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Structural Discrimination in Small Molecules by Accurate Measure-
ment of Long-Range Proton—-Carbon NMR Residual Dipolar

Couplings™**

Pablo Trigo-Mouriiio, Armando Navarro-Vazquez, Jinfa Ying, Roberto R. Gil,* and Ad Bax*

Although residual dipolar couplings (RDCs) are widely used
in macromolecular structural studies in relation to NMR
spectroscopic experiments,[!! they are also proving to be very
powerful for the constitutional,” configurational,”® and
conformational analysis'®"!! 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 >/ 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 informa-
tion on the relative configuration of remotely located
stereogenic centers.
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After the initial introduction of water-compatible weak-
alignment 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 homopoly-
peptides in CDCI,,> and a variety of different polymer
gels that swell in a broad range of organic solvents.'”! In
addition, devices that reversibly stretch'® and compress!'”!
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 'H-"C
RDCs ('Dgy) at natural abundance. These 'D¢y values are
relatively easy to measure, either from F, or F; cross-sections
through 'H-coupled HSQC spectra, where RDCs add to the
observed 'y splitting: "Ty ="Jey + "D, Where "Tyy is the
total coupling between a proton and a C located n bonds
away. With Joy coupling constants being large and well
resolved, an additional ' Dy contribution to the splitting upon
inducing weak alignment is easily quantified from the change
in the splitting. These studies have shown that ' Dy 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
RDC s, such as for: 1) molecules where the individual frag-
ments 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 indepen-
dent;®® or 2)rigid or semirigid molecules with multiple
unknown stereogenic centers, in which different configura-
tions and/or conformations fit equally well to the experimen-
tal set of 'D¢y data. Such cases are actually quite common
but, as we will demonstrate here, measurement of two- and
three-bond RDCs (*Dcy; and *Dy) is readily feasible and can
solve such problems.

Dipolar couplings scale with 1/, where r is the internu-
clear distance; therefore 2Dy and *D¢yy couplings cover a
range that is about an order of magnitude smaller than
"Dy values requiring a measurement precision that is much
higher than for ' D¢y values. Although the value of long-range
D¢y couplings is well recognized, and methods for their
measurement have been described,'¥! their accurate mea-
surement has proved challenging,'>!" therefore limiting their
general application.
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Herein, we present a simple and effective NMR experi-
ment that allows the measurement of long-range CH RDC:s 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 'H-flip experiment™ into the widely used 'H-
detected HSQC experiment, which is enhanced by gradient
selection of coherence pathways for sensitivity enhancement
and suppression of artifacts.”!! Further suppression of arti-
facts and a minor sensitivity enhancement, resulting from
positive '"H-'"H NOE interactions, is accomplished by gen-
erating a mostly saturated state for “C-attached protons by
inverting them through a bilinear rotation and subsequent
recovery delay A” prior to the start of the actual selective J-
scaled (SJS) HSQC experiment. The actual gradient-
enhanced SJS-HSQC experiment starts at the end of the
A period with an INEPT transfer of '"H magnetization to *C,
and uses 7 and 7’ delays that are optimized for simultaneous
detection of methine, methylene, and methyl signals.”*! The
evolution period in this experiment is preceded by a selective
J-dephasing period, of duration xt;, which enhances by a
factor x the F; dimension Jqy-splitting to the proton selec-
tively inverted by the 180°,, pulse.” Importantly, effects of
static field inhomogeneity, which can be problematic in
aligned samples, are refocused at the end of the «t, period,
and do not impact resolution of the doublet splitting. Also, as
in the original selective 'H-flip experiment, only a single
proton is inverted per experiment, thus resulting in doublets
for each C 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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in sensitivity relative to the optimized gradient-enhanced
HSQC experiment. The use of a large scaling factor x (k =20
in our experiments), affords high resolution of the
"Jcy doublets with a limited number of ¢, increments, thus
allowing rapid probing of couplings to different protons in
consecutive HSQC experiments.

For technical reasons, the experiment is coded with two
180° pulses during the time where >C magnetization evolves.
This makes it possible to use adiabatic pulses for refocusing
purposes, as these compensate each other’s phase imperfec-
tions.” Use of the gradient-enhanced pulse scheme to
transfer magnetization from “C back to 'H, to first order,
leaves unchanged the spin state of protons not attached to a
B3C atom (neglecting pulse imperfections and '"H-'H dephas-
ing and relaxation during the short 27 + 27" 4+ 26 period).
Therefore, when a proton, 'H,, is selected by the 180° 4,
'H pulse between "*C evolution and 'H detection, this results
in an E.COSY type multiplet,? where the '*C splitting for a
given 'Hp—"Cy correlation corresponds to Jya cp and the
F, displacement of the two doublet components equals Jy5_pp.
The direction of the relative displacement then contains the
relative sign of the Jya_cg and Jya_pg coupling constants
(Figure 2B,C).

The experiment described above was demonstrated for
10-epi-8-deoxycumambrin B (1, Figure 3), below simply re-
ferred to as 10-epi, a biologically relevant sesquiterpene
lactone (SQL).*" The natural absolute configuration at C7 in
SQLs isolated from Compositae plants is always S.**!

10-Epi (1) was aligned in a PMMA gel swollen in CDCl;
using the previously described, reversible compression/relax-
ation method."” The D¢y couplings were measured for C1—
H1, C3-H3, C5-HS, C6-H6, and C7-H7 using F,-dimension
"H-coupled HSQC experiments. The ' D¢y couplings for C13-

H13a, C13-H13b, as well as the two-bond 'H-'"H RDC
(*Dyp) for the pair H13a—-H13b were measured using a
J-modulated HMQC-type experiment.” For the meth-

— ylene groups of C2, C8, and C9, measurement of

accurate 'D¢y and 2Dy couplings was prevented by
very extensive "Dyy splittings to other, passive protons.
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Figure 1. Pulse sequence of the SJS-HSQC experiment for selective measure-
ment of remote "/, and ", coupling constants. Narrow- and wide-filled
bars represent 90° and 180° pulses, respectively. All the shaped "*C pulses are

of the adiabatic hyperbolic secant type, with a duration of 500 pus (at

187.9 MHz *C frequency), centered at =73 ppm. The shaped 'H pulse (6.5-
25 ms at 747 MHz 'H frequency) has the profile of the center lobe of a sin(x) /x
function, and selectively inverts the resonance of individual proton(s) whose
long-range coupling constants are to be measured. The BIRD pulse cluster
[90,('H)-27-180,('H/"C)-27-90_,('H)] helps to suppress signals and t, noise
from protons attached to '*C atoms.’? Unmarked pulses have phase x; ¢, =x,
—X; =4(x), 4(—x); ¢ =2(x), 2(—x); Ps=2(y), 2(—y); and P =x, —X, —X, X.
Quadrature detection in the *C dimension is achieved using the echo-antiecho
approach by inverting ¢, as well as the G1 and G2 gradient pulses for every
other t; increment.?" Gradient pulses are sine bell shaped with durations of
600, 400, and 251 ps and peak power of 24, —24, and 24 Gecm™' in the x- and
y-directions, and 28, —28, and 28 Gecm™' in the z-direction for G1, G2, and G3,
respectively. Delays: 7=1.61 ms; 7/=0.89 ms; 0 =459 ps; and A=375 ms.

The "o scaling factor « is 20.
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Instead, the sum of the two ‘D couplings for each of
these methylene groups was determined from the F;-
dimension 'H-coupled HSQC, as were the
D¢y couplings for methyl groups at C14 and C15.
Use of the SJS-HSQC experiment, and selecting
only four proton resonances (H2a, H5, H6, and the
overlapping H3/H13b) added 15 more RDCs (see the
Supporting Information). For example, selective inver-
sion of H5 allowed measurement of its couplings to C1,
C2, C3, C6, C7, and C15 (Figure 2 A). Although, at first
sight, it appears prerequisite for selective inversion of a
given proton resonance, H,, that is well isolated from
other resonances in the 'H spectrum, in practice this
requirement does not apply as long as protons over-
lapping or resonating in the vicinity of H, do not have a
long-range scalar or dipolar coupling to the *C atom
whose coupling to H, needs to be measured in the 2D
spectrum. For example, the nearly overlapping reso-
nances of H3 and H13b, located on opposite ends of 10-
epi, were inverted with a single pulse in the same

www.angewandte.org

wandte

Chemie

7577


http://www.angewandte.org

Communications

7578

P > E.COSY r— =" For the well-resolved doublet.s,
fl] tilt — e measurement €rrors n
\ [ — = 53.1 "Dy couplings therefore fall in the
X /1 Y HHEN 1l <UL QNN - = - - S Sudaide e e g

c1 c2 - = - 0.01-0.1 Hz range, and even after
T 3 I - - - - KA1 o 4 < accounting for the large

DC1H5 '|. 6.3 {F‘”ppl‘l‘l} . . .
"""" NS ) e e rey internuclear  distance  (which
,,,,,,,, S e S s P 537 amplify the importance of such
54 5/ppm 53 37 5ippm36 284 1 PH(F2ppm) | 252 errors by rgy when interpreting
I (\ WUins + Dusns  Jhiaus "Dy in terms of vector orientation)
‘ | verted restnance 58 the accuracies of such measure-
\ ‘ B Observed resonance: H1/C1 cross-peak ments are more than sufficient to
c3 || Cé e Anisotropic Isotropic allow discrimination of different

‘ R tilt — .

1/ Y | N 1 U U (—— - o ))--ne T | 35.8 isomers. For doublets that cannot
"l — be uniquely resolved in the “C
129 5100, 128 87 5/ppm 86 2 Jeoma 5'-3 b e dimension alone, the E.COSY pat-
‘ (I Ei'i ¥ (F1/ppm) tern frequently allows measure-
\ [ 2., == e 7 e, _ | ment of the sign and magnitude of

‘ ama =385 ) R : ) ,
‘ i o 36.8 the coupling (e.g. “Jygcs, see Fig-
c7 c15 W, Mm@ 2M ure S7 in the Supporting Informa-

3hzanz * *Duzans  3Jhzama tion), albeit at lower precision.

| For several '*C nuclei, for exam-

M Inverted resonance: H3 . . . .
"S2 sippm 51 21 sipom 20 Cc Observed resonance: H2a/C2 cross-peak ple, C7 in Figure 2 A, an increase in

Figure 2. Extraction of RDC values from SJS-HSQC spectra. A) Superimposed plots of F, slices
through the C1, C2, C5, C3, C6, and C15 cross-peaks of the isotropic (red) and anisotropic (blue)
SJS-HSQC spectra, where H5 is selectively inverted. The downfield doublet components are
aligned to more clearly show the change in splitting upon alignment (blue) caused by the RDC to
H5. B) Side-by-side comparison of the H1/C1 cross-peak of the isotropic (red) and anisotropic
(blue) spectra when H5 was selectively inverted. C) Same for the H20/C2 cross-peak when H3 was
selectively inverted. The E.COSY patterns®* shown indicates the *J,;; and %/, values have opposite
sign in (B) and the same sign in (C). With *J,, being positive ’J ,, is negative and Jc ,,, is
positive. The unusual positive sign of >Jc y,, is as expected for %, coupling constants in terminal

geminal olefinic C-H pairs.?%l

experiment, thus giving couplings between H13b and C7, as
well as between H3 and C1, C2, C5, and Cl15. The
measurement needs to be carried out on isotropic and aligned
states of the sample, with the isotropic 2/ and *Jy; couplings
being configurationally and conformationally informative
too.B

The multiplet pattern in the 2D spectrum is particularly
simple and clean (Figure 2), and allows direct reading of the
couplings from the spectrum. For the isotropic measurements,
3]y is known to either be positive or very close to zero; the
sign of %/cg_a can be established from the known positive
value of *Jyp 1A, by using the above mentioned E.COSY
effect (see legend to Figure 2). Regarding the sign of "Jy +
"Dey, this often follows from the sign of "Joy as oppositely
signed "Jy and "Dy would require "D values outside of the
feasible range. However, when |"Jy | is small, both possible
solutions may need to be explored when fitting the RDCs to
the structure, or the measurement needs to be repeated at
smaller (or larger) alignment strength.

For well-resolved doublets, an approximate lower limit for
the precision at which the corresponding "Dy coupling can
be determined is given by LW/SN, where LW is the line width
(down-scaled by x) and SN the signal-to-noise ratio in the
weaker of the two 2D spectra (usually the one acquired for
the aligned sample).* For 10-epi, x-scaled *C line widths are
in the 1-1.5 Hz range, with SN varying between 20 and 100.
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line width is observed in the aligned
state, which originates from the
increased number of protons inter-
acting with any given “C atom in
the aligned state through residual
dipolar coupling, combined with the
finite lifetime (7)) of the spin states
of these protons. When either the
"Jey or "Jey + "Dy splitting is not
resolved as a doublet, there is
increased uncertainty regarding
the exact value and sign of the coupling (see for example,
Table S1 in the Supporting Information). In addition, there
can be some uncertainty in the precise internuclear distance
of the long-range coupled *C—"H spin pair, either as a result
of inaccuracies in the coordinates of the models determined
by DFT (see below) or from non-linear effects related to
bending and stretching motions. Typically, the impact on
computed "Dy values will be less than 10 %, but this can be
comparable to the measurement error and then may need to
be taken into account.

The configurational and conformational space of the
structure of 10-epi (1) was explored by means of molecular
mechanics and DFT calculations—maintaining the configu-
ration at C7 as S in all 16 possible diastereomers at C1, C5, C6,
and C10 (see the Supporting Information for details). Each
structure was named after the configuration at carbons Cl,
C5, C6, C7, and C10 (e.g. 1 was named RRSSS).

As is normally done with small rigid or semirigid
molecules, the correct configuration is selected from a
complete set of structures by best fitting of the RDC data to
each possible isomer.’ For this purpose, we used singular
value decomposition (SVD),*? as implemented in an in-
house version of the program MSpin.

To show the impact of long-range RDCs on structural
discrimination, two different scenarios were evaluated. Initial
fits, including individual experimental errors, were performed

Angew. Chem. Int. Ed. 201, 50, 7576 —7580
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using only the one-bond RDCs and the additional 0.9 4
H13a-H13b RDC, but excluding the D constants from .y
CH, sum splitting for C2, C8, and C9, and methyl

groups 14 and 15 (Scenario 1). For those structures 0.7
containing more than one conformation (RSSSR,

RSSSS, SRRSS, SRSSR) a population-weighted single ~ *° |
tensor SVD fit was performed after superimposition of 05 |

structures to maximize decoupling between conforma- ¢

tional and overall rotational movements.' The — 941
Cornilescu quality factor, Q, was used to quantify the o3
structural discrimination of the fits."! Three isomers

were found to fit well with Q factors below 0.1: 10-epi 0.2 4
RRSSS (Q=0.039), SRSSS (Q=0.057), and RRSSR o ]
(Q =0.099; Figure 3, white bars). When the additional

15 long-range RDCs were added to the SVD fits, the 0.0 4

Q factor for 10-epi (the correct structure) slightly
increased (Q =0.060), as expected when fitting more
experimentally observed values with the same number
(five) of adjustable parameters. Notably, however, the
wrong structures SRSSS and RRSSR showed much
larger deterioration in fit quality (Q=0.228 and Q=
0.128, respectively; Figure 3, black bars). In a second
scenario, when the CH, sum-splitting for C2, C8, and
C9, as well as the methyl groups RDCs were included
in the fitting, and no long-range RDCs were used, the
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.

When long-range RDCs are added to the fitting in
scenario 2, it is noteworthy that the Q factor for 10-epi
barely changed (to Q =0.085; Figure 3, red versus green
bars). Meanwhile the Q factors from the wrong configura-
tions all increased significantly (e.g. SRRSS, SSRSR, and
SSRSS). The complete set of Q factors is listed in the
Supporting Information.

Alternatively, if only one-bond SVD fits (Scenario 1) are
performed and the long-range couplings are predicted for
each fit, the comparison of predicted with back-calculated
long-range couplings proves equally revealing for discrim-
inating 10-epi from SRSSS (see Figure S10 in the Supporting
Information).

In conclusion, the SIS-HSQC experiment gives accurate
long-range CH RDCs (?D¢y; and *Dy) by selectively invert-
ing a 'H atom and reading the long-range couplings with
13C atoms located two and three bonds away. Because this is
an HSQC-based experiment, long-range couplings with
quaternary carbon atoms are not observed. The extraction
of the couplings is clean and straightforward, and in most
cases gives the sign of the RDC values too. The experiment
also gives accurate %/ and *Jy values, adding a convenient
new tool to the existing set of NMR experiments available for
their measurement.’”) Addition of accurate long-range
CH RDCs to the SVD fittings significantly improves the
structural discrimination power in complex small molecules
with multiple stereogenic centers. To date, the configurational
and conformational analysis of complex small molecules in
most laboratories is still performed using NOE interactions
and *Janalysis. However, once the short- and long-range
homonuclear and heteronuclear connectivities are known, a
set of one-bond and long-range RDCs often will suffice to

Angew. Chem. Int. Ed. 201, 50, 7576 —7580
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Figure 3. Comparison of Q factors obtained from the SVD fits of the exper-
imental RDC data to each possible configuration of 1: Scenario 1 without long-
range couplings (white bars) and after addition of long-range couplings (black
bars); Scenario 2 without long-range couplings (green bars) and after addition
of long-range. The arrows in the structure represent the distance vectors of the
long-range "H-">C RDCs (*Dy, in blue, *Dcy in red) measured with the S|S-
HSQC experiment.

unambiguously determine the 3D structure of these mole-
cules.
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