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NMR experiments:

All experiments for the isotropic and anisotropic NMR measurements were performed at 298 K
on a Bruker 900 MHz NMR spectrometer operating at 900.01 MHz *H frequency and equipped
with a triple resonance TCI-cryo probe. All spectra were recorded at 25°C. Selective spectra
were acquired as a 32*(t;)x16384*(t,) data matrices, where N* refers to N complex pairs, using
64 transients per FID and a 2 s delay between scans. Spectral widths of 37000 Hz and 20 Hz
were chosen in the direct and indirect dimensions, respectively. The time domain data was
processed by zero filling to 32 k and 16 k points in the @, and w; dimensions respectively, with a

sine square bell window function in both dimensions.

The CLIP-HSQC experiment was carried out to extract total coupling constants (*Tcy) and scalar
coupling constants (*Jcn) and the INEPT delay used corresponds to an average coupling constant
of 145 Hz. The spectrum was acquired with 512*(t;)x8192*(t,) data points with spectral widths
in direct and indirect dimensions of 10 ppm and 20 ppm, respectively. The spectra were
processed with squared sine bell window function in both dimensions and zero filled by a factor
of two in m, and a factor of four in w;. For each coupling the corresponding traces of the CLIP-
HSQC spectra were extracted, subjected to an inverse Fourier transformation and processed by

zero filling to 32 k points.
Sample preparation:

The alignment of the molecule was achieved by reversible compression and relaxation of poly-
methyl methacrylate (PMMA) gel.! CDCI; (400 uL) was added to a 5 mm NMR tube with a
dried 25 mm long polymer stick and was allowed to swell solely in the radial direction by
blocking the vertical expansion using a plunger. Swelling of the gel was observed by monitoring
the D quadrupolar splitting of the solvent signal. After 15-24 h the gel was equilibrated,
resulting in a splitting of 51 Hz. The gel was then washed with solvent several times to remove
residual monomers and a solution of 1 (12 mg of 1 dissolved in 300 uL CDCIs) was added.
RDCs were measured when the gels were fully compressed. For the isotropic measurement, 8 mg
of 1 was dissolved in 400 uL CDCls.
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Selective inversion of multiple protons:

One of the advantages of the experiment is the selective inversion of several protons not coupled
to a common carbon for the extraction of the LR RDCs. Generally, the heteronuclear J-coupling
between atoms connected by more than three bonds is not observable in solution-state NMR. In
knowing the constitution of the molecule, the coupling network can be anticipated and those
nuclei that can be multiplexed, i.e. those that do not share a carbon as coupling partner, can be
selected. In the rare cases that a dipolar coupling is observed in the absence of a J-coupling, this
can easily be identified from the more complicated multiplicity pattern in ®; which is expected
then to deviate from a doublet. Figure S1(c) presents the inversion of the proton H22 and H12
performed simultaneously by using the 1D single pulsed-field-gradient echo (SPFGE) scheme, in
which a selective 180° pulse is applied to both protons. The multiplexed 2D spectrum, when H22
and H12 were inverted together, is presented in Figure 3 in the main text. The spectrum enables
the extraction of several multiple bond CH couplings. Some of the cross peaks are shown on the
top of 2D plot for better clarity, and overlay of cross peaks both in isotropic and anisotropic

phases are shown side-by-side.
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Figure S1: 1D proton spectrum of strychnine, (a) in isotropic phase, (b) in anisotropic phase and
(c) in anisotropic phase when the protons H22 and H12 were simultaneously inverted. The
multiplexing spectra for these two protons are provided in the main text.
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Sensitivity and resolution:

Generally, when the detection is on the carbon instead of proton, the sensitivity of the
experiment is eight times lower./?l However, there is an effect from the *H-'H dipolar couplings
present during the direct detection dimension for an anisotropic sample. The effect depends on
the number of dipolar-coupled protons and therefore is difficult to predict. Yet it can be
measured experimentally. The 'H-'H dipolar couplings are present in the direct detection
dimension of proton detected experiments, for example as in the SIS-HSQC experiment.®! The
presence of these homonuclear dipolar couplings in direct detection causes dipolar broadening
with consequential loss in sensitivity. The dipolar broadening is greater when the proton of
interest is coupled to many other protons. On the other hand, for the *C detected experiment
presented in this paper the *H-'H dipolar couplings along with **C-'H dipolar couplings are
removed during the detection period and only the chemical shifts are observed. The absence of
line broadening caused by dipolar couplings during the detection period improves the sensitivity
of the experiment over the general sensitivity ratio of carbon detected versus proton detected
experiments of (y./yy)3/? = 1/8. We performed sensitivity comparison experiments between
our method and SJS-HSQC for few protons, namely, H12, H15a, H15b and H22 and the ratio of
signal-to-noise ratios (our method vs. SIS-HSQC) are given for these protons in the Table S1. As
one can see, the signal-to-noise ratios are at the order of 0.8 to 0.9 and thus much larger than the
1/8 expected from the comparison of the gyromagnetic ratios indicating that removal of the *H-
'H dipolar couplings has a large beneficial effect on the S/N of our experiment. We also found
that both techniques returned the same coupling values, and the J-couplings measured using the
new experiment are similar to the reported data.”! Importantly, despite the slightly lower
sensitivity, the new experiment allows the J-coupling to be measured to the same precision as in

the SJS-HSQC experiment — the measured J errors for both experiments are the same (Table S1).
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Table S1. Comparison of sensitivity and precision between the new experiment and the SJS-
HSQC for a few selected CH pairs in strychnine. The second column represents the ratio of
signal-to-noise ratios of present method and SJS-HSQC, and the third and fourth columns are the
J-couplings and errors extracted from these methods. Statistics were calculated by superimposing

10 random strips of experimental noise over the peaks.

Correlation “SIN (Our method)” / J-coupling
“S/N (SJS-HSQC)”

Our method SJS-HSQC
C23-H22 0.82 7.04 £0.011 7.10£0.010
C14-H22 0.84 8.83+0.014 8.88 £ 0.012
C20-H22 0.78 5.94 +£0.011 5.90£0.013
C13-H15a 0.89 3.56 + 0.050 3.60 £ 0.060
C14-H15b 0.93 7.98 £ 0.017 8.05 £ 0.015
C11-H12 0.82 6.86 £ 0.028 6.91 + 0.025
C8-H12 0.86 5.67 £0.047 5.73 £ 0.052

Switching from a low field to a high field spectrometer, say from 500 MHz to 900 MHz,
theoretically there will a sensitivity gain of 2.48 as the sensitivity depends on B3/2, where B is
the field strength. The measured S/N values for strychnine cross peaks range from 25 to 45. For a
reduction of the field from 900 MHz to 500 MHz, the S/N range should decrease to 10.3-18.6.
The experiment is therefore expected to work well at lower fields. The lower field will have a
lower resolution, but as we detect **C in the direct dimension and **C chemical shift covers a
much larger range (0-250 ppm), the resolution is not an issue at lower field.

S6



Computational details:

Strychnine has six chiral centers whose different permutations leads to 64 different
configurations or diastereomers. Since we focus on relative configuration, we set the absolute
configuration at C7 to the naturally occurring R, resulting in 32 configurations. Each
configuration was named after the configuration at carbons C5, C7, C8, C9, C16 and C23, i.e.
RRRRRR indicates that all stereocenters at the indicated carbons have the R configuration. The
X-ray crystallographic structure of strychnine was used as a starting point. The hydrogen
positions were optimized by DFT at B3LYP/6-311+g(2d,p) level using Gaussian 09" using the
ICF-PCM solvent continuum model with CHCI; as a solvent. Thus, accurate interatomic
distances and orientations of CH vectors were obtained.[® The structural models of the other 31
configurations were manually built from this DFT-optimized structure and were further
optimized at the same level of DFT. Only 18 configurations, including the correct one, yielded
energetically feasible structures and hence were used in the analysis. This was expected since the

multicyclic constitution is not compatible with all configurations.

S7



Cross-validation of one-bond and long range RDCs:
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Figure S2. Cross-validation plots for the correct strychnine configuration of SRRSRS. (a)
Correlation plot of experimental versus back-calculated LR RDCs; (b) Correlation plot of
experimental versus back-calculated one-bond RDCs. Note that for an unknown configuration,
such plots cannot be employed for determining if there are errors in the input data. These plots

demonstrate the quality of the measured long range absolute "T¢y value.
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Figure S3: Correlation plots of the back-calculated vs. experimental absolute T values (J+D) for
the eighteen DFT optimized strychnine configurations when only long range couplings are

utilized. Q factors for the fits are shown in the boxes.

S9



50 ————— 50

:RRR_RRREl ® T RRRRRS ® T RRRSRR e

I RRRSKS' 4 | RRSRRS = | SRRRRR = |
L =3 8 '

8
==} T B.8 T 8 g
o T <o T o
0 588 T a8 T =8
F & + s B T @ 8g
=] 1 B a .

]E
"SRRRRS = T SRRSRR ~# [ SRRSRS &

=) EE 1 gt 1 &

n
(=)

50

8 B

[=]
T
|
(=]

e e T s T @
3 T T _

L T T . r oo ]
a s Cloma e o Clos ] s (oo
F————
- SRSRRR & T SRSRRS # T SRSSRR R
I s B8 1 =88 1 BEy
=] a8 g 8 =] =]

= - &8 + -

0 ! ~Eg T s -H T & 8 -10
L 1 s EQ 1 =g i
= 1 g8 . 1 B .

in

:q;,"'r o 0505 3 & ' # ‘lm@

i SSRRRR R SSRRRS et SSRSRR 8
| =} % : 1 E@JE 1 i
0 ‘m ; - s T a@ 8 <40

o o [osmll . <" [eas] 5.

50 | F—— — 50

L
(=]

50

Back-calculated RDC (Hz)
m
=]
2 1]
il

50

50

Measured RDC (Hz)

Figure S4: Correlation of plots of the back-calculated vs. experimental RDCs for the eighteen
DFT optimized strychnine configurations when both one-bond and long range couplings are
utilized. Q factors for the fits are shown in the boxes.
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Assignment of diastereotopic protons:

Residual dipolar couplings have been successfully employed for the assignment of diastereotopic
protons.”! Herein, one-bond RDCs were used to distinguish between the two diastereotopic
protons attached to C6, C18, C19, C22 and C24 which results in 32 possible combinations. The
carbon for which the protons are swapped is marked with an asterisk. For example when protons
on C24 are wrongly assigned for the configuration “6,18,19,22,24” then the Q factor rises from
0.074 to 0.508. From the plot of the Q factor for the different combinations of diastereotopic
proton, it is clear that all combinations except for the two in which the C19 protons have been
interchanged have higher Q factors. This indicates that the proton assignments are incorrect. On
the other hand the two combinations in which the C19 protons have been interchanged
(6,18,19,22,24 and 6,18,19*,22,24) have identical Q factors. When the protons on all other
carbons are interchanged, the Q factors increase. Using this strategy, the eight diastereotopic
protons can be unambiguously assigned. However, the proton pair at C19 was assigned using
isotropic NMR restraints (NOESY).
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Figure S5: Q factors used in the assignment of the diastereotopic protons via 32 possible

different combinations.
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Determination of relative configuration:

Strychnine has six stereogenic centers, inverting each leads to 64 different configurations.
Excluding enantiomers only 32 configurations are left. The natural stereochemistry of the C7 is
assumed to be R and relative configurations of the adjacent stereogenic pairs can be determined
from the J-couplings. From the J-coupling analysis, it is possible to determine relative
configurations of adjacent stereogenic centers. The *Ju for the proton pair H8/H13 is large (10.5
Hz) and hence the relative configuration for C8/C13 is anti. Consequently, the relative
configuration of C13/C12 is either SR or RS. The proton H13 has a small coupling (3.1 Hz) to
both protons H12 and H14 suggesting syn arrangements for both C13/C14 and C13/C12. Proton
H13 also has a gauche coupling to carbon C15. Using the *Juy and *Jcn couplings enables the
relative configuration for C13/C14 to be restricted to RR or SS. Proton H12 has a small coupling
to C11 (2.2 Hz) and a medium coupling (5.7 Hz) to C8. Thus, the relative configuration of the
C13/C12 is either RS or SR. The Newman projections for C8/C13, C13/C14 and C12/C13 are

presented in Figure S6.

c7 c8 c11
H13 c14 H14 15 H13 8
N H8 H13 C12 H12 0
c12 21 cia
8:5,C13:R C13:R,C14:R C12:5,C13:R

Figure S6: Newman projections for C8/C13, C13/C14 and C12/C13 dihedral derived from J-

coupling analysis.
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Table S2. Experimental one-bond *Jcy couplings, total couplings (*Tcw) and errors®.

Spin-pair Ten="Jept Den (Hz) error Ycn (H2) error
Cl6-H16 173.2 0.17 148.1 0.12
C15-H15a 136.0 1.44 129.7 0.14
C15-H15b 129.2 0.83 130.8 0.24
Cl4-H14 92.1 3.16 130.8 0.08
C13-H13 113.8 0.32 124.8 0.06
C8-H8 127.4 0.21 144.9 0.007
C4-H4 205.9 0.17 168.1 0.04
C3-H3 174.3 0.11 158.6 0.14
C2-H2 183.0 0.16 160.2 0.12
Cl-H1 195.2 0.27 158.2 0.12
C18-H18a 1455 0.31 148.2 0.28
C18-H18b 156.0 0.24 130.5 0.39
C20-H20a 121.6 0.39 130.4 0.03
C20-H20b 128.0 3.17 138.2 0.07
C22-H22 156.0 0.36 158.8 0.01
C23-H23a 154.5 0.18 145.5 0.02
C23-H23b 94.2 0.35 136.8 0.05
Cl2-H12 109.4 1.64 149.4 0.11
Cl1-H1lla 152.2 0.27 135.3 0.05
C11-H11b 97.3 1.99 125.6 0.14

®Experimental errors are calculated as standard deviation of 10 separately measured peak
positions. Each peak position is measured after adding noise from different parts of the spectrum.

All couplings were extracted manually from the spectrum.
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Table S3. Experimental LR "Jcy couplings, total couplings ("Tch) and errors. The number in

brackets in the "Jcy coupling column is the n value.

Spin-pair | "Ten |=]"en + error "Jen (Hz) (n) error
nD(;H | (HZ)
C16-H15a 6.34 0.050 174 (2) 0.450
C15-H1 6.81 0.041 3.46 (3) 0.170
C14-H16 6.92 0.041 6.48 (3) 0.017
C14-H22 8.61 0.027 8.83 (3) 0.014
C14-H15b 8.89 0.053 7.98 (3) 0.017
C13-H15a 4.46 0.100 3.56 (3) 0.050
C8-H16 7.72 0.050 6.95 (3) 0.020
C8-H12 5.68 0.046 5.84 (3) 0.029
C5-H8 3.45 0.022 3.32(3) 0.018
C2-H4 8.89 0.018 7.62 (3) 0.012
C6-H4 6.64 0.060 5.62 (3) 0.030
C6-H16 3.66 0.043 2.27 (3) 0.015
C6-H8 4,24 0.056 3.76 (3) 0.016
C7-H15b 6.53 0.026 7.48 (3) 0.016
C7-H8 2.36 0.030 -1.16 (2) 0.400
C17-H8 7.99 0.310 5.91 (3) 0.030
C18-H20a 8.32 0.071 9.46 (3) 0.014
C10-H12 2.71 0.052 3.05(3) 0.032
C20-H18b 457 0.063 7.57 (3) 0.010
C20-H22 7.26 0.036 5.94 (3) 0.011
C22-H20a 6.59 0.060 5.47 (3) 0.040
C23-H22 9.37 0.042 7.04 (2) 0.011
C12-H8 3.73 0.190 5.67 (3) 0.047
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Table S4. Quality factors (Q) obtained from the alignment tensor optimization of the RDC and

"Tcn data to each of the possible DFT-optimized configurations of strychnine.

Isomers  All RDCs Long range One-bond
RDCs RDCs

RRRRRR 0.545164953  0.521748372 0.513023106
RRRRRS 0.652808190  0.525637182 0.638490245
RRRSRR 0.619690106  0.577686329 0.585120596
RRRSRS 0.240695577  0.543489870 0.195879637
RRSRRS 0.516550040  0.627347441 0.325411618
SRRRRR 0.423281739  0.492884180 0.410856896
SRRRRS 0.714410233  0.550610184 0.671000979
SRRSRR  0.553535910  0.223503243 0.554978002
SRRSRS  0.090509427  0.170545452 0.086892542
SRSRRR  0.809033392  0.609592355 0.825651680
SRSRRS  0.307511407  0.618501442 0.280106782
SRSSRR  0.881664450  0.456460962 0.878310482
SSRRRR  0.601344013  0.556087990 0.576791361
SSRRRS  0.615536795  0.524273679 0.593086975
SSRSRR  0.461354787  0.342261867 0.480565433
SSRSRS  0.185670256  0.209682925 0.189186016
SSSRRS  0.425979936  0.643699364 0.408958339
SSSSRS  0.614208001  0.564729072 0.623904117
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Alignment tensor optimization and the relax analysis script:

Optimization of the experimental data for determining the alignment tensor was implemented in
the software relax. Instead of using RDC values for the optimization as is usually the case, due to
the nature of the signless T data, the T values were used instead. Non-linear least squares fitting
of the alignment tensor using the Nelder-Mead Simplex algorithm was implemented by the

construction of the following target function:

e The target function accepts the 5 unique alignment tensor parameters as input arguments.

e The alignment tensor matrix A is created from the 5 alignment tensor parameters.

e Using the matrix A, the signed RDC value for each bond vector is calculated.

e The signed J value is added to the signed RDC value to obtain a signed T value (T =
J+D).

e The absolute value of this back-calculated T value is compared to the measured absolute
T value using the standard chi-squared (x?) statistic.

e The target function returns the chi-squared value as required by optimization algorithms.
For comparison, the protocol for alignment tensor optimization using one-bond RDC data is:

e The target function accepts the 5 unique alignment tensor parameters as input arguments.

e The alignment tensor matrix A is created from the 5 alignment tensor parameters.

e Using the matrix A, the signed RDC value for each bond vector is calculated.

e This back-calculated D value is compared to the measured D value using the standard
chi-squared (%) statistic.

e The target function returns the chi-squared value as required by optimization algorithms.
The relax script used in the combined analysis for long range and one-bond RDC values is given

below. For the long range only or one-bond only RDC analyses, the corresponding data loading

functions were simply deleted in this script.
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# Create the data pipe.
pipe.create ('RRRRRR', 'N-state')

# Load the structure.
structure.read gaussian(file='strychnine.log")

# Set up the 13C and 1H spins.
structure.load spins(spin id='@C*', ave pos=False)
structure.load spins(spin id='@H*', ave pos=False)

# Define the nuclear isotopes of all spins.
spin.isotope (isotope="13C", spin id='(lC*')
spin.isotope (isotope="1H', spin id='@H*")

# Define the magnetic dipole-dipole interaction.

interatom.read dist(file='one bond RDC', unit='Angstrom', spin idl col=l,
spin_id2 col=2, data col=8)

interatom.read dist(file="long range RDC', unit='Angstrom', spin idl col=1,
spin_id2 col=2, data col=8)

interatom.unit vectors (ave=False)

# Load the short range 1J signed RDCs.

rdc.read(align id='gel', file='one bond RDC', data type='T', spin idl col=1l,
spin_id2 col=2, data col=3, error col=4, absolute=False)
J_coupling.read(file='one bond RDC', spin idl col=1, spin id2 col=2,

data col=5, error col=6, sign col=7)

# Load the long range J and J+D data.

rdc.read(align id='gel', file='long range RDC', data type='T',

spin_idl col=1, spin_ id2 col=2, data col=3, error col=4, absolute=True)
J_coupling.read(file="long range RDC', spin_ idl col=1, spin id2 col=2,
data col=5, error col=6, sign col=7)

# Set up the model.
n_state model.select model (model="'fixed")

# Minimisation.
minimise.grid search (inc=11)

minimise.execute('simplex")

# Show the tensors.
align tensor.display ()

# Create a correlation plot.
rdc.corr plot (force=True)

# Save the relax state.
state.save ('tensor', force=True)
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DFT optimized structures of the eighteen different configurations:

The above is a DFT optimized structure of SRRSRS. The molecular numberings 7, 8, 12, 13, 14
and 16 (numbers inside the brackets) correspond to DFT numbering as changed by the Gaussian
software to 16, 9, 23, 8, 7 and 5, respectively. The different configurations are built on the basis
of the DFT numbering. The configuration SRRSRS designates configurations at carbon sites 5, 7,
8, 9, 16 and 23, respectively. In the following, DFT geometries for each diastereomer are
presented in XYZ 3D structure format.
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0 2.818275 2.260813 -0.149742
0 -1.800351 3.154093 -0.924819
N -1.309852 1.321881 0.334517
N 1.116243 -2.758269 -0.424978
c 0.558423 -1.727520 0.452171
c 1.227077 -1.558533 1.816221
C 2.133565 -0.383174 1.386684
C 1.146438 0.839782 1.013897
c -0.325840 0.369434 0.836953
c -2.503083 0.534214 0.223697
C -3.812667 0.978484 0.175760
c -4.829368 0.020105 0.149591
c -4.535143 -1.339417 0.171639
c -3.207933 -1.780126 0.193574
C -2.185278 -0.849096 0.223380
c -0.675208 -0.946278 0.023772
c -0.390456 -1.076541 -1.535431
c 0.400256 -2.417478 -1.705094
c 2.593896 -2.362611 -0.382859
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-3.992097 -0.079340 -0.540090
-3.840835 1.467878 -0.585806
-1.516400 2.022070 0.048856
-0.553458 3.086775 0.558119
0.893631 2.621149 0.247270
0.641465 -2.257597 -1.475501
-1.437634 -0.801800 -2.173721
-0.171400 0.235236 -1.540813
-1.372613 -1.161154 0.699342
-1.721778 0.809370 1.741585
0.465717 0.278845 2.092410
3.733433 2.207763 -0.365435
5.586850 0.668235 -0.966277
5.251972 -1.780922 -0.898988
3.061588 -2.718116 -0.238810
1.405586 -3.006533 1.373865
0.532870 -1.996790 2.508317
-0.604188 -4.175695 1.223849
-1.571559 -2.816666 1.764620
-3.151366 -3.123102 0.064040
-2.805501 -2.729292 -1.608593
-4.981588 -0.408126 -0.852277
-3.616721 1.729276 -1.630251
-4.809991 1.907054 -0.349429
-1.354736 1.917523 -1.029452
-0.668195 4.056265 0.076106
3

-0.665471 .225533 1.638733
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