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With contributions from the global natural product (NP) research community, and continuing the Raw Data
Initiative, this review collects a comprehensive demonstration of the immense scientific value of
disseminating raw nuclear magnetic resonance (NMR) data, independently of, and in parallel with,
classical publishing outlets. A comprehensive compilation of historic to present-day cases as well as
contemporary and future applications show that addressing the urgent need for a repository of publicly
accessible raw NMR data has the potential to transform natural products (NPs) and associated fields of
chemical and biomedical research. The call for advancing open sharing mechanisms for raw data is
intended to enhance the transparency of experimental protocols, augment the reproducibility of
reported outcomes, including biological studies, become a regular component of responsible research,
and thereby enrich the integrity of NP research and related fields.
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1 Introduction
1.1 Preamble

Throughout organic chemistry, and especially in natural prod-
ucts (NPs), where new bioactive metabolites are frequently iso-
lated in minute, often sub-milligram quantities, nuclear
magnetic resonance (NMR) has become the primary tool for
structure determination. Typically, practitioners “extract” the
structural information from NMR spectra that were generated
via Fourier Transformation (FT) of free induction decays (FIDs),
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Fig.1 The rigor and integrity of structure elucidation and chemical identity depend not only on the type of data used to build the evidence, but
importantly also on the point of view from which they are analyzed. This can be symbolized by looking at Rubik’'s cube from various viewpoints:
perspective (A) may lead to the conclusion that the cube is solved. The two other projections, (B) and (C), are both compatible with (A) and
isometric. Both increase the amount of visible information, but while B confirms the original hypothesis derived from (A), (C) refutes it. Following
this analogy, the availability of raw (NMR) data enables researchers to view the entire “cube of evidence” from the same and/or from different
angles. Thus, raw (NMR) data is an important means of enhancing transparency, reproducibility, and integrity, and even empowers investigators

to use existing evidence to generate new scientific insights.

which represent the actual (raw) spectroscopic data from the
excited nuclear spins in the NMR experiment (“spin choreog-
raphy”). The deduction of structural information entails not only
human interpretation and viewpoints (Fig. 1), but commonly also
involves a significant loss of information (e.g:, signal phase, peak
shape, and signal multiplicity in tabulated representations),
which leads to the inability to reprocess the spectra ab initio and/
or employ computational tools to derive additional information
from the same experimental data. For example, extracting the
complete information contained in the FID of the most basic and
sensitive NMR experiment, 1D "H NMR, can avoid the ubiquitous
nondescript designation of “multiplet” and exemplifies the
concept of exploiting raw NMR data for additional information
(e.g, Section 3 Structure Revision). The importance of extracting
all of the information contained in an experimental data set is
exemplified by the simple analogy presented in (Section 1.2
Dimensionality and Completeness).

This community-driven review calls for a re-examination of
NMR-based structural analysis of NPs and represents the logical
next step in the NMR Raw Data Initiative that commenced in
2016." The seven major rationales used to organize this text
evolve from the urgent need for raw NMR data dissemination and
are explained in Section 2 Introduction to the Organization of
this Review. This led to the separation of the material into
sections that cover chemical structure (Sections 3-5), analytical
methodology (Sections 4-7), followed by applications and future
perspectives (Sections 8-10) of raw NMR data. Located at the
heart of the intent to promote the free dissemination of raw NMR
data, Section 10 Conclusions & Outlook should be of particular
interest to scientists increasing the use of NMR in NP research.

1.2 Dimensionality and completeness

Consider a picture of a Rubik's cube: the full 3D object cannot be
captured by a single 2D picture, as it only provides a projection of
the original object. The reduced dimensionality makes the
representation incomplete, as observed in Fig. 1, and the
incompleteness may lead to false conclusions. E.g., projection A
(Fig. 1) does not permit conclusions on solving the puzzle. No
faithful conclusion is possible until at least five faces have been
examined, which requires at least two projections since no more

38 | Nat. Prod. Rep., 2019, 36, 35-107

than three faces may be observed at once. A single projection may
lead to an erroneous conclusion. Further projections increase the
amount of available information, which may either confirm the
original hypothesis or refute it (B vs. C, respectively, in Fig. 1).

Now consider a molecule. Each NMR experiment can be seen
as a projection of the original spin system. The structural
elucidation may require several projections/experiments to
reconstruct the full picture, i.e., approach the complete
Hamiltonian as closely as possible. Note that, for the Rubik's
cube, five of the total of six faces is sufficient for absolute
certainty. In chemistry, however, structures are sometimes
postulated on the basis of a single "H NMR spectrum, often
erroneously. Moreover, it is not possible to predict how many
experiments will be required. Instead, the researcher will
perform experiments based on budget, time, and the possibly
the expectation that the analysis is complete once the first
possible solution that matches all the available constraints (e.g.,
chemical shifts, multiplicity, and correlations) has been found.
Often, solutions are proposed based on previous results ob-
tained for similar molecules; yet other solutions may exist and
further experiments be required to single out the correct
structure. Thus, an“elucidated” structure can be viewed as
a possible solution that fits the available experimental data.

While other factors may contribute to erroneous structural
assignments, the urge to stop after an apparent solution and
failure to recognize that more than one structure can be equally
or more consistent with the experimental data is likely the root
cause of the errors. Computer-Aided Structure Elucidation
(CASE) software? is invaluable for overcoming this limitation by
finding all structures which are consistent with the available
data. Moreover, CASE tools are capable of ranking candidate
structures by comparison of experimental and empirically pre-
dicted "H and "*C chemical shifts, and remaining ambiguities
can be resolved by inclusion of DFT calculations.?

Once an incorrect structure has been detected, the correct
structure may still not be obvious, particularly if the structure is
unusual.* In such cases, CASE software can be valuable by
providing probable structures for further consideration. While
this can potentially be done using the tabulated correlation data,
access to the raw NMR data it is valuable or even essential for this
process. Collectively, the uncertainty inherent to structure

This journal is © The Royal Society of Chemistry 2019
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elucidation is significant. Moreover, new structures are pub-
lished daily without their corresponding experimental support,
or with the compressed molecular formula strings (e.g., Simpli-
fied Molecular Input Line Entry System [SMILES]), making peer-
review a difficult or an almost impossible task. In this context it is
safe to assume that the literature may contain erroneous struc-
tures and that a strategy is needed to deal with this issue.

1.3 Human and machine processing of NMR data

Progress in cheminformatics permitted the building of tools to
help validate assignments and, thus, unveil incorrect struc-
tures.>® Indeed, computers may calculate all the solutions
allowed by a potentially incomplete set of constraints. Software
already exists that can handle all aspects of interpretation of
NMR spectra, from peak-picking and chemical shift predic-
tion®'® to assignment and elucidation.®”**** The last two
heavily rely on the accuracy of the chemical shift prediction,
which in turn heavily relies on the quality and amount of known
structure assignments available for training algorithms. As
a consequence, most automatic spectral interpretation
programs rely on large databases of previously assigned spectra;
tools such as LSD [http://www.univ-reims.fr/LSD] or CCASA*
developed by Nuzillard et al. are notable exceptions. Ensuring
that these data are correctly assigned is essential to avoid
continual propagation of structural errors. Therefore, even with
the assistance of cheminformatics, the challenge of peer-
reviewing published spectral interpretations still remains. But
there may be another approach.

Acknowledging the fact that several signals can be assigned
from integration and correlation constraints alone**? paves the
way for unsupervised self-learning procedures that interpret
spectra completely from scratch.” During the first iteration, the
procedure tries to assign as many atoms’-signal pairs as
possible without the help of chemical shift constraints. In other
words, assignment is performed based on signal area, multi-
plicity and correlations, and only unambiguous assignments
are stored. These assignments link the observed chemical shifts
to the assigned substructures, providing new knowledge to the
chemical shift predictor. In a second iteration, the algorithm
will reassign the same data, but this time using chemical shift
constraints inferred from the knowledge just acquired. Itera-
tions continue until a steady state is reached, i.e., no new atom-
NMR signal pairs can be assigned. When new data is submitted,
the system assigns it and may run a new iteration. Hence, the
algorithm builds its own database of assigned spectra without
any human intervention.

Peak-picking should be implemented as part of this self-
learning loop also. Indeed, modified data must be consid-
ered a representation of the original. A missing signal
because of low signal to noise ratio or an additional signal
from a poorly identified impurity are common errors that
affect the outcomes of such a system. Although assignment is
performed on peak-picked data, automatic peak-picking
itself should be seen and implemented as an iterative
process that ends when a successful assignment is found.
Having brought assignment, prediction and peak-picking

This journal is © The Royal Society of Chemistry 2019
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into a self-learning loop allowed the demonstration that
a program may be conceived to avoid any human assump-
tions and faithfully generate all the solutions to the assign-
ment problem. A similar approach can be implemented that
applies CASE? strategies and DFT calculations® to generate all
possible solutions to the elucidation problem and verify
them. Such a program would see all possibilities allowed by
the visible faces of the cube and allow thorough review of
published assignments. That is, as long as the full, raw,
unprocessed and unassigned data are published.

Hence, artificial intelligence may be applied to automatic
structure elucidation. However, any operation performed on the
truly raw, original NMR data (FID and associated information), as
saved initially by the NMR spectrometer, can alter the final
representation of the spectrum and may introduce errors. Conse-
quently, any modification of the raw data should be considered
part of the elucidation procedure and regarded as a process that
can be improved. For this reason, only raw data must be input into
the learning procedure of the automatic structure elucidator.
Thus, developing new tools to assist researchers in their daily task
requires large sets of high quality data stored in a correct manner.
This goal can only be reached if the dissemination of original data
becomes a standard component, if not a requirement, of estab-
lished publication mechanisms.

1.4 Molecular transparency

Traceability and reliability of analytical results (detailed knowl-
edge of total error and method specificity) as well as analytical
data comparability are of utmost importance to make science
transparent on a global level. This holds especially true if such
results are key in decision making, as in medical diagnosis, food
and feed safety, environmental pollution tracking, and many
more areas. Even in the 21° century, the scientific base of such
undertakings is often not transparent, albeit that peer reviewed
publications are daily business in applied and basic science.
Lacking or incomplete information on the technologies used, or
unclear declaration of utilized reference materials, hampers not
only scientific progress, but also complicates the transfer from
science to routine applications. Once an analytical strategy is
applied in, and validated for, routine use, vagueness in the basic
cornerstones of an assay, including (1) lack of information on
identity and purity of reference materials, (2) a poorly docu-
mented chain of traceability in calibrator materials, and (3)
missing clear-cut communicated measurement conditions, can
all lead to unnecessary platform bias and an overall increase in
inter-laboratory data scattering and inconsistency. As many
scientists are involved with the establishment and execution of
LC-/MS-driven assays for routine analysis, the importance of
NMR in the total analytical process is unclear or unknown.
However, NMR specialists are already aware of the power of
“their” methodology.

Aside from X-ray crystallography, NMR spectroscopy is still the
only spectroscopic method accepted for an unambiguous struc-
ture elucidation (not only for identification) of a molecular scaf-
fold, especially in the realm of organic compounds. Today, high-
resolution 'H and C NMR spectra become more widely
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recognized as being “molecular fingerprints”, which can even be
predicted computationally. While two-dimensional 'H-detected
experiments allow the transformation of "H and ">C NMR reso-
nances into molecular scaffolds, contemporary technologies still
do not automate this process. Finally, while carbon-carbon
connectivity mapping would complete NMR based molecular
cartography, and despite recent progress with these experi-
ments,'*™*® this approach is limited by sensitivity and not used
widely.

1.5 Molecular topography

By analogy, it is well known that modern terrestrial cartography
has changed dramatically recently. Traditionally, the painstaking
work started with planes doing analogue aerial photography and
technicians deriving a (finally digital) terrain model thereof. This
model still is a framework for detailed and accurate maps filled
by information derived from the photographs or from terrestrial
reconnaissance, often by foot. Such maps, used by almost
everyone moving through the environment, have been replaced
by highly automated processes relying on space technology based
surveying by the “shuttle radar topography mission“ (SRTM) data
gathered by the space shuttle Endeavour in 2000. Users who lack
detailed knowledge of the involved technologies rely on the
assumption that the “maps” involved are reliable. It is assumed
that they are comparable and demand that the presented infor-
mation is representing “the true” environment. However, in
reality these claims are quite often not met. Traveling distances
do vary, road conditions encountered are discrepant to mapped
ones, and hiking maps are too often lacking detailed terrain
visualization. Whenever “maps” are involved in legal processes,
e.g., when we use cadastral maps as planning tool, it is assumed
that certain mapping products are accurate and precise two-
dimensional presentations of the three-dimensional open
space. It must not be overlooked, that these assumptions are
made because the production of such maps is traceable to an
agreed digital terrain model, the technological process of the 3D
to 2D transformation is well described and its error margins are
understood and communicated.

NMR spectroscopy is also a “mapping tool”, just on
a molecular scale level. It is based on scientific inventions and
breakthrough processes made 50+ years ago; its modern digital
version, the FT NMR technology, has been on the market for
more than four decades. Due to its technological complexity
and costs, access to NMR spectroscopy has been limited to
a very small number of practitioners. The latest “soft revolu-
tion” in the application of NMR spectroscopy reached the public
about twenty years ago, meanwhile very successful first
attempts have been made to transfer the NMR data interpreta-
tion from UNIX or Linux operated work station environments to
desktop computers integrating NMR data into the everyday
office. Now, for this type of software the Gardner hype cycle
“trough of disillusionment” (which was very shallow) has been
successfully transversed and a stable, productive working
environment has been achieved.

Parallel to the development of NMR technologies, the
interpretation of the NMR data is also experiencing constant
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change. Beginning from reporting selected NMR signals with
molecular position annotations based on increment rules and
similar estimation tools relying on conclusion by analogy, the
introduction of high-resolution cryogenic magnets and the
Nobel prize winning innovation of FT-NMR based 2D NMR
spectra, changed the situation remarkably. Complete correla-
tion of NMR signals and molecular positions became a must in
describing a novel compound. Especially in NP science,
comprehensive data representation was understood as
mandatory whenever new NPs were claimed. In organic
synthesis, standards were kept lower for significant periods of
time, some prominent and well-ranked journals did not even
request molecular position assignments of any of the NMR
signals in spectral data. About a decade ago, Nicolaou and
Synder® showed in a comprehensive study that, in the process
of NMR-based structure elucidation, erroneous structures
resulted with noticeable frequency and ultimately reflected
inadequate structure elucidation efforts.

Very recently, Wolfgang Robien affirmed this postulate by
running the >C NMR database CSEARCH against recently
published structures. He again was able to show that erroneous
assumptions in the structure elucidation process (e.g., lacking
spectral evidence, no 2D methods performed) were leading to
incorrect structures.”

2 Introduction to the organization of
this review

The numerous scientific rationales that support the urgency of
public dissemination of raw NMR data fall into the following
groups:

2.1 Rationale 1 - structure revisions

This represents the largest group and many cases can be
grouped into sub-categories, the largest comprises structures
originally proposed with an incorrect ring closure. Another,
somewhat embarrassing subgroup, consists of structures which
are blatantly incorrect or where, even with a cursory examina-
tion, of available data never should have been proposed. In
these cases, the raw data would have allowed a reviewer to
recommend changes and/or detect issues. A final set involves
other types of revisions.

2.2 Rationale 2 - impurity detection and quantification

For several decades, the majority of NP research has been fueled
by the search for bioactive compounds, drugs (human and veter-
inary), herbicides and other pesticides. This quest was focused on
the use of bioactivity-guided fractionation. Here, a purity assess-
ment of the final product assigned the bioactivity is critical, as
high potency minor impurities invalidate the conclusions. Hence,
both quantification and identity of impurities are critical.

2.3 Rationale 3 - dereplication

The bane of most NP chemists' endeavors is the “rediscovery” of
a known compound. The schemes and protocols developed to

This journal is © The Royal Society of Chemistry 2019
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avoid, or at least minimize, this occurrence have often been
complex and varied. They have aimed at detecting known
compounds as early in the discovery process as possible.
However, none has ever had claims of sterling success. The fact
that 1D "H NMR and "C spectra can serve as unique finger-
prints of a given compound (for "H methodology, see Sections
3.3 and 5.1) makes NMR a highly specific tool for dereplication,
and whenever this can be applied early during fractionation (see
Section 5.3), it provides a quantum leap in discovery.

2.4 Rationale 4 - enabling new methodology

Science advances with the development and use of new
approaches and methods. This section features recently devel-
oped and utilized methods, which can provide the scientist with
valuable tools to interpret spectra from raw data.

2.5 Rationale 5 - other nuclei

This section adds the perspective of '°F, N, and *'P NMR
spectroscopy. Although fluorine occurs rarely in NPs, it is
frequently introduced into derivatives to improve drug phar-
macokinetics. Its high magnetic moment, broad chemical shift
dispersion, and extensive coupling make '’F NMR spectroscopy
almost a sub-specialty. Similar considerations apply to phos-
phorus, and the raw data from these spectra are every bit as
data-intensive as those from a "H NMR spectrum. Nitrogen is an
important heteronucleus in many NPs, but "°N sensitivity has
restrained a more widespread application to date. Raw data can
play an important role to overcome this limitation by expanding
the utility of valuable existing ">N NMR data with regard to
structural interpretation.

2.6 Rationale 6 - data repositories

Raw NMR data only reaches its maximum potential if it is
universally accessible. Unfortunately, chemists have fallen

CH,

Original Proposed Structure

behind the geneticists in the establishment and general
acceptance of a universal database. Although, several lauda-
tory efforts have assembled databases, with some described
here, the amount of NMR data generated around the world
makes the compiling of a single database for each nucleus
a growing, and already gargantuan, task, discussed further in
the conclusions.

2.7 Rationale 7 - clinical applications

Most readers of this review will probably find this section alien
to their everyday interests. However, those who have had need
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to take advantage of this foray of physics into the medical field
will surely appreciate its capabilities and enjoy reading of how
the raw data has its role here also, and the optimistic view
anticipating quantum leaps forward in medicine from progress
in this area.

3 Structure revision

Structural revision can occur at three points of scientific
discovery, preferably prior to publication, either in the origi-
nating laboratory or at the manuscript review process, or less
ideally post publication. One example which was only pub-
lished after an initial misassignment was discovered in house
is represented by the neolignan from Magnolia grandiflora L.>*
This is an excellent example of the Rubik's cube philosophy
discussed above. The structure, 1, originally proposed on the
basis of HRMS, "H NMR and "*C NMR was questioned on the
basis of biosynthetic considerations. A further examination of
2D NMR, specifically one-bond and long-range correlations
from HMBC and HSQC experiments, respectively led to
a revision to structure 2,”* but this revision would not have
been possible from the 1D data alone. In most cases of
Structure Revision that see the light of day, the initial incor-
rect structure is not corrected in-house but published as
such, and correction comes when another group isolates
and/or studies the same compound. While one can only
speculate about the likelihood of a published structure being
incorrect, recent systematic studies employing relatively fast
parametric/DFT hybrid computational methods have found
substantial mismatches between predicted and published
data.*®?* For a series of nearly 100 sesquiterpenes, discrep-
ancies occurred for as many as 14% of the published struc-
tures and indicated the need for substantial structural
revision.

Final Structure |
CH,

Moreover, concerns were expressed as early as in the mid/
late 1970s by Zimmerman and co-workers (see footnotes 12 in
ref. 25 4 and in ref. 26) regarding the exclusive use of spectro-
scopic structure elucidation methods while not including more
classical approaches involving chemical synthesis and/or
chemical degradation together with bulk analytical methods
such as elemental analysis for a more thorough approach to
structure elucidation. Similar concerns regarding the integra-
tion of chemical and spectroscopic structural analysis were
expressed by Faulkner (page 1433 in ref. 27) and Robinson (in
a letter to Chavrarti, as referred to in ref. 28). Following some
(undocumented) statistical analyses, Zimmerman raised the
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potential apprehension that relying on spectroscopic evidence
alone carried with it a substantial probability of structural
misassignment. While a classical approach involving total
synthesis may not be feasible within a reasonable time frame in
NP research, it is of interest to compare Zimmerman's predicted

H,C o)
s CHy
0] 3

CH HHCA Original

probabilities of erroneous structures of 10-22% with the ca.
14% incidence rate found very recently by Kutateladze and co-
workers.”>?* These findings confirm the validity of the
cautionary notes raised 40+ years ago,**® and demonstrate the
importance of purity and residual complexity*® in both analyt-
ical and NP chemistry: classical bulk analysis methods such as
microanalytical and (mixed) melting point determinations are
more sensitive to minor impurities than many of the contem-
porary spectroscopic methods. Notably, the demand for purity
of bioactive NPs and other chemicals is essential for rigor and
reproducibility of research outcomes.

Here, raw NMR data plays important roles in documentation
by enabling the retrospective determination of the purity of
previously investigated materials. Notably, the need for re-
assignment of NMR spectra and/or achievement of a complete
assignment of at least the full chemical shifts and coupling
constants of the 'H and *®C framework, can be estimated to be
much greater. Reflecting on the general gap in the assignment
of the relatively complex "H NMR signal patterns, this consid-
eration affects the scientific context of structural correctness,
the resulting reproducibility of downstream research, intellec-
tual property issues, and their collective economic impact. The
role of (raw) NMR data in the structural revision of NPs has been
highlighted prominently in a recent review by Kubanek and co-
workers.*®

3.1 Incorrect ring closures: furan vs. pyrone ring systems

The putative new compound 2-heptyl-5-hexylfuran-3-carboxylic
acid (HHCA; CAS 1256499-01-0, compound 3 in Fig. 24) is
produced by the rhizosphere bacterium Pseudomonas sp. strain
SJT25.3* HHCA exhibits broad antifungal activity against several
phytopathogens and was considered a new promising bio-
pesticide. This led to further fermentation studies** and
a patent being filed and granted in 2012.** However, biosyn-
thetic considerations raised doubts about the structure. With 18
carbon atoms it was assumed that HHCA was generated by nine
acetate units but these units could not be lined up, by a single,
or a two chain-mechanism to give upon cyclization HHCA. A
database search using the molecular sum formula pointed to
pseudopyronine B, an a-pyrone-based compound with an
identical NMR data set, that is produced also by several Pseu-
domonas species.**” Indeed, the UV-absorption (208 and 290
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nm) spectrum and the **C NMR data of pseudopyronine B (4)
were nearly the same as those for other 3,6-disubstituted 4-
hydroxy-2H-pyran-2-one-based compounds.**** Thus, the
structure of HHCA has to be revised to that of 4 (Fig. 2A/B).

H;C | 0
=
HO CH,
4

HHCA Revised to Pseudopyronine B

Unfortunately, the authors assigned the carbon atom C-6,
resonating at 167.3 ppm in the *C NMR spectrum together
with a broad singlet signal at 10.31 ppm in the 'H NMR
spectrum to a putative free carboxylic acid moiety, bound to
a disubstituted furan ring. This conclusion was thought to be
corroborated by IR absorption at 1635 cm ™' and a loss of m/z
44 (loss of the COOH group by decarboxylation, in the MS
spectrum (Fig. 2C)). However, actually, the carbon atom C-6 of
HHCA (6 167.3 ppm) corresponds to C-4 of pseudopyronine B;
and the OH group of the COOH of HHCA (6 10.31 ppm) equals
the OH group bonded to C-4 of pseudopyronine B. Further-
more, the observed broad IR absorptions at 1635 cm ™" repre-
sents an overlapping signal which is generated by the
stretching frequencies of the tautomeric C=0 bond"* and
C5s=C, of the a-pyrone ring.**** In the MS spectrum, the loss
a CO, group is commonly observed from the pyrone ring
system (Fig. 2D).***

In the original report of HHCA, the tri-substituted furan
ring was deduced on the basis of >*C NMR shift values and
HMBC correlations observed between H-4 and C-2, C-3, C-5
and C-1”, while the linkages of the alkyl chains were
deduced from HMBC correlations from H,-1' with C-2, C-3
and C-6 and from H,-1” with C-4 and C-5. Regarding the
'H-"*C HMBC correlations, the pair H,-1'-C-6 suggests
a questionable ¢ i coupling, which indicated already that
the original core was wrongly determined, because the HMBC
experiment is in a standard setup optimized for 2-3 bonds.
The observation of long-range coupling over four bonds is not
impossible (e.g., foremost in aromatic systems or as a W-
coupling in planar aliphatic systems) but commonly pres-
ents a weak signal. In the case of a strong signal, it could be an
indicator for a misassigned structure. The authors presented
in the ESIf the HMBC map, however only a section from 0-
120 ppm in the f1 dimension is shown, and the decisive range
(150-170 ppm) is regrettably not visible. The availability of
NMR raw data could have clarified this issue. During the
course of the study of the biosynthetic origin of pseudopyr-
onines, the Gross group re-isolated congener B (4) and
observed no correlation between H,-1’ (6 2.44 ppm) and C-6 (6
167 ppm) from the "H-"*C HMBC NMR map (Fig. 3). It should
be noted that a variety of more recent 2D NMR experiments

improve the detection and/or distinction of 23]

B
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Fig.2 The putative (A) and revised (B) structure of 2-heptyl-5-hexylfuran-3-carboxylic acid (HHCA; 3), which was reported as pseudopyronine-
B. Arrows in A and B indicate *H-*C HMBC correlations; red color indicates “J, 1y coupling of interest. Panel C shows the putative explanation of
the MS/MS fragmentation of HHCA in negative mode; fragmentation of the pseudomolecular ion [M — HI™ = m/z 293.2. Panel D provides the
correct true explanation for the observed MS/MS fragment. The arrow with the solid line in (C) and (D) directly shows the decarboxylation

process.

couplings, such as H2BC, LR-HSQMBC,*"** and HSQMBC-
COSY/TOCSY*® experiments (see also the review by Breton and
Reynolds™).

Nevertheless, such a correlation can be much better ratio-
nalized by the pyrone than a furan ring structure. Finally, Gross

6 — 17/6

2 1/2 C L]

and coworkers conducted labeling experiments employing
doubly '*C-labeled acetate and confirmed in this way the
structure by the determination and localization of intact acetate
units via measurement of Jc ¢.*” Similarly, Reibarkh et al. have
emphasized the utility of uniform **C labeling of microbial NPs,
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Fig. 3 H-3C HMBC NMR spectrum of pseudopyronine B (4); insert show details of the 160 ppm region.

This journal is © The Royal Society of Chemistry 2019

Nat. Prod. Rep., 2019, 36, 35-107 | 43


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7np00064b

Open Access Article. Published on 13 July 2018. Downloaded on 9/28/2025 2:04:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Natural Product Reports

which becomes feasible via the availability of uniformly
labeled glucose.*

3.2 Incorrect ring closures: the lipopeptide arthrofactin

In 1993, Imanaka and co-workers reported the isolation of the
cyclic lipo-undecapeptide, arthrofactin from the bacterium
Arthrobacter sp. MIS38. This compound possesses a high
surface activity and was assigned the structure 5. Later, the
corresponding biosynthetic gene cluster was characterized.**
The gene cluster (arfABC) coded for the expected 11 NRPS
modules, required for the assembly of the linear lipo-
undecapeptide portion and a terminal tandem thioesterase
(TE-I/TE-II). Particularly, the TE-I enzyme system is responsible
for the hydrolysis and cyclization of the linear lipopeptide
precursor. Nowadays, it is possible to predict the cyclization
process by bioinformatics because the TE's reveal clades of
enzymes that reflect the cyclization step. Bioinformatic analyses
with the TE-I of ArfC led to the hypothesis that the ring closure
occurred between Asp11 and Thr3 to give structure 6 instead of
a lactone ring between Asp11 and the 3-hydroxy group of the
fatty decanoic acid side chain as originally suggested.>

oH L-lle- 9
Lleu7 79 L-lle-10
HsC D Ser- 80 o
HN
Ho " S0
D-Ser- 6

HoC/(SLOH | O

D Leu- 5 H 5
HiC o
D-allo- COOH
CH, Thr-3 D-Asp-2
D-Leu-4

A re-analysis of the "H-"*C HMBC correlation map and the
'H-'H NOESY correlations, enabled by the availability of the
raw data, would have revealed problems with the first inter-
pretation. The closure of the cyclic peptide between Thr3 and
Asp11l was demonstrated using the following evidence: the
carbonyl carbon of Asp11 shows a HMBC correlation with the
Asp11 Ho and Thr3 HP hydrogens (Fig. 4A). Furthermore, the
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Thr3 Hy shows a NOESY correlation with the Aspll Ha
(Fig. 4B). Therefore, the closure of the ring must be situated
between the Asp11 carbonyl group and the Thr3 hydroxyl group.

3.3 Incorrect ring closures: the case of aquatolide

The initial structure for the sesquiterpene aquatolide (7)
described in Asteriscus aquaticus,”® contained an unusual
bicyclo-hexane ring structure. This was revised recently to 8 by
additional NMR experiments, X-ray diffraction analysis and
quantum chemical computations,* as well as by independent
total synthesis.>”*® However, a thorough analysis of just the 'H
NMR spectrum, enabled by the availability of the raw data,
would have revealed problems with the first interpretation. The
feasibility of this approach was demonstrated via HiFSA ("H
iterative Full Spin Analysis) from the FIDs of the original 1D 'H
NMR spectra,* obtained with both the re-isolated natural* and
synthetic® material. Using the PERCH software tool and an
established HiFSA workflow,°** it was possible to extract no
less than seven coupling constants from signals that had only
been described as “multiplets” in the original work (see
example of H-5a in Fig. 5). Some of these are surprising from

COOH

/E%_ -Asp-11
5 Arthrofactin Original

CH)W\
CHz HN 15 CH,

3-OH-decanoic acid 10

)k/ H CJ\CH

D-Leu-1

6 Arthrofactin Revised

L:}MW

3-OH-decanoic acid

either the original or the revised structure. E.g., aquatolide
shows a J coupling of 7.2 Hz through saturated carbons, but
this is fully consistent with the quantum mechanical calcula-
tions from the revised structure. While being unexpectedly large
and not leading to a “hidden” signal splitting, the 7.2 Hz
coupling could be fully explained as being due to the spin-spin
interaction between two bicyclic bridgehead hydrogens via two

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Selected regions of 2D NMR spectra of arthrofactin (6). (A) The
'H-13C HMBC 2D NMR spectrum indicated that both Ha of Asp1l and
HB of Thr3 are coupled with the carbonyl of Aspll. (B) The H-'H
NOESY spectrum exhibited key NOE correlations between Hy of Thr3
and Ha of Aspll, indicative of the ring closure between Thr3 and Asp1l.
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Fig. 5 Comparison of the results of typical *H NMR processing with
spectrometer default settings (exponential multiplication [EM] with LB
= 0.3 Hz; often the default processing scheme in NMR spectrometers)
and lineshape-enhancing methods such as Gaussian—Lorentzian plus
zero filling (LG) shows that raw data availability enables the analysis of
what otherwise would be considered a multiplet or “br d” of H-5a in
aquatolide (8). Representing a ddddq signal of near first order, a wealth
of structural information can be extracted from raw data as simple as
a 1D *H NMR spectrum, for each of the hydrogen signals, yielding an
almost complete structural picture of the aquatolide molecule from
<200 kB of raw data.
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routes. It is important to note that the tabulated NMR data
were/are not an adequate tool for the reader to verify the
assignments, whereas the digital '"H NMR data provided this
opportunity. NOESY and "*C NMR spectra were also impor-
tant for differentiating between the initial and revised
structures.

CHs

O H H HaHb

7 (0] 8

Aquatolide Original Aquatolide Revised

Evolving from the aquatolide study, was also the intro-
duction of Quantum Interaction and Linkage Tables
(QuILTs),* which provide a checkerboard presentation rather
than a classical table as a means of rapidly viewing the rela-
tionship between coupling constants and bonding proximity.
The combination of available digital data and a more intuitive
representation of the interpreted data, such as in QulLTs,
would have pointed out the inconsistencies in the original
structure that were in fact expressed in the J-coupling patterns
and signal multiplicities. It should be noted that HiFSA
profiles enable the calculation of NMR spectra at any desired
resonance frequency, meaning that the NMR information
extracted from a given spectrum becomes independent of the
magnetic field strength. This is particularly useful for '"H NMR
based dereplication, when reported data has used a different
magnetic field. Compiling HiFSA data in the form of QuILTs
has the added advantage of being a more intuitive represen-
tation for human interpretation and providing a tabular
format that is closely related to the data matrices of spin
simulation tools.

Although QuILTs provide a good check on the structure
elucidation and a more comprehensive description of the "H
NMR spectra, they do have to be considered together with
configurational arrangements. Chemical synthesis and X-ray
crystallography will remain the final arbiter of structure
determination. However, the former in particular will be
greatly simplified by starting with the correct structure, and
the initial structure is almost invariable the outcome of
spectral analysis. The aquatolide case exemplifies the need
for thorough and complete analysis of NMR spectra, and the
need to go beyond first order visual analysis of a processed "H
NMR spectrum. It also reminds researchers of the illustrious
quote the astronomer, Carl Sagan, whereby “extraordinary
claims require extraordinary evidence”, which is widely
considered a variation of the principle by the Bayesian stat-
istician, Pierre-Simon Laplace, according to which “the
weight of evidence for an extraordinary claim must be
proportioned to its strangeness”.®® Finally, the case high-
lights the power of advanced post-acquisition processing in
structure elucidation.
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Fig. 6 Partial 'H NMR spectra of the authentic natural products* (A) and synthetic [p-Hiva?, [p-MeAla™]-coibamide®® (B).

3.4 The case of coibamide A stereogenic centers, that was originally proposed as the “all-L”
diastereomer (10) in 2008.** Ensuing attempts at total synthesis

The cyanobacterial coibamide A (9) is a highly N,0-methylated T ) ) - )
were initially plagued by inefficient coupling of the sterically

depsipeptide (1287 Da), comprising 11 residues with 13
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Fig. 7 Downfield portion of the *H NMR spectra of the authentic natural product (A),5* synthetic [p-Hiva?], [o-MeAla']-coibamide (B),** all-L-
coibamide (C),%® and [p-MeAla*]-all-L-coibamide (D).*°
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hindered N-methyl amino acids, which promotes racemization
and diketopiperazine formation,* and requires tedious residue-
specific optimization of coupling reagents and conditions.
Ultimately, Yao et al.®® reported the configurational revision of
coibamide A (9) in 2015, with inverted configuration of both the
[Hiva] and [MeAla] residues compared to the originally assigned
structure. The published "H NMR spectra for this [p-Hiva?], [p-
MeAla'']-coibamide A (9) and the NP were very similar (Fig. 6),
while the "*C NMR spectra matched perfectly. The McPhail
group collected and fully assigned comprehensive 2D NMR data
for this synthetic product, confirming the match with the NP.*”
However, the complexity of the "H NMR spectrum for coiba-
mide A, and their experience with "H NMR analyses of synthe-
sized methylated oligopeptides, highlighted the potential
difficulty in discerning differences between the crowded 'H
NMR spectra for closely related diastereomers of a NP with the
size and number of stereocenters of coibamide A. Consider-
ation of the potential for multiple N-methyl conformers
(rotamers), and/or diastereomers arising from sluggish
coupling reactions, as well as the presence of impurities, was
critical in evaluating synthetic products and moving ahead with
SAR studies. Before the configurational revision of coibamide A
was reported, He et al.®® achieved the total synthesis in 2014 of
the proposed “all-L” diastereomer 10, which yielded "H and **C
NMR data that clearly did not match those for the NP (Fig. 7),
and was 1000-fold less cytotoxic. Notably, structure 10 also
appeared to be more flexible than the NP (in CDCl;), as indi-
cated by apparent N-methyl conformer signals, as judged by the
chemical shift pattern and signal areas. Concurrently, while
investigating the synthesis and SAR of coibamide A, Fujii and
coworkers produced [p-MeAla]-epimer 11,* as well as several
unpublished diastereomers. The latter diastereomers vary by
single stereocenters and are under investigation for their vari-
able biological activity, with potential uncoupling of cytotoxicity
from their primary mechanism of action as inhibitors of cellular
protein secretion’ involving the Sec61 translocon.
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Accurate verification of the absolute structure of each
synthetic product is, thus, critical. Thus far, the 'H NMR data
for published diastereomers do show discernible differences
and consistencies relevant to configuration (Fig. 7), especially
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when raw data is processed consistently and directly overlaid for
comparison to detect slight chemical shift discrepancies and
changes in signal shape of overlapped resonances. Access to raw
NMR data for synthetic products has also allowed specific
integration of minor and/or major signals for quantitative
evaluation of the contribution of N-methyl conformers, diaste-
reomers and impurities, which substantially affect the biolog-
ical activity of coibamide compounds.

3.5 The structure of aldingenin B

The initially reported structure of aldingenin B (12), con-
taining a highly unusual intramolecular ketal, was assigned
based on extensive analysis of NMR spectral data (COSY,
HMQC, HMBC).” The reported structure was recently deter-
mined to be incorrect by total synthesis of 12 7> An alternate
five-membered hemiacetal structure (13), was proposed based
on computational simulations of the "H NMR spectrum of
both the originally reported structure and the revised
proposed structure with comparison to the experimental
NMR data for the synthetic material corresponding to the
reported structure and the original NMR spectrum of aldin-
genin B.”?

Aldingenin B Revised

Inspection of models of the reported structure reveals the H-
6-H-5 dihedral angle to be 90° (£2°); the expected coupling of
such vicinally orthogonal hydrogens is <2 Hz. The natural
sample displayed an 8.4 Hz coupling between these nuclei,
while there was no detected coupling between H-5-H-6 in the
synthetic sample. Furthermore, the reported coupling constants
for the “bridgehead” hydrogens H-6 and H-2 in the natural
sample were reported as 9.0, 8.4 and 9.6, 6.3 Hz respectively.
The expected value of coupling constants of such bridgehead
hydrogens is <4 Hz, as observed in the couplings of H-2 (] = 3.6,
1.8 Hz) and H-6 (br.s) in the synthetic sample and similar
structures reported by Dudley.”* Additionally, the HMBC
correlation map of the natural sample did not display an H-2-C-
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Table 1 Experimental and calculated *H,*H coupling constants (J in Hz) of aldigenin B (12/13)
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Match

Exp. J's (ref. 54),

natural aldingenin B

DUS8-caled J's
hemiacetal 13

Match

DUS8-caled J's
aldingenin B

Exp. J's” synthetic

aldingenin B

1 m (overlap) 14.8, 8.8, 4.4 14.2, 2.5, 2.4 14.5, 2.4, 2.2
14.8, 11.3, 8.5 14.2, 3.7, 2.0 14.5,3.8, 2.1

2 dd (9.6, 6.3)° 11.3, 4.4 2.5, 2.0 2.5, 2.0
11.2, 4.8

4 dd 14.5, 9.6 14.6, 9.6 14.1, 8.1 13.7,7.9
dd 14.5, 4.7 14.6, 5.2 14.1,7.2 13.7,7.5

5 ddd 9.6, 8.4, 4.7 9.6, 9.0, 5.2 8.1, 7.2 8.1, 7.5

6 dd 9.0, 8.4¢ 9.0, 8.8, 8.5 3.7,2.4 br.s.

9 t13.5 13.4,12.9 13.1, 12.8 13.0, 12.6
dd 13.5, 3.6 13.4, 4.6 12.8, 4.9 12.6, 4.6

10 dd 13.5, 3.6 12.9, 4.6 13.1, 4.9 13.0, 4.6

“ Calculated J's are listed in descending order with a cutoff value of 2 Hz. ? For consistency, an experimental "H NMR spectrum of aldingenin B in
CDCl; was used. © Second order multiplet, simulation gives 11.2, 4.8 Hz with these simulated constants, calculated J's for hemiacetal 13 match the
experimental with rmsd = 0.46 Hz. ¢ It seems that this ddd (pseudo-quartet) was misreported as dd in ref. 71.

8 correlation, whereas this vital HMBC signal was observed in
the synthetic sample.

A major complicating factor with analysis of the NMR data
for aldingenin B was interpretation of the coupling constants
for the H-1 and H-2 hydrogen signals. The H-1 signal was re-
ported as a multiplet and the H-2 signal J values were mis-
interpreted due to their non-first-order nature. Computation of
the spin-spin coupling constants for the reported structures
and the proposed structure (Table 1) reveal a tight correlation of
the proposed structure with the calculated values.” The origi-
nally reported H-2 apparent J's, 9.6 and 6.3 Hz, which are
significantly different from those obtained by calculation (11.3
and 4.4 Hz), are more in line with the original bridged acetal
structure, while the calculated values fit well with the proposed
structure where the six membered carbocycle is more chair-like.
It is noteworthy that the sum of the apparent J's, 9.6 + 6.3 =
15.9 Hz, is very close to the sum of the constants obtained from
the multiplet simulation (Fig. 8), 11.2 + 4.8 = 16 Hz, and that of
calculated J's for the proposed hemiacetal structure (11.3 + 4.4
= 15.7 Hz; Table 1; Fig. 9).

Had the raw electronic FID been available, once the original
structure was in question, a reanalysis could have revealed the
incorrect interpretation of the H-1, H-2 coupling constants and

4.02 4.00 3.98 3.96

Fig. 8 Simulation of the H2 multiplet (3.99 ppm) of aldingenin B with
Jia2 = 11.2 Hz and Jyp, = 4.8 Hz (apparent constants: 9.6 and 6.3 Hz,
reported by Crimmins et al.°®).
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significantly simplified the structural revision. This case further
exemplifies the clear need for thorough and careful analysis of
NMR spectra when assigning structure and highlights the need
to look past first order analysis of "H NMR data. This example
demonstrates the continued need for synthetic (or X-ray crys-
tallographic) verification of structure and illustrates the power
of computational methods in structural assignment.

A major part of the theme of this review is the need to be able
to extract all of the data pertaining to a proposed structure,
especially from "H NMR spectra. However, in the context of the
structures discussed here, it is critical to emphasize that NMR-
centric elucidation work does not exclude the need to examine
other data, in particular data related to the molecular formula.
It is obvious that the initial investigators’™ did not critically
consider the mass spectrum, by quoting an HR-EIMS of
346.0748 and not considering the challenges associated with
the EIMS of highly halogenated compounds.

3.6 Clearing the literature of blatantly incorrect natural
product structures

NPs present a colorful palette of functional groups, and it is
indeed difficult to find totally “abiotic” combinations of atoms,
at least between those unreactive with water, the milieu of life.
Phosphines and azides are among the most remarkable exam-
ples, but unusual functional groups that are unprecedented or
very rarely documented in synthetic compounds can occur as
NPs. One such case is that of f-lactam antibiotics: at the time of
their original structure elucidation, it took long to dispel the
proposal of considering them being oxazole derivatives.” While
it is, in principle, possible that NPs could “anticipate” the
existence of some functional groups or combination of func-
tional groups overlooked by synthesis or by the known biosyn-
thetic pathways,”® formulas that are chemically impossible or
too unstable for isolation are still reported as NPs, despite
continuous and significant advances in spectroscopic
techniques.

This journal is © The Royal Society of Chemistry 2019
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Correction sometimes requires only basic knowledge of
organic chemistry. For example, the doubling of NMR reso-
nances in the spectra of the amide 14 was ascribed to equili-
bration with its “isomer”, 15.”” The latter is actually a resonance
form of 14, and the equilibration process detected in the NMR is
what has to be expected for the rotameric interconversion of
E-and Z-amide stereoisomers. Also doubtful is the isolation of
the acyl chloride 16, since this functional group is unstable in
water and unlikely to exist in Nature.”
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In other cases, correction can be achieved via re-analysis of
the NMR data, which typically requires the raw NMR data to be
available. Several examples exist, such as folenolide (17)”° which
violates Bredt's rule; the “isoprenoid” core of the antifungal
18,*° which is geometrically impossible in any isomeric form; or
the trans-cycloheptene structure assigned to the peroxide, 19.*
A re-evaluation based on the tabulated data of chemical shifts,
coupling constants, and 2D correlations can lead to a successful
8 However, this kind of re-evaluation is generally
difficult as documented spectroscopic assignments can be
biased, as “problematic” signals might have been overlooked
originally, or entire sets of signal have been misassigned. As
a result, even with the availability of a synthetic version of the
alleged formula, comparison of tabulated NMR spectroscopic
data alone is insufficient for a structural revision, leaving the
issue unsettled. The availability of the original FIDs would make
such revisions possible without the need of synthesizing a non-
existent NP." This would accelerate correction of wrong struc-
tures and minimize their appearance via peer review by making

revision.

HO :

Geometrically Impossible
Structures

Folenolide
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the NMR data fully transparent to peers, reviewers, editorial
teams, and subsequently to readers.

3.7 Bredt's rule as a check on structure correctness

Research into the structure determination of monoterpenes by
Julius Bredt in the late 1800's, early 1900's, gave rise to the term
Bredt's rule. This rule states that the terminus of a double bond
can not exist at bridgehead positions (i.e., branching position)
of a bridged bicyclic system (Fig. 9).*** Interestingly, however,

Fig. 9 Generalisation of a caged skeleton containing a bridgehead
double bond (bicyclo[m.n.o]).

it was the physical organic chemistry community that laid out
empirical guidelines for anti-Bredt systems,*** which became
the holy grail of synthetic chemists for decades. Meanwhile, the
area became somewhat foreign to the NP community. Classifi-
cation of NPs with a bridgehead double bond as anti-Bredt or
not was difficult, because the underlying aspect of Bredt's rule
was stability and the large majority of NPs are stable.”* The
Williams group became intrigued with a report by Cong et al.,
reporting the isolation of neoveratrenone (20).”* The structure
presented caught their attention because it contained a bicyclo
[3.3.1] moiety with a bridgehead double bond. Although, the
parent bicyclo[3.3.1] anti-Bredt system had been previously
synthesized it was reported to be unstable. It was possible that
physical properties of the entire NP skeleton enhanced stability,
or the structure had been misassigned. Williams and Sav-
chenko® turned to the elucidation data, however, only 'H, °C,
HMBC and NOESY NMR data were presented in the article, with
no ESIf available (i.e., no additional 1D and 2D NMR data).
Without the full gamut of 1D and 2D digital data, considerable
detective work was required to interrogate the proposed struc-
ture. Nevertheless, they were able to reassign the structure of
neoveratrenone, as 21, based on a combination of the available
data, comparison with related synthetic analogues (e.g., 22, and
the co-isolation of verapatuline (23)) by Cong et al.** The latter
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lending substantial biosynthetic support to the proposed reas-
signed structure 21.
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them with the computed values; H-14b did not need such
correction, while most of the remaining SSCCs needed it again.

Neoveratrenone Original

By serendipity they later isolated EBC-219 (24), containing
a bridgehead double bond, but in a larger macrocycle.®® This led
Krenske and Williams to develop in silico parameters based on
olefin strain (OS) energies that now enable the NP community to
cross check the validity of NPs that are proposed with bridge-
head double bonds.”

3.8 Correct analysis of coupling constants

As fast and accurate computational methods become available
to organic and NP chemists, there is an increasing demand for
high quality NMR data available for examination and process-
ing in different ways. The need for raw FID data is most pressing
in 1D "H NMR spectra, where signal overlap and second order
effects often present challenges in transcribing the complexity
of the spectra into neat tables. Often complex multiplets are
interpreted with oversimplification. Few research groups report
nuclear spin-spin coupling constants (SSCCs) with due dili-
gence and high precision. It is common to encounter a doublet
of doublets with two SSCCs differing by as much as 2 Hz or more
described as a triplet with an average coupling constant re-
ported. The accuracy of computational predictions of SSCCs has
reached 0.3-0.5 Hz.°*®® Often, one faces a situation where
a difference in 1-2 Hz is the only criterion for differentiating
between two candidate structures. Computations may provide
the answer but, without experimental data reported with
appropriate accuracy, this becomes a moot point. In addition to
this, typos and other errors made in the process of transcribing
spectra into publication tables are inevitable, while the low
quality images of these spectra in the ESI} section do not help,
and serve mostly as a quality/purity control.

An example is the zoanthamine-type alkaloid 5a-iodozoan-
thenamine (25), from Zoanthus kuroshio.” DUS8+ computa-
tions®>** of its NMR spectra identified irreconcilable differences
between the computed and the experimentally reported 'H
SSCCs, implying a misassignment. However, the predicted *C
NMR chemical shifts satisfactorily matched the experimental
values. Closer examination of the SSCCs from a 600 MHz
experiment revealed that many of them deviate from the
calculated values by a factor of 1.5. For example, the constants
for H-1 through H-14a needed multiplication by 1.5 to reconcile
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Neoveraatrenone Revised Synthetic analogue

Verapatuline EBC-219

As the "H NMR spectra for several alkaloids reported in this
paper were run at either 600 or 400 MHz, it was hypothesized
that a “clerical” error had been introduced by measuring the
line spacing on a hard copy spectrum and multiplying it by the
wrong working frequency of the spectrometer. Revisiting the
raw FID data with NMR processing software would have allevi-
ated all problems.

o) CH3

5-lodozoanthenamine

Qinan-guaiane-one

Qinan-guaiane-one, (26) a guaiane sesquiterpene isolated
from Aquilaria sinensis,'"” is another representative example
where raw NMR data would have helped alleviate confusion
with structure assignment. The reported geminal spin-spin
coupling constant Je,-sp = 10.3 Hz differs from the calculated
value by almost 2.5 Hz (J.aic = 12.7 Hz). This error is probably
not a typo, but rather it is due to the fact that the multiplets are
not first order and therefore more sophisticated line fitting of
the multiplets is needed to extract the actual SSCCs here. Qinan-
guaiane-one is also an instructive example of the importance of
accurate determination of small constants. The signal for H-13
is accurately described as a 2.3 Hz triplet. It does not have
vicinal neighbors and therefore the configuration of the C-13-
OH group is m