted per experiment, thus resulting in doublets
for each 13C atom coupled to this proton (triplets or quartets if
equivalent methylene or methyl protons are selected for
inversion). This method results in strikingly simple spectra,
which for a doublet splitting only decrease by about two-fold
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For the well-resolved doublets,
measurement
errors
in
n
DCH couplings therefore fall in the
0.01–0.1 Hz range, and even after
accounting
for
the
large
rCH internuclear distance (which
amplify the importance of such
errors by rCH3 when interpreting
n
DCH in terms of vector orientation)
the accuracies of such measurements are more than sufficient to
allow discrimination of different
isomers. For doublets that cannot
be uniquely resolved in the 13C
dimension alone, the E.COSY pattern frequently allows measurement of the sign and magnitude of
the coupling (e.g. 2JH6C5, see Figure S7 in the Supporting Information), albeit at lower precision.
For several 13C nuclei, for example, C7 in Figure 2 A, an increase in
line width is observed in the aligned
Figure 2. Extraction of RDC values from SJS-HSQC spectra. A) Superimposed plots of F1 slices
state, which originates from the
through the C1, C2, C5, C3, C6, and C15 cross-peaks of the isotropic (red) and anisotropic (blue)
increased number of protons interSJS-HSQC spectra, where H5 is selectively inverted. The downfield doublet components are
acting with any given 13C atom in
aligned to more clearly show the change in splitting upon alignment (blue) caused by the RDC to
the aligned state through residual
H5. B) Side-by-side comparison of the H1/C1 cross-peak of the isotropic (red) and anisotropic
dipolar coupling, combined with the
(blue) spectra when H5 was selectively inverted. C) Same for the H2a/C2 cross-peak when H3 was
selectively inverted. The E.COSY patterns[34] shown indicates the 3JHH and 2JCH values have opposite
finite lifetime (T1) of the spin states
sign in (B) and the same sign in (C). With 3JHH being positive 2 JC H is negative and 2 JC H is
of these protons. When either the
n
positive. The unusual positive sign of 2 JC H is as expected for 2JCH coupling constants in terminal
JCH or nJCH + nDCH splitting is not
geminal olefinic C–H pairs.[30]
resolved as a doublet, there is
increased uncertainty regarding
the exact value and sign of the coupling (see for example,
experiment, thus giving couplings between H13b and C7, as
Table S1 in the Supporting Information). In addition, there
well as between H3 and C1, C2, C5, and C15. The
can be some uncertainty in the precise internuclear distance
measurement needs to be carried out on isotropic and aligned
of the long-range coupled 13C–1H spin pair, either as a result
states of the sample, with the isotropic 2JCH and 3JCH couplings
being configurationally and conformationally informative
of inaccuracies in the coordinates of the models determined
too.[30]
by DFT (see below) or from non-linear effects related to
bending and stretching motions. Typically, the impact on
The multiplet pattern in the 2D spectrum is particularly
computed nDCH values will be less than 10 %, but this can be
simple and clean (Figure 2 ), and allows direct reading of the
couplings from the spectrum. For the isotropic measurements,
comparable to the measurement error and then may need to
3
be taken into account.
JCH is known to either be positive or very close to zero; the
The configurational and conformational space of the
sign of 2JCB–HA can be established from the known positive
structure of 10-epi (1) was explored by means of molecular
value of 3JHB–HA, by using the above mentioned E.COSY
mechanics and DFT calculations—maintaining the configueffect (see legend to Figure 2). Regarding the sign of nJCH +
n
ration at C7 as S in all 16 possible diastereomers at C1, C5, C6,
DCH, this often follows from the sign of nJCH as oppositely
and C10 (see the Supporting Information for details). Each
signed nJCH and nDCH would require nDCH values outside of the
structure was named after the configuration at carbons C1,
feasible range. However, when j nJCH j is small, both possible
C5, C6, C7, and C10 (e.g. 1 was named RRSSS).
solutions may need to be explored when fitting the RDCs to
As is normally done with small rigid or semirigid
the structure, or the measurement needs to be repeated at
molecules, the correct configuration is selected from a
smaller (or larger) alignment strength.
complete set of structures by best fitting of the RDC data to
For well-resolved doublets, an approximate lower limit for
each possible isomer.[3–9] For this purpose, we used singular
the precision at which the corresponding nDCH coupling can
be determined is given by LW/SN, where LW is the line width
value decomposition (SVD),[32] as implemented in an in(down-scaled by k) and SN the signal-to-noise ratio in the
house version of the program MSpin.[33]
weaker of the two 2D spectra (usually the one acquired for
To show the impact of long-range RDCs on structural
the aligned sample).[31] For 10-epi, k-scaled 13C line widths are
discrimination, two different scenarios were evaluated. Initial
fits, including individual experimental errors, were performed
in the 1–1.5 Hz range, with SN varying between 20 and 100.
1

Angew. Chem. Int. Ed. 2011, 50, 1 – 6

5

2

3

3

 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3

www.angewandte.org

Ü
Ü

2

These are not the final page numbers!

Communications
using only the one-bond RDCs and the additional
H13a–H13b RDC, but excluding the D constants from
CH2 sum splitting for C2, C8, and C9, and methyl
groups 14 and 15 (Scenario 1). For those structures
containing more than one conformation (RSSSR,
RSSSS, SRRSS, SRSSR) a population-weighted single
tensor SVD fit was performed after superimposition of
structures to maximize decoupling between conformational and overall rotational movements.[10, 35] The
Cornilescu quality factor, Q, was used to quantify the
structural discrimination of the fits.[36] Three isomers
were found to fit well with Q factors below 0.1: 10-epi
RRSSS (Q = 0.039), SRSSS (Q = 0.057), and RRSSR
(Q = 0.099; Figure 3, white bars). When the additional
15 long-range RDCs were added to the SVD fits, the
Q factor for 10-epi (the correct structure) slightly
increased (Q = 0.060), as expected when fitting more Figure 3. Comparison of Q factors obtained from the SVD fits of the experimental RDC data to each possible configuration of 1: Scenario 1 without longexperimentally observed values with the same number
range couplings (white bars) and after addition of long-range couplings (black
(five) of adjustable parameters. Notably, however, the bars); Scenario 2 without long-range couplings (green bars) and after addition
wrong structures SRSSS and RRSSR showed much of long-range. The arrows in the structure represent the distance vectors of the
larger deterioration in fit quality (Q = 0.228 and Q = long-range 1H–13C RDCs (2DCH in blue, 3DCH in red) measured with the SJS0.128, respectively; Figure 3, black bars). In a second HSQC experiment.
scenario, when the CH2 sum-splitting for C2, C8, and
C9, as well as the methyl groups RDCs were included
unambiguously determine the 3D structure of these molein the fitting, and no long-range RDCs were used, the
cules.
Q factor for 10-epi increased to 0.078, while the Q factors for
SRSSS and RRSSR increased to 0.146 and 0.155, respectively.
Received: March 10, 2011
When long-range RDCs are added to the fitting in
Revised: June 17, 2011
scenario 2, it is noteworthy that the Q factor for 10-epi
Published online: && &&, &&&&
barely changed (to Q = 0.085; Figure 3, red versus green
bars). Meanwhile the Q factors from the wrong configuraKeywords: configuration determination · J couplings ·
tions all increased significantly (e.g. SRRSS, SSRSR, and
NMR
spectroscopy · residual dipolar couplings ·
SSRSS). The complete set of Q factors is listed in the
structure
elucidation
Supporting Information.
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Accurate measurement of long-range CH
residual dipolar couplings (RDCs; 2DCH
and 3DCH) by a new selective J-scaled
HSQC experiment significantly improves
the structural discrimination power of
RDCs in small molecules with multiple
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stereogenic centers. The current
approach was demonstrated with 10-epi8-deoxycumambrin B, a tricyclic natural
compound with five stereogenic centers
(see figure; SVD = singular value decomposition).
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