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Abstract: Anisotropic NMR has gained increasing popularity
to determine the structure and specifically the configuration of
small, flexible, non-crystallizable molecules. However, it
suffers from the necessity to dissolve the analyte in special
media such as liquid crystals or polymer gels. Generally, small
degrees of alignment are also caused by an anisotropic
magnetic susceptibility of the molecule, for example, induced
by aromatic moieties. For this mechanism, the alignment can be
predicted via density functional theory. Here we show that both
residual dipolar couplings and residual chemical shift aniso-
tropies can be acquired from natural products without special
sample preparation using magnetically induced alignment. On
the two examples of the novel natural product gymnochrome G
and the alkaloid strychnine, these data, together with the
predicted alignment, yield the correct configuration with high
certainty.

In the field of natural products, the determination of
molecular structure is one of the fundamental steps in
characterizing the isolated compounds. Unfortunately, due
to the structural complexity and conformational heterogene-
ity of many natural products, they cannot be crystallized,
calling for NMR. Yet, the unambiguous interpretation of
experimental NMR data can be difficult and structural
misassignments happen regularly."! To increase the robust-
ness of structure determination, we believe it is advisable to
use different approaches to come to the same conclusion
whenever it is possible. Also, the combination of spectro-
scopic data with molecular modeling has proven to be
a valuable tool in the elucidation of the correct structure,
and many techniques rely on results from density functional
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theory (DFT) and molecular mechanics (MM) simulations.”!
One example of such an approach is the use of anisotropic
NMR parameters. These parameters appear when the ori-
entational distribution of the analyte molecule with respect to
the magnetic field is non-uniform, a condition which is termed
alignment. Since the chemical shift is anisotropic, the motion-
ally averaged shift measured in the spectrum is different
under aligned conditions, and this difference is called residual
chemical shift anisotropy (RCSA). Similarly, dipolar cou-
plings, which average to zero under isotropic conditions, make
a contribution to the overall coupling in aligned samples, and
the measured coupling is changed by this residual dipolar
coupling (RDC). These parameters then provide orienta-
tional constraints with respect to a molecular frame. Struc-
tural models for all candidate isomers are generated via MM/
DFT and the agreement of the data with these models is
evaluated. This often allows discriminating between different
possible diastereomers. In the established protocols, align-
ment is achieved by introducing the analyte into an aniso-
tropic medium, such as liquid crystals, filamentous phages, or
deformed polymer gels.”) However, this process comes with
certain drawbacks, especially if only small amounts of analyte
are available (as it is common for natural products). First, any
transfer of the analyte suffers from inevitable sample losses;
second, recovery of the analyte from anisotropic media can be
difficult; third, it prohibits the acquisition of any new
experiments under normal, isotropic conditions for the time
being; and fourth, the alignment tensor needs to be fitted and
can yet not be sufficiently accurately predicted.

Therefore, we set out to obtain alignment without an
alignment medium. A simpler way to achieve anisotropic
conditions is by exploiting the alignment that is induced by
the external magnetic field. This so-called self-alignment
occurs if the analyte molecule has an anisotropic magnetic
susceptibility. It scales with the square of the external
magnetic field B, It is most commonly used in the
investigation of metal-binding proteins, where paramagnetic
metal centers (for example, transition metals or lanthanides)
with substantially anisotropic susceptibilities lead to large
degrees of alignment, and the isotropic reference experiment
can be acquired on diamagnetic counterparts (for example,
Zn, La, or Lu).P! For diamagnetic cases, aromatic systems are
the most relevant sources for anisotropic susceptibilities.
RDCs and RCSAs can be determined by performing field-
dependent measurements, but the effects are typically much
smaller than for paramagnetic metal centers. RDCs have
already been determined this way, both for biomacromole-
cules such as proteins and oligonucleotides as well as for small
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molecules with large aromatic systems such as porphyrins.®**
However, to our knowledge, the measurement of RCSAs and
the use of either RDCs or RCSAs for small molecule
structure (conformation and configuration) determination
through self-alignment have not been reported so far. In this
work, we show the feasibility of this approach on two
molecular examples. First, gymnochrome G (1; Scheme 1) is
a previously unknown marine natural product isolated from
the deep-sea crinoid Hypalocrinus naresianus, featuring
a large, proton-deficient aromatic system and two side
chains with one stereocenter each. Its aromatic system with
eight annealed rings leads to an unusually large degree of
alignment and makes this an ideal target for this approach.

Gymnochrome G (1)

Strychnine (2)

Scheme 1. Constitution, configuration, and numbering of the investi-
gated structures.

While other compounds from this organism have been
elucidated,? 1 has not been described in the literature so
far. We corroborate the configuration using established
NMR-based techniques™*®! as (2'S,2"R) (see the Supporting
Information, Section S1). Second, to show that this method is
more universally applicable, we apply it to strychnine (2),
a well-studied alkaloid with only a single aromatic ring.
Despite its relatively low degree of self-alignment, we were
able to identify the correct configuration from the set of its
diastereomers with high confidence.

We measured simple *C and 'H 1D-NMR spectra of both
compounds at different magnetic fields (between 400 and
950 MHz proton frequency) and extracted *C chemical shifts
and '"H-"H couplings. In the case of 2, we also acquired CLIP-
HSQC spectral to determine “C-'H and 'H-'H couplings.
Both the chemical shift (in ppm) and the coupling (in Hz) are
composed of two components: the isotropic component,
which is constant with the magnetic field, and the anisotropic
component, which has a square dependence on the magnetic
field. This desired anisotropic component, that is, the RCSA
or RDC, can be determined by a simple fitting procedure (for
details, see the Supporting Information, Section S2¢). Since
these effects are very small (0.1-1 Hz), any source of error has
to be carefully excluded. The chemical shift is very sensitive to
the experimental conditions, so the perturbation of “C
chemical shifts could not be associated to alignment alone.
As the spectra at different fields were acquired at different
spectrometers on different days, we identified the following
systematic errors for °C chemical shifts: first, differences in
sample temperature due to imperfections in temperature
calibration and different decoupling powers on the order of
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0.2 K; second, slow degradation of the sample over the course
of time; and third, the referencing. These contributions could
be eliminated using basic linear algebra. We postulate that all
these errors can be described as linear perturbations as
a function of temperature 7, some degradation coordinate
& (which is not necessarily proportional to time), and
a constant ¢ quantifying the amount of misreferencing:

5 = 8c0|‘r(B(1) + TgT + Egdcgmd + C‘Srcra 1)

where the five vectors represent the measured chemical shift,
the corrected Bg-dependent chemical shift, and the chemical
shift contributions from temperature, degradation, and mis-
referencing, respectively. Each assigned *C shift corresponds
to one component of these vectors, making them 30-dimen-
sional for 1 and 21-dimensional for 2. For temperature and
degradation, we quantified the relative effect (that is, 5, and
5dcgrad) by acquiring spectra at the same field, but at different
temperatures as well as over the course of several weeks;
these measurements also confirmed that the assumption of
linearity in Equation (1) is a reasonable approximation.
Misreferencing is trivial in the sense that every peak is shifted
by the same amount and therefore, all elements of SM are
equal. Now, instead of attempting to correct the measured
chemical shifts by determining the exact values of 7, &, and ¢
for each spectrum, another approach proved to be much more
effective. We performed an orthonormal transformation of
the chemical shift vectors, using the temperature, degrada-
tion, and referencing vectors as the first basis vectors. As
a consequence, all following base vectors are orthogonal to
the perturbation vectors and are therefore not affected by
them. Equation (1) then changes as follows:

Or1 6degrad.1 Oret1
0 Ogegrad;2 Orer2
5=0un+T| 0 |+&| O +c| Owts )
0 0

It is easy to see that only the first three components are
affected by temperature, degradation, and misreferencing,
which have to be discarded. The remaining components are
now free from these systematic errors and could be used for
structure determination. Only after this procedure, there is
reasonable agreement of the chemical shifts with the square-
field dependence of the anisotropic parameters and of the
resulting "C RCSAs with the structural models. We
attempted to measure "H RCSAs as well, which are expected
to be roughly the same size as *C RCSAs (in Hz). However,
the proton chemical shift measurement is much less accurate
due to broader lines and homonuclear couplings, so acquiring
'"H RCSAs remained unsuccessful. Couplings are much less
sensitive to experimental conditions, so the extraction of the
anisotropic component did not require any pre-processing.
The biggest issue are peak distortions. For 1, the HH-
couplings in the 'H 1D-NMR have to be well resolved and
any overlapping peaks have to be discarded. For 2, peak
overlap in the HSQC is less of an issue due to the additional
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carbon dimension. However, residual long-range correlations
from neighboring protons can lead to significant peak
distortions especially in the aromatic region, and generally,
the data is more sensitive to errors, as the alignment is
smaller. Therefore, the deviation of the data points from the
square-field dependence were used to estimate an error to be
used as a weighting factor for both RDCs and RCSAs. This
reduces the amount of human bias, as only three aromatic
HSQC peaks with obvious distortions had to be discarded.

The degree of alignment is described by a traceless
symmetric alignment tensor A in the molecular frame, which,

among others, determines the size of RDCs and RCSAs:["

Syiystoh (zr, 3
Avgpe = — L1V (BT 4 B 3
P sRr (Ra ) )
Adgesa = tr(A9), 4)

where y are the gyromagnetic ratios of the coupling nuclei, R
is the internuclear vector between them, and 0 is the chemical
shift tensor of the nucleus in question. Generally, anisotropic
NMR data do not provide individually interpretable struc-
tural constraints, but they are used in their entirety and
validated against different structural models. These models
are generated for each possible configuration using molecular
modeling. In the case of 1, the aromatic system is inherently
chiral, and its configuration was determined via electronic
circular dichroism (ECD) to be “propeller”-(P) (see the
Supporting Information, Section S1g). Therefore, due to the
two side-chain stereocenters 2’ and 2", there are four possible
diastereomers. We conducted a MM-based conformational
search of the side-chain torsions to generate a conformational
ensemble for each diastereomer, containing between 13 and
33 conformers.'! For 2, we assumed no conformational
flexibility, and not all combinations of configurations at the
six stereocenters are feasible due to the multiple fused and
bridged rings. We generated 22 diastereomers and their 3D
structure using MM-based methods, and cross-checked with
published structures of strychnine diastereomers.'?! All con-
formations for both 1 and 2 were geometry-optimized and
chemical shift tensors as well as magnetic susceptibility
tensors were predicted,!” all using the B3LYP functional™
and different Jensen basis sets."™ For 1, Boltzmann averaging
of the molecular properties was done using thermally
corrected free energies. All DFT calculations were performed
in Gaussian 09.0'%]

We applied two approaches, one in which the DFT-
calculated alignment tensor was used for the validation and
another where the alignment tensor was fitted to the
conformational ensemble and the experimental values
instead. For the latter approach, having multiple conformers
as in 1 requires a common frame to be determined first."” In
this case, it was natural to use the aromatic system to
superimpose the conformers, since it is the source of align-
ment. With the known experimental data and the calculated
structural information from the models (& and R), the tensor
components are determined by finding the least-squares
solution of Equations (3) and (4), and the residuals are used
to calculate a Q-factor,'® which serves as a measure for the
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quality of the fit. The configuration which provides the best
fit, that is, the lowest Q-factor, is assumed to be the correct
solution. By contrast, in the first approach with the DFT-
calculated alignment tensor, the alignment can simply be
calculated according to the relation A = (y—yxis'1)By*/(15k T)
using the DFT-predicted susceptibility tensor.'” This enables
the complete prediction of anisotropic NMR data based on
DFT without the need of any fitting procedures (see the
Supporting Information, Section S4a). Indeed, these pre-
dicted data are in excellent agreement with the experimental
anisotropic NMR data. A correlation of experimental and
predicted anisotropic data for 2 is shown in Figure 1 and can
be evaluated quantitatively by a Q-factor. Figure 2 shows the
QO-factors for the possible configurations of 1 and 2 for both
methods of obtaining the alignment tensor. In all cases, the
true solution ((2'S,2"R) for 1, (7R,8S5,125,13R,14R,16S) for 2)
is correctly identified by the lowest O-factor. Generally, the
QO-factor is lower for fitted compared to predicted alignment
tensors, as more fitting parameters always lead to smaller
residuals. Yet, more important than the absolute values of O
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Figure 1. Correlation plot of experimental and DFT-predicted aniso-
tropic data for the correct diastereomer of 2. The size of the marker
corresponds to the weight of the data point. The values are extrapo-
lated to a field of 23.49 T (1 GHz proton frequency).
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Figure 2. Q-Factors for the different configurations of 1 (left) and 2
(right). The values obtained from predicting the alignment tensor with
DFT are shown in black, the ones obtained from the fitted alignment
tensor are shown in grey. In all cases, the true configuration is
correctly identified by the lowest Q-factor.
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are the power of the two approaches to discriminate config-
urations. In the case of 2, the use of predicted alignment
tensors clearly increases the degree of discrimination, as the
QO-factors of the incorrect configurations increase much more
than the one of the correct diastereomer: The ratio between
the second-smallest and the smallest Q-factor is only 1.22 for
the fitted tensor approach, while it improves to 1.57 by using
the predicted tensor. To get a more quantitative measure of
the confidence of our result, we performed a bootstrap
resampling®! to evaluate a confidence level. Here, the
increase in confidence of the result for 2 by using predicted
alignment becomes obvious, as the confidence increases from
around 77% to 99.2% (see the Supporting Information,
Figure S5). This trend has a simple explanation: when the
alignment tensor is fitted, it gives the system some leeway
when fitting the data to an incorrect structure, thus reducing
the Q-factor and therefore improving the agreement for this
incorrect model. For 1 however, the confidence goes from
96 % (fitted) to 88% (predicted), so there seems to be no
advantage in using the predicted tensor. We hypothesize that
this is caused by the structural similarity of the possible
configurations, which all share the large aromatic system that
is the source of alignment. The many data points available in
this system with comparatively large anisotropic effects
already characterize the alignment tensor very well, while
there are relatively few data points and marginal contribution
to alignment in the relevant side-chain regions. The data from
the aromatic ring therefore dominates the fitting procedure
and the differences between the four diastereomers are small.
Also, there is more uncertainty in the structural model of
1 due to the conformational flexibility of the side chains, that
is, the regions containing the stereocenters and the conforma-
tional averaging using calculated free energies. It is plausible
that this uncertainty masks the expected improvement from
the predicted alignment tensor compared to the fitted tensor.
If the energy is calculated in a different way, for example,
without thermal corrections or with a different basis set, the
confidences change in the order of 10 %. All analysis and data
evaluation were performed using Python3 relying heavily on
the SciPy ecosystem.!l

In conclusion, we demonstrate how both RDCs and “C
RCSAs caused by magnetically induced alignment can be
acquired, including a way to efficiently remove systematic
errors from chemical shifts, which is crucial for the measure-
ment of the very small RCSAs. These data are accurate
enough to successfully distinguish between all different
diastereomers of our sample molecules. Second, we show
that anisotropic parameters can be fully and reliably pre-
dicted using DFT and how this can significantly improve the
discriminating power in structure determination. For multi-
conformer cases, this approach eliminates the need for
a common conformer frame, so fewer additional assumptions
have to be made. The feasibility of our approach does not
directly depend on the degree of alignment, but more on the
differences in anisotropic parameters between the diastereo-
mers. This is discussed in more detail in the Supporting
Information, Section S4c. Since even strychnine with only
a single aromatic ring can be subjected to the self-alignment
method, we conclude that it is an elegant alternative to
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alignment media for the determination of the relative
configuration of flexible natural products.

Acknowledgements

We are grateful to Tatsuo Oji for providing material of
H. naresianus, and thank Holm Frauendorf for HRESIMS
and Juan Carlos Fuentes-Monteverde for initial NMR spectra
used for the determination of the constitution of gymnochro-
me G. We would like to thank Lucas Lang, Roberto Gil, and
Phani Vemulapalli for advice and fruitful discussions. This
work was supported by the Max Planck Society and was done
under the auspices of DFG-CAPES project 418729698.
Support by the DFG (WO 1491/4-2 to K.W.) is acknowledged.
N.K. was supported by an IMPRS fellowship.

Conflict of interest
The authors declare no conflict of interest.
Keywords: anisotropic NMR parameters -

configuration determination - density functional calculations -
magnetically induced alignment - NMR spectroscopy

[1] a) K. C. Nicolaou, S. A. Snyder, Angew. Chem. Int. Ed. 2005, 44,
1012-1044; Angew. Chem. 2005, 117, 1036-1069; b) T. L.
Suyama, W. H. Gerwick, K. L. McPhail, Bioorg. Med. Chem.
2011, 79, 6675-6701.

a) Y. Z. Liu, A. Navarro-Vazquez, R. R. Gil, C. Griesinger, G. E.

Martin, R. T. Williamson, Nat. Protoc. 2019, 14, 217-247; b) G.

Bifulco, P. Dambruoso, L. Gomez-Paloma, R. Riccio, Chem.

Rev. 2007, 107, 3744-3779; c) T. Bruhn, A. Schaumloffel, Y.

Hemberger, G. Bringmann, Chirality 2013, 25, 243 —249.

[3] a)J. H. Prestegard, A. I. Kishore, Curr. Opin. Chem. Biol. 2001,
5,584-90; b) A. Marx, C. Thiele, Chem. Eur. J. 2009, 15, 254 —
260; c) B. Luy, K. Kobzar, H. Kessler, Angew. Chem. Int. Ed.
2004, 43, 1092-1094; Angew. Chem. 2004, 116, 1112-1115.

[4] A. A. Bothner-By in Encyclopedia of Nuclear Magnetic Reso-

nance (Eds.: D. M. Grant, R. K. Harris), Wiley, Chichester, 1995,

pp- 2932-2938.

a) G. Otting, Annu. Rev. Biophys. 2010, 39, 387-405; b) L.

Russo, M. Maestre-Martinez, S. Wolff, S. Becker, C. Griesinger,

J. Am. Chem. Soc. 2013, 135, 17111-17120; c) F. Peters, M.

Maestre-Martinez, A. Leonov, L. Kovacic, S. Becker, R.

Boelens, C. Griesinger, J. Biomol. NMR 2011, 51, 329-337,

d) L. Bertini, C. Del Bianco, I. Gelis, N. Katsaros, C. Luchinat, G.

Parigi, M. Peana, A. Provenzani, M. A. Zoroddu, Proc. Natl.

Acad. Sci. USA 2004, 101, 6841-6846; ¢)J. R. Tolman, J. M.

Flanagan, M. A. Kennedy, J. H. Prestegard, Proc. Natl. Acad.

Sci. USA 1995, 92, 9279-9283; f) X. C. Su, K. McAndrew, T.

Huber, G. Otting, J. Am. Chem. Soc. 2008, 130, 1681 —1687.

a) N. Tjandra, S. Grzesiek, A. Bax, J. Am. Chem. Soc. 1996, 118,

6264-6272;b) H. C. Kung, K. Y. Wang, I. Goljer, P. H. Bolton, J.

Magn. Reson. Ser. B 1995, 109, 323-325; c) M. A. Lisicki, P. K.

Mishra, A. A. Bothner-By, J. S. Lindsey, J. Phys. Chem. 1988, 92,

3400-3403; d) C. Gayathri, A. A. Bothner-By, P. C. M. Vanzijl,

C. Maclean, Chem. Phys. Lett. 1982, 87, 192-196; e) F. A. L.

Anet, J. Am. Chem. Soc. 1986, 108, 1354 —1355.

[7] K. Wolkenstein, J. C. Fuentes-Monteverde, N. Nath, T. Oji, C.
Griesinger, J. Nat. Prod. 2019, 82, 163-167.

[2

—

[5

[t}

[6

—_

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

15863


https://doi.org/10.1002/anie.200460864
https://doi.org/10.1002/anie.200460864
https://doi.org/10.1002/ange.200460864
https://doi.org/10.1016/j.bmc.2011.06.011
https://doi.org/10.1016/j.bmc.2011.06.011
https://doi.org/10.1038/s41596-018-0091-9
https://doi.org/10.1021/cr030733c
https://doi.org/10.1021/cr030733c
https://doi.org/10.1002/chir.22138
https://doi.org/10.1016/S1367-5931(00)00247-7
https://doi.org/10.1016/S1367-5931(00)00247-7
https://doi.org/10.1002/chem.200801147
https://doi.org/10.1002/chem.200801147
https://doi.org/10.1002/anie.200352860
https://doi.org/10.1002/anie.200352860
https://doi.org/10.1002/ange.200352860
https://doi.org/10.1146/annurev.biophys.093008.131321
https://doi.org/10.1021/ja408143f
https://doi.org/10.1007/s10858-011-9560-y
https://doi.org/10.1073/pnas.0308641101
https://doi.org/10.1073/pnas.0308641101
https://doi.org/10.1073/pnas.92.20.9279
https://doi.org/10.1073/pnas.92.20.9279
https://doi.org/10.1021/ja076564l
https://doi.org/10.1021/ja960106n
https://doi.org/10.1021/ja960106n
https://doi.org/10.1006/jmrb.1995.9987
https://doi.org/10.1006/jmrb.1995.9987
https://doi.org/10.1021/j100323a018
https://doi.org/10.1021/j100323a018
https://doi.org/10.1016/0009-2614(82)83585-9
https://doi.org/10.1021/ja00266a069
https://doi.org/10.1021/acs.jnatprod.8b00803
http://www.angewandte.org

GDCh
~~—~

[8] a)S. G. Smith, J. M. Goodman, J. Am. Chem. Soc. 2010, 132,
12946-12959; b) N. Grimblat, M. M. Zanardi, A. M. Sarotti, J.
Org. Chem. 2015, 80, 12526 —12534.

[9] a) A. Enthart, J. C. Freudenberger, J. Furrer, H. Kessler, B. Luy,
J. Magn. Reson. 2008, 192, 314—-322; b) L. Castanar, E. Sistaré,
A. Virgili, R. T. Williamson, T. Parella, Magn. Reson. Chem.
2015, 53, 115-119.

[10] a) J. A. Losonczi, M. Andrec, M. W. F. Fischer, J. H. Prestegard,
J. Magn. Reson. 1999, 138, 334-342; b) F. Kramer, M. V.
Deshmukh, H. Kessler, S.J. Glaser, Concepts Magn. Reson.
Part A 2004, 21, 10-21.

[11] a) Schrodinger Release 2017 —2014: Maestro, Schrodinger, LLC,
New York, 2019; b) Schrodinger Release 2017-2014: Macro-
model, Schrédinger, LLC, New York, 2019.

[12] G. Bifulco, R. Riccio, G.E. Martin, A.V. Buevich, R. T.
Williamson, Org. Lett. 2013, 15, 654 —657.

[13] a) J. Gauss, Chem. Phys. Lett. 1992, 191, 614—-620; b) J. Gauss, J.
Chem. Phys. 1993, 99, 3629 -3643; c) J. Gauss, Ber. Bunsen-Ges.
1995, 99, 1001 -1008; d) R. Ditchfield, Mol. Phys. 1974, 27,789 —
807; e) K. Wolinski, J. F. Hinton, P. Pulay, J. Am. Chem. Soc.
1990, 772, 8251-8260; f) K. Ruud, T. Helgaker, K. L. Bak, P.
Jorgensen, H. J. A. Jensen, J. Chem. Phys. 1993, 99, 3847 —3859.

[14] a) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200 -
1211;b) C. T. Lee, W. T. Yang, R. G. Parr, Phys. Rev. B 1988, 37,
785-789; c) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 —5652;
d) P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J.
Phys. Chem. 1994, 98, 11623 -11627.

[15] a) F. Jensen, J. Chem. Phys. 2001, 115, 9113—9125; b) F. Jensen,
J. Chem. Theory Comput. 2014, 10, 1074-1085; c) F. Jensen, J.
Chem. Theory Comput. 2015, 11, 132-138.

[16] Gaussian09, RevisionC.01, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakat-
suji, M. Caricato, X. Li, H. P. Hratchian, A.F. Izmaylov, J.
Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.

Communications

Angewandte

intemationaldition’y) Chemie

Honda, O. Kitao, H. Nakai, T. Vreven, J. J. A. Montgomery, J. E.
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N.
Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A.
Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox,
Gaussian, Inc., Wallingford CT, 2010.

[17] E. E. Burnell, J. Magn. Reson. 1980, 39, 461 —480.

[18] G. Cornilescu, A. Bax, J. Am. Chem. Soc. 2000, 122, 10143 -
10154.

[19] 1. Bertini, C. Luchinat, G. Parigi, Prog. Nucl. Magn. Reson.
Spectrosc. 2002, 40, 249 -273.

[20] B. Efron, Ann. Stat. 1979, 7, 1-26.

[21] a) SciPy: Open source scientific tools for Python, E. Jones, T.
Oliphant, P. Peterson, 2001; b) J. D. Hunter, Comput. Sci. Eng.
2007, 9, 90-95; ¢)G. V. Rossum, F.L. Drake, Python 3
Reference Manual, CreateSpace, Scotts Valley, CA, 2009; d) P.
Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy,
D. Cournapeau, E. Burovski, P. Peterson, W. Weckesser, J.
Bright, S. J. van der Walt, M. Brett, J. Wilson, K. J. Millman, N.
Mayorov, A.R.J. Nelson, E. Jones, R. Kern, E. Larson, C. J.
Carey, 1. Polat, Y. Feng, E. W. Moore, J. VanderPlas, D. Laxalde,
J. Perktold, R. Cimrman, I. Henriksen, E. A. Quintero, C. R.
Harris, A.M. Archibald, A.H. Ribeiro, F. Pedregosa, P.
van Mulbregt, SciPy 1.0 Contributors, arXiv e-prints 2019,
##arXiv:1907.10121.

Manuscript received: April 3, 2020
Accepted manuscript online: May 4, 2020
Version of record online: June 3, 2020

15864 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2020, 59, 1586015864


https://doi.org/10.1021/ja105035r
https://doi.org/10.1021/ja105035r
https://doi.org/10.1021/acs.joc.5b02396
https://doi.org/10.1021/acs.joc.5b02396
https://doi.org/10.1016/j.jmr.2008.03.009
https://doi.org/10.1002/mrc.4149
https://doi.org/10.1002/mrc.4149
https://doi.org/10.1006/jmre.1999.1754
https://doi.org/10.1002/cmr.a.20003
https://doi.org/10.1002/cmr.a.20003
https://doi.org/10.1021/ol3034803
https://doi.org/10.1016/0009-2614(92)85598-5
https://doi.org/10.1063/1.466161
https://doi.org/10.1063/1.466161
https://doi.org/10.1002/bbpc.199500022
https://doi.org/10.1002/bbpc.199500022
https://doi.org/10.1080/00268977400100711
https://doi.org/10.1080/00268977400100711
https://doi.org/10.1021/ja00179a005
https://doi.org/10.1021/ja00179a005
https://doi.org/10.1063/1.466131
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.1413524
https://doi.org/10.1021/ct401026a
https://doi.org/10.1021/ct5009526
https://doi.org/10.1021/ct5009526
https://doi.org/10.1021/ja0016194
https://doi.org/10.1021/ja0016194
https://doi.org/10.1016/S0079-6565(02)00002-X
https://doi.org/10.1016/S0079-6565(02)00002-X
https://doi.org/10.1214/aos/1176344552
http://www.angewandte.org

