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In the early 2000s, the first articles regarding the calculation of NMR parameters for natural products

appeared in the literature. Since then, modelling 1H and 13C chemical shifts and spin–spin coupling con-

stants for this class of compounds has experienced a remarkable increase in precision, accessibility, and

application, leading to considerable advances in the field. More recently, significant contributions from

several authors have led to continuous growth in this research field, updating and broadening the simu-

lation of NMR parameters, in particular with the application of new techniques for data treatment.

Nowadays, such studies are routinely found in the high impact literature. In this review, we intend to cover

the general guidelines and the main advances in NMR calculations of natural products published since

2012. We intend to address the bottlenecks of quantum chemical calculations of NMR parameters,

including mathematical definitions, updates, and a discussion of relevant examples, and to highlight novel

tools, for example DU8+, CP3, DP4, DP4+ and J-DP4. We will cover all aspects of NMR simulation focus-

ing on natural products, from the fundamentals to the new computational toolboxes available, combining

advanced quantum chemical calculations with complex upstream data processing and machine learning.

I. Introduction

According to Pye and co-workers, in a modern definition,
natural products are small molecules derived from the
environment, also known as secondary metabolites, that are
not involved in primary metabolism.1 A key feature of natural
products is their extensive structural and chemical diversity,
presenting molecules with unique molecular frameworks and
generating intricate molecular structures.2 Historically, natural
products have had unquestionable importance in the evolution
of organic chemistry and related areas. This advance can be
seen in the development of synthetic methodologies, frontier
orbital theory, biotechnology and, mainly, in the discovery of
new drugs.3

These natural compounds are widely used in agriculture,4,5

in the cosmetic and food industries,6,7 and especially in medi-
cines; they are obtained from terrestrial and marine organ-
isms, demonstrating the economic importance of these
ecosystems.8,9 The history of medicine is told practically since
the existence of the first human civilisations, and most new
drugs have been developed from natural products or their
derivatives.10 In the last 40 years, as natural products have rep-
resented an unparalleled source of structural information,
more than 33.5% of approved small molecule drugs can trace
their origins to natural products or synthetically designed
derivatives. This number increases to 64.9% if synthetic drugs
containing pharmacophore groups or mimics of natural pro-
ducts are included,8 indicating that researchers continue to
discover appreciable numbers of natural products with no
structural precedent.1 However, their biological activities are
governed by their three-dimensional structures, which is
related to their functional groups.11,12 Consequently, the
correct determination of the structure of these substances,
usually a difficult task, is of unquestionable importance.
Failure to establish the correct structure can dramatically
affect the drug development process.13 In new prototypes, as
an example, the synthesis development and the recognition of
structural characteristics that correlate with chemical and bio-
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logical reactivity are directly affected by an incorrect structure
elucidation.

In the past, during the 19th and the early half of the 20th

century, structure determination of natural products was an
arduous process depending almost entirely on chemical syn-
thesis, mainly by derivatisation and degradation processes,
taking years of effort. However, in most cases, the assignment
of an absolute or relative configuration was practically out of
the question.14

During the following decades, classical chemical synthetic
approaches were gradually replaced by more accurate spectro-
scopic methods, such as ultraviolet (UV), infrared (IR), circular
dichroism (CD) and mass spectrometry (MS). Nevertheless, in
the late 1960s, NMR spectroscopy established itself as an indis-
pensable tool in structure determination procedures, accelerat-
ing the pace at which isolated compounds can be identified,
thus leading to a new era in the chemistry of natural products
and drug discovery.13,15

Since then, NMR methods have grown in both sensitivity
and signal dispersion by the introduction of spectrometers
with a stronger magnetic field, associated with inverse detec-
tion micro cryoprobes and advanced electronics. This instru-
mental progress has allowed the rapid acquisition of spectra
with a much smaller sample requirement. Another important
breakthrough was the development of two-dimensional (2D)
NMR spectroscopy. 2D NMR experiments provide information
on the correlation of nuclei via scalar or dipolar couplings,
making it possible to obtain a complete structural assignment
relying entirely on NMR spectroscopic techniques.16 The 2D
NMR advance has resulted, for example, in long-range corre-
lation experiments, which allow for observing even six-bond
nJCH heteronuclear couplings, useful for the structure elucida-
tion of proton-deficient molecules.17 However, despite the
extraordinary ongoing advances in spectroscopy, the mischar-
acterisation of natural products has been and remains a recur-

rent problem, especially in the presence of several chiral
centres. The misinterpretation of NMR data has resulted in fre-
quent reports addressing the issue of structural
reassignment.18

In this context, considerable effort has been devoted to the
development of quantum chemical calculations to predict
NMR parameters, and thus achieve a more accurate spectral
interpretation. The first articles regarding the calculation of
NMR parameters for natural products appeared in the litera-
ture in the early 2000s, where the groups leaded by Bifulco,
Bagno, Sebag and Köck pioneered this application of the
technique.19–22 In 2012, a comprehensive revision paper23

covered the state-of-the-art of quantum chemical calculation of
NMR parameters in natural product chemistry. Since these
seminal papers, the computational modelling of 1H and 13C
chemical shifts and spin–spin coupling constants has under-
gone a remarkable increase in precision, accessibility and
application, generating considerable advances in the field of
natural products.23–26 To date, with the possibility of applying
user-friendly computational protocols to reproduce with high
and adequate precision the experimental NMR parameters, in
addition to aiding the structure elucidation of new natural pro-
ducts, computational methods have found great utility in
helping to uncover and ultimately revise the structure of pre-
viously reported compounds.13 This can be envisaged by exam-
ining the statistics on the use of computational protocols in
the structure elucidation of natural products. From 2012 to
2020 we found in the literature 199 papers reporting on the
isolation of natural products, presenting quantum chemical
calculations of NMR parameters in their structure elucidation
procedures, and others 30 that employed this protocol to
correct errors in the molecular structures of natural products.

This review will cover the general guidelines from the
authors’ perspective, addressing the bottlenecks of quantum
chemical calculations of NMR parameters in natural product
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chemistry, including mathematical definitions, updates and a
discussion of relevant examples. It will also promote and
present the novel tools made available in the last few years to
assist in the NMR elucidation process. This new computational
toolbox includes DU8, CP3, DP4, DP4+ and J-DP4, which
combine quantum chemical calculations of NMR parameters
with complex upstream data processing and has become the
most accurate and important alternatives to solve structural
and stereochemical problems in natural product chemistry.27

II. 13C and 1H NMR simulation
II.1: Parameters

Shielding tensors. We know that, in general, the magnetic
moment of the electron is primarily responsible for the mag-
netic response of materials. However, atomic nuclei, composed
of protons and neutrons, also show magnetic moment, due to
the resulting nuclear spin. The electron magnetic moment
(ms) is usually three orders of magnitude greater than the
nuclear magnetic moment. Thus, the application of an exter-
nal magnetic field produces a pronounced effect on unpaired
electrons, which tend to align antiparallel to the field, and a
smaller, although detectable, effect on the nucleus.

An electron has an angular moment due to its intrinsic
spin, with the z component equal to ±ℏ/2, or spin of ±12.

28 Two
spin functions may be defined, α(σ) and β(σ), where σ is the
spin variable which satisfies the eigenvalue equations. As the
electron is a charged particle, its intrinsic spin acquires the
property of a magnetic dipole. In other words, because of its
spin, an electron acts like a magnet when it is under the
action of a magnetic field.

However, not only the electron has this property. The
nucleus also has an angular moment due to its intrinsic spin
(which we call I) and an associated magnetic dipole. Unlike

electrons, the spin of the nucleus is not restricted to 1
2. For

example, the 1H and 2H nuclei have spins of 1
2 and 1, respect-

ively. In many organic compounds, hydrogen and carbon are
predominant, and they have spins 1

2.
To investigate the chemical shift, we expose a sample to an

external magnetic field, Bext, producing an induced current
due to the electronic response to this field and generating an
inhomogeneous magnetic induced field, Bind. The induced
magnetic field can be of two forms: either the applied static
field induces an interaction with the nucleus due to modified
fields or the nucleus interacts with the induced and static
fields (in this case, the Hamiltonian produces a Zeeman and
chemical shift contribution). Here, the main focus is the iso-
tropic chemical shifts produced by a static field, where
Bind ¼ �σ̂ � B0, which is induced by the surrounding electrons,
σ is the chemical shift tensor and B0 is the applied field
strength vector (spectrometer field). The energy from this
induced field is based on the interaction energy between a
magnetic field and the magnetic moment (from Zeeman
interactions):

ECShift ¼ �μ � Bind ¼ μ � σ̂ � B0 ¼ ℏγI � B0 ð1Þ
where γħI is the quantum mechanics equivalent for the

classical μ. The Zeeman Hamiltonian for all spins can be
written as:

HZeeman ¼ � ℏ
Xspins
i

γiIðiÞ � B0 ¼ �ℏB0

Xspins
i

γiIðiÞ � 1 � Bn

¼ � ℏB0

X
i

γi½IxðiÞBx þ IyðiÞBy þ IzðiÞBz�
ð2Þ

If we consider the field along the z-axis coordinate (Bx = By
= 0, Bz = 1), Bn = B0/B0 (n = x, y or z) is the vector and 1 is the
identity matrix. However, we can write the Hamiltonian for the
chemical shift (HCShift) in terms of the tensors; in this case,
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the identity matrix will be changed by the chemical shift
tensor (3 × 3 matrix) in eqn (2).

HCShift

¼ℏγiB0½IxðiÞIyðiÞIzðiÞ� �
σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

2
64

3
75 �

Bx

By

Bz

2
64

3
75 ð3Þ

The matrix components σij represent the component of chemi-
cal shift in the i-direction, where the external field is applied in
the j-direction. Therefore, we can assume that the chemical shift
tensor is symmetric for the principal diagonal elements, where
the isotropic tensor is σiso = 1/3 (σxx + σyy + σzz) = (1/3)Tr{σ}.

Using the perturbation theory to calculate the chemical
shielding for a system under an applied external magnetic
field, the chemical shifts derived from the orbital magnetisa-
tion induced by the magnetic dipole is given by:

σn ¼ �

@Bind
x

@Bext
x

@Bind
x

@Bext
y

@Bind
x

@Bext
z

@Bind
y

@Bext
x

@Bind
y

@Bext
y

@Bind
y

@Bext
z

@Bind
z

@Bext
x

@Bind
z

@Bext
y

@Bind
z

@Bext
z

2
666666664

3
777777775

ð4Þ

The shielding is the tensor that describes the relative
change in the local magnetic field at the nucleus position rela-
tive to the external magnetic field, which originates in the
interaction of the electron cloud with the external magnetic
field. It can produce shielding (local field is increased) or
deshielding (local field is decreased) of the nucleus.

For the study of nuclear spins, it is necessary to submit a
sample to high fields for appreciable magnetisation to occur,
which will produce a transition between the aligned state and
the anti-aligned state in relation to the externally applied mag-
netostatic field vector (megahertz). The magnetic moment
value associated with the nuclear spin depends not only on
the type of atom but also on the electron density around the

nuclei, since the magnetic field produced by the alignment of the
electronic magnetic dipoles modifies the magnetic field value
effectively perceived by the nucleus. The application of a magnetic
field affects the levels of spin energy, allowing the observation (in
resonance frequencies) of the spectra resulting from the tran-
sitions between these levels. The resonance frequencies are pro-
portional to the strength of the resulting magnetic field generated
by the spectrometer. Due to the use of different types of spec-
trometers, standardisation is necessary for the resonance fre-
quency, ν (almost always, tetramethylsilane, TMS, is used as the
standard). This procedure is defined by the chemical shift (δk),

δk ¼ resonance frequency of nucleus k
spectrometer frequency

� 106

δk ¼ νk � νk;ref
νspectrometer

� �
� 106 ½ppm�

ð5Þ

where νk and νk,ref are the resonance frequencies associated
with the sample and the standard, respectively. In some cases,
the chemical shift is presented as:

δk ¼ σk;ref � σk
1� σk;ref

� �
� 106 � σk;ref � σk � 106 ½ppm� ð6Þ

This procedure removes the dependence on resonance fre-

quency by the relation ν ¼ γB0

2π
ð1� σÞ. The approach considers

|σk,ref| ≪ 1 in the denominator of the relation, which is justi-
fied by the ppm scale.

The constant γ is called the gyromagnetic factor and is a
characteristic of each nucleus; B0 is the magnitude of the exter-
nal magnetic field, and σref and σk are the shielding constants
of the reference nucleus and the sample (in ppm), respectively.
For large values of σref, as in the case of heavy atoms (for
example, 119Sn), where σref is in the order of 2000 ppm, there is
an error of 0.2%; in general, error = |σref| × 10−4, with σref in
ppm, if we use eqn (2) instead of eqn (1).29 In addition, for
large values of chemical shifts, the sensitivity of this parameter
increases in relation to structural and chemical changes, due
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to the current induced by the magnetic field, mixing the
ground state with excited states.

Spin–spin coupling constants. Since its beginnings, nuclear
magnetic resonance (NMR) spectroscopy has been considered
a technique with enormous potential for determining the rela-
tive30 and absolute stereochemistry of organic compounds.31

In addition to the chemical shift, another important NMR
parameter is the indirect scalar spin–spin coupling constant,
as this is very sensitive to the local effects of electronic distri-
bution, angle of attachment and effects of substituents.
Indirect spin–spin coupling constants are transmitted through
the electrons in the bonds and are called electron coupling
interactions.32–40 This indirect coupling of nuclear spins nor-
mally leads to an unfolding of the NMR signal of each nucleus
(or group of equivalent nuclei), since the resonance condition
for that nucleus will be reached at a frequency that varies
depending on the spin states of other nuclei in the molecule.41

Recent developments in theoretical and computational
approaches have enabled studies with quantum chemistry
methods for a wide variety of molecular properties. In particu-
lar, properties resulting from a non-linear response of the
molecule to a combination of electric and magnetic fields can
be calculated. Although the theory to describe these properties
has been known for many years,42–44 the calculation of mag-
netic properties is hampered by strong dependence in relation
to choice of the gauge origin, the choice of the set of base
functions, and the description of the electronic correlation. In
theoretical methods as GIAO (Gauge-Independent Atomic
Orbitals), the problem of the origin of the gauge can be solved
with the introduction of London atomic orbitals or atomic
orbitals that include the gauge.45,46 Therefore, the application
of these methods has become widely common in compu-
tational methods for the determination of chemical shifts.

The significant increase in the number of published papers
where natural J-coupling was studied within the universe of

density functional theory (DFT) provides interesting insight
into how spin–spin couplings are affected by different types of
interactions in molecular systems. Ramsey47 described the
non-relativistic calculation of spin–spin couplings based on
four interactions between electrons and magnetic nuclei.
According to Ramsey’s theory, the second-order contribution
involving the diamagnetic spin–orbit contribution (DSO) also
consists of the indirect nuclear spin-coupling tensor, given by:

HDSO ¼ μ20eℏμN′
16π2

X
N;N ′

γNγN′

X
k

ðIN � IN′ÞðrkN � rkN′Þ � ðIN � rkN′ÞðIN′ � rkNÞ
r3kNr

3
kN′

ð7Þ

where r is the vector from the nucleus N and N′ to the electron
k, I is the angular moment, μ is the magnetic moment and γ is
the gyromagnetic factor. The DSO contribution is significant
for certain coupling constants and involves a product of two
gyromagnetic ratios of the pair of two nuclei that can be larger
for lighter atoms (resulting in a large overall DSO contri-
bution). Note that the criterion to estimate the order of magni-
tude of the individual terms is based on an electron in a Bohr
orbit; on some occasions, this estimate may not give a good
indication of the actual magnitude.

The Fermi Contact (FC) term describes the interactions of
nuclear spins with the electronic spin; it is the most important
of the terms, and can be affected by hyperconjugative inter-
actions such as, n → σ*, σ → σ*, π → σ* and σ → π*.48 The FC
term is given by:

HFC ¼ 4μ0ℏμN′
3

X
N

γN
X
k

δðrkNÞ ðSk � INÞr3kN
ð8Þ

where Sk is the spin of the kth-particle and δ(rkN) is the Dirac
delta function. Many authors adopt the point of view that
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either FC is a relativistic effect (derived from the Dirac
equation) or FC is not a relativistic effect (derived from classi-
cal electrodynamics).

The mechanism that produces an electronic polarisation of
the spins originates from dipolar interactions between the
magnetic moment and the electronic spins of one nucleus.
This interaction, that is not annihilated by the magnetic field,
is known as spin–dipolar (SD) interaction, and is represented
by:

HDSO ¼ μ0ℏμN′
16π2

X
N

γN
X
k

3ðSk � rkNÞðIN � rkN′Þ
r5kN

� ðSk � INÞ
r3kN

ð9Þ

In the isotropic phase, NMR measurements are carried out
from four isotropic contributions to the scalar-coupling con-
stant between the M and N nuclei, given by:

JM;N ¼ JDSOðM;NÞ þ JPSOðM;NÞ
þ JSDðM;NÞ þ JFCðM;NÞ ð10Þ

Vaara et al.49 published a review on spin–spin coupling
tensors that can be determined by either quantum chemical
calculations or experimental measurements. These methods
are now a standard part of quantum chemical NMR chemical
shift packages as a practical aspect for numerical calculations.
J-Coupling is a phenomenon of quantum mechanics, unlike
other NMR properties, but can be understood from semi-clas-
sical physics.

A practical approach is the analysis of natural J-coupling
(NJC) based on natural bond orbital (NBO) methods.50 The
NJC approach differs from the others by computing J-coupling
based on valence bond51 or charge density.52 Thus, the NJC
contributions could be expressed in terms of natural localised

molecular orbitals (NLMOs), intrinsic natural atomic orbitals
(NAOs) and natural bond orbitals (NBOs).53 It provides an idea
of how much the interaction can influence the total FC term
and the NJC contribution. The information is transferred over
the electronic structure to other nuclei by orientation of the
nuclear spin, allowing that J-coupling can be determined by
the nature of the chemical bond and providing some corre-
spondence with the Lewis structure. In particular, the covalent
character of hydrogen bonds can provide an understanding
about hydrogen bonding in biological systems.54–57

Both NBOs and NLMOs have populations (or occupancies)
of their orbitals highly condensed in Lewis-like bonds and
lone pairs of the Lewis structure. Instead, the transfer of spin
density (or J-coupling) is related to wave function antisymme-
trisation (see ref. 23 for more details) and to spin hyperconju-
gative delocalisation. Simply, the NJC approach can predict
J-coupling interactions and understand the signs and magni-
tudes of couplings related to molecular conformation. It
allows contributions to be satisfactorily treated using compu-
tational methods, by the decomposition of the localised mole-
cular orbital contributions from electronic unrestricted
density.58

From a theoretical point of view, the FC contributions are
sensitive to the inclusion of electron correlation effects59 and
are most sensitive to geometry changes. In this way, it is rec-
ommended to use DFT, in which electron correlation is accu-
rately treated, unlike ab initio calculations based on the usual
many-body techniques.

The NJC is based on finite perturbation theory (in this case,
the coupled Hartree–Fock theory has been used for the calcu-
lation of nuclear spin–spin coupling constants) for the FC
term. The perturbation theory of the electronic system has a
Hamiltonian describing the nuclear spin operators μM and μN
for nuclei M and N, respectively. Here, we will show the calcu-
lation of the FC term related to the dependence of the polaris-
ation (or distortion) of the electron clouds from external per-
turbations (as an example, NMR chemical shift in molecules
under an external magnetic field). The Hamiltonian is of the
form:

H ¼ H0 þ AMμM þ ANμN ð11Þ

where AM and AN are the FC terms for nuclei N and M, H0 is
the unperturbed Hamiltonian and the nuclear spin operators
are μM and μN. The FC term for nuclei N and M can be
described by:

Anuclei ¼ 16πμb
3

� �X
μ

δðrμnucleiÞSμ ð12Þ

where δ(rμnuclei) is the Dirac delta function, μb is the Bohr mag-
neton and Sμ is the electron spin operator for the μth electron.
The FC perturbation is given by λ〈ϕμ|δ(rnuclei)|ϕν〉, from matrix
elements of the Hamiltonian Hα = H0

α + λ〈ϕμ
α|δ(rnuclei)|ϕν

α〉 for
spin α and Hβ = H0

β + λ〈ϕμ
β|δ(rnuclei)|ϕν

β〉 for spin β, where λ is
a perturbation parameter and Φ is the atomic orbital at the
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nucleus position.33 For example, the FC term for nucleus N is
given by:

JMN ¼ ℏ
2π

� �
8πμb
3

� �2

γMγNλ
�1

X
μν

ρNμνhϕμjδðrNÞjϕνi ð13Þ

where γN and γM are the gyromagnetic ratio for nuclei N and
M, and ρMμν is the μth element one-electron spin density matrix
related to nucleus N. In terms of the NLMOs, the element of
the α-spin matrix elements is subtracted from the corres-
ponding matrix elements of β-spin, and eqn (13) can be easily
modified to:

JMN ¼ ℏ
2π

� �
8πμb
3

� �2

γMγNλ
�1

X
μν

ρNμν½hϕα
μjδðrNÞjϕα

νi � hϕβ
μjδðrNÞjϕβ

νi�
ð14Þ

where ϕα and ϕβ are the atomic orbitals for spin α and spin β,
respectively, and δ(rN) is in the coordinate of the atom being
observed. This results in unpaired electron spin, which propa-
gates through the molecule (ρNμν).

II.2. Computational aspects

Molecules with multiple conformations: conformational
sampling. The NMR spectroscopy timescale is relatively long.
Conformational changes in the timescale of picoseconds, such
as those arising from fast rotation around unhindered single
bonds, are too fast to be detected in common NMR experi-
ments.60 Consequently, NMR spectra usually represent a
Boltzmann-weighted average of the accessible conformers, dic-
tated by the difference in the free energies among these confor-
mers at the specific temperature set for the experiment. On the
other hand, the calculation of NMR parameters is commonly
performed on a single (and static) structure, defined by a
specific nuclear configuration. Thus, in most cases, performing
an exhaustive exploration of the conformational space might be
recommended, which can often be an overwhelming task.
Before starting sampling conformations, however, one should
be aware of a few points to avoid unnecessary work. Knowing
whether the NMR parameters are significantly sensitive to con-
formational changes, what conformers are accessible at the
given temperature and the most efficient procedure to perform
the conformational analysis will help save time and effort.23

For molecules with few rotatable bonds, conformational
sampling can be accomplished by simple inspection of the
minimum energy structures; that is, by fully optimising their
geometries with a reliable quantum chemical method and
using the corresponding relative energies to compute the
Boltzmann distribution. Alternatively, one can perform a sys-
tematic conformational analysis, by means of a regular and
controlled sampling of selected dihedral angles for each candi-
date structure, followed by geometry optimisation and the
computation of Hessian matrices of the most stable confor-
mers with the recommended theoretical model. The relative
population of each conformer is then computed from the
Boltzmann distribution.

For molecules with many rotatable bonds, automated
searches are indicated. For a molecule with N rotatable bonds
in an aliphatic or acyclic chain, 3N conformers are possible.
Even for a small molecule with only three rotatable bonds, up
to 27 conformers may be expected. Identification and compu-
tation of all the inequivalent conformers may represent a
complex task. For natural products, the existence of more than
three rotatable bonds is the rule; therefore, an automated con-
formational search is recommended. The most frequent auto-
mated conformational search techniques are the stochastic
Monte Carlo (MC) method61,62 (commonly based on the
Metropolis algorithm) and molecular dynamics (MD) simu-
lations. They typically rely on semiempirical or molecular
mechanics methods and are able to quickly sample a large
subsection of the conformational space and find local
minimum-energy candidate structures. MC simulations
perform random rotations around single bonds to generate a
large set of structures, which are further optimised, usually
with a fast computational method such as molecular mech-
anics. The result is a set of energy-minimised structures.
Several studies on natural product structures, especially for the
challenging task of determining their absolute configuration,
have adopted the MC method to explore the conformational
space of the molecule in question.63–66 When employing MD
simulations, the user must define the time span of the simu-
lation and the size of the box, as well as the physical con-
ditions to which the structure is subjected. This methodology
is particularly useful when explicit solvation needs to be con-
sidered. Plotting the dihedral angle distribution may inform
about the efficiency of the conformational sampling through-
out the simulation. The outcome of MD simulations is a trajec-
tory file containing information about the time-evolution of
the conformations. These conformations can be extracted with
or without a given number of solvent molecules (selected
within a defined cut-off radius) for a more refined optimi-
sation. MD has been employed in several studies to explore the
conformational space of structurally complex organic
molecules.67–69 Alternative automated conformational search
strategies, such as genetic algorithms,70–72 simulated
annealing73,74 and distance geometry methods75,76 have been
used to locate possible conformers. Reviews have been pub-
lished concerning automated conformational search
methods.23,26,77,78

Once the full set of conformers is sampled, the ones within
a suitable energy window (those in an energy range of 5 to
10 kcal mol−1 above the lowest energy conformation should be
enough to encompass all the structures contributing to the
experimental NMR parameters) are further fully optimised
with a more refined method, usually one based on quantum
mechanics.

Refined geometry optimisation. This is a fundamental step
to compute reliable molecular geometries and their respective
energies. Both correct geometry and reliable relative energies
are requirements to accurately compute NMR parameters.
Usually, this is done using either wavefunction post-Hartree–
Fock methods or DFT. The latter is the most frequently used,
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as it provides good results at a reasonable computational cost.
From a practical perspective, the averaged NMR chemical
shifts should take into account all the conformers within an
energy range of 3 kcal mol−1 above the lowest energy confor-
mation, enough to encompass >99% of all conformers at
25 °C. The final weighted NMR chemical shifts are computed
considering the population of each conformer obtained from a
Boltzmann distribution based on their relative energies.

Regarding the specific functional to refine the geometry
optimisation, B3LYP is still the most frequent, although there
are severe criticisms of the performance of this functional. We
address the reader to some comprehensive works on the per-
formance of different functionals based on kinetic and
thermodynamic property simulations.79–84 B3LYP has been
shown to fail in properly describing energy changes in chemi-
cal reactions,85–88 bond dissociation enthalpies89 and for-
mation enthalpies.90,91 For instance, Schwabe and Grimme
assessed the thermodynamic relative energies of more than 30
isomerisation reactions of organic molecules and found a
mean average deviation (MAD) of 2.29 kcal mol−1 using the
B3LYP/TZV(2df,2pd) method.80 A MAD of this magnitude
could lead to a misinterpretation in the Boltzmann distri-
bution to the conformational analysis. However, many of the
effects causing errors are of a systematic nature. For this
reason, by comparing conformers, there is an error cancela-
tion.23 Some reports have shown that the B3LYP functional
employed with at least a double-ζ basis set with diffuse polaris-
ation functions (e.g., 6-31+G**) can be used successfully to cal-
culate refined geometries and their free energies, validated by
the experimental relative ratio of the conformers.92,93

Alternatively, Minnesota functionals (e.g., M06 and M06-2X),
combined with the same type of basis set, have also been
found to be adequate in the refined optimisation step before
chemical shifts.94–96 Finally, a Boltzmann distribution analysis
is performed to account for the relative contribution of each
conformer to the overall NMR simulated spectrum. This is the
point at which the accurate computation of relative Gibbs free
energies for each conformer is fundamental. Eqn (15) uses the
calculated values of free energies for each conformer to evalu-
ate the abundance of conformer i relative to conformer j:

Pi
Pj

¼ e
ðGi�Gj Þ
kBT ð15Þ

where T is the absolute temperature and kB is the Boltzmann
constant. Eqn (16) accounts for the overall computed chemical
shift (δ) of a particular nucleus using the chemical shift of that
specific nucleus calculated for each conformer weighted by its
relative contribution (δi).

δ ¼
X
i

δie
� Gi

RT

P
j e
� Gj

RT

ð16Þ

Any of the eqn (15) and (16) can be fed in G by molar or
per-particle energy values. This will dictate the use of the
appropriate constant (molar gas or Boltzmann, respectively).

Whilst eqn (16) provides the actual calculation of the
Boltzmann-averaged chemical shift, eqn (15) allows rapid
determination whether the conformer in question will or will
not contribute to the chemical shift. Usually, a free energy
window of 3 kcal mol−1 above the lowest energy conformer
must account for all conformers that relevantly contribute to
the overall NMR chemical shifts.

Computing NMR parameters: chemical shifts and coupling
constants. The final goal is the calculation of the NMR para-
meters, whether to predict, to confirm or to revise a chemical
structure. In the case of confirmation/revision, the simulated
data are compared to the experimental chemical shifts by stat-
istical treatment. Section II.4 is dedicated to presenting some
possibilities, applications, and limitations. For the particular
influence of computational quantum-chemical methods (such
as semiempirical, DFT or other quantum-chemical methods
based on wavefunction) on the quality of the NMR data simu-
lation, there are comprehensive reviews that we address the
interested reader to look for ref. 23, 97 and 98. Our aim in this
section is to highlight some of the most relevant and fre-
quently used approaches for this purpose.

One of the simplest approaches to estimating chemical
shifts is the increment-based method, also known as frag-
ment-based model. In such an approach, libraries of mole-
cules with known chemical shifts are used to compare with
the molecule of interest based on their structural similarities.
This methodology of analysis has been used for decades, e.g.
by using the tables found in many undergraduate textbooks
describing the spectrometric identification of chemical
compounds.99,100 Currently, several platforms allow for auto-
mated estimates of 1H and 13C NMR chemical shifts. Featured
examples are ChemOffice,101 ACD102 and NMRPredict.103

Although some works highlight the utility of increment-based
methods, which can be as good as or even better than NMR
computed by quantum chemical methods (especially for 13C
chemical shifts),104,105 there are several significant limitations
to this approach. One is that the breadth of the library queried
limits the accuracy of prediction. If the molecule of interest
has nuclei that are not well-represented in the library, then the
discrepancies could be significant, leading to a
misassignment.23,106 Furthermore, these methods may not be
capable of correctly distinguishing stereoisomers.104 Moreover,
if the case comprises molecules with high conformational
mobility, then quantum-chemical methods are of utmost
importance to access reliable data.

DFT is the prevalent method to compute both nuclear
chemical shifts and coupling constants, as it can provide high-
quality results associated with a small computational cost.
There are several reviews showing successful applications of
different functionals in predicting, revising or confirming a
chemical structure.13,23,26,77,97,107,108 Herein, we highlight
popular functionals that have been effectively used in NMR
chemical shift calculations. Among the great zoo of func-
tionals available, the widespread B3LYP is usually suitable
enough to produce reliable results, especially if scaled for both
1H and 13C chemical shifts. Jain and co-workers109 compared
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the efficiency of reproducing 1H chemical shifts for a set of 80
small organic molecules and showed that scaled TPSS and
B3LYP functionals, with the aug-cc-pVDZ basis set and com-
puting with the continuous set of gauge transformations
(CSGT), provided the smallest errors (root mean-square error
of 0.132 and 0.127 ppm, respectively). Besides the hybrid func-
tional B3LYP, other traditionally used functionals to compute
both 1H and 13C NMR chemical shifts are the hybrid func-
tionals mPW1PW91, PBE0 and PBE1.23

In 2006, Cramer and co-workers92 developed two empiri-
cally parametrised functionals, WC04 and WP04, to respect-
ively improve 1H and 13C chemical shift simulations by remov-
ing systematic error. These functionals are derived from B3LYP
by systematically adapting the weighting parameters that
account for the exchange and correlation energies. To evaluate
their efficiency, the author simulated the chemical shifts of
more than 40 organic molecules and compared with their
experimental values obtained in deuterated chloroform. The
chemical shifts computed with WP04 and WC04 were more
accurate than the values obtained with the original B3LYP and
other functionals commonly used for this purpose, such as
mPW1PW91 and PBE1. In this work, they used the 6-311+G
(2d,p) basis set, considered implicit solvation by the IEFPCM
method in chloroform and chemical shifts were computed by
the GIAO method. However, they also noticed that, by applying
scaling factors (discussed in section II.3), the regular B3LYP,
mPW1PW91 and PBE1 functionals were able to reproduce 1H
NMR chemical shifts as well as WP04 and even better than
WC04 for 13C.

In 2017, Iron110 called attention to the fact that the usage of
long-range corrected functionals for calculating 13C NMR
chemical shifts outperformed the other classes of functionals.
In a thorough study, the author evaluated over 70 exchange–
correlation functionals, as well as the implicit solvation model,
basis set effect and the NMR method for computing the shield-
ing tensors. The recommendation was to use the
COSMO-CSGT-LC-TPSSTPSS/cc-pVTZ level of theory in the
chemical shift calculation. This level was then applied success-
fully in four case studies comprising problems in natural
product identification. The author also claimed that, although
this method was computationally more expensive than ‘con-
ventionally’ used functionals (i.e., B3LYP, PBE0, PBE1 and
mPW1PW91), the cost is not constraining.

If one desires higher accuracy and is willing to pay the cost
of using more computationally demanding methods, post-
Hartree–Fock (post-HF) ab initio methods can be used.
However, it is worthy to highlight that these methods are
usually limited to small molecules and are unfeasible for more
complex natural product structures. The second order Møller–
Plesset perturbation theory, MP2, and the coupled cluster
single-double-triple level of theory, CCSD(T), are examples of
such post-HF methods. Auer and Gauss111 reported a bench-
marking study of 13C nuclear magnetic shielding constants in
a set of small organic molecules, with low or no conformation-
al mobility, showing that near-quantitative accuracy (deviation
below 2 ppm from experiment) was achieved by using CCSD

(T). The 13C NMR chemical shifts were computed at accurate
equilibrium geometries, calculated with CCSD(T) using the cc-
pVTZ or cc-PVQZ basis set. MP2 also showed good results, fol-
lowed by DFT (unscaled B3LYP and BP86) and the Hartree–
Fock self-consistent field. In 2014, Flaig and co-workers112 pre-
sented an extensive study calculating 48 hydrogen and 40
carbon nuclei chemical shifts in 30 molecules capable of cov-
ering a broad range of the NMR scale relevant to organic
chemistry. They compared the ability of the HF, MP2 and DFT
methods to reproduce high-quality results (provided by the
gold standard method, CCSD(T)/cc-pVQZ). Among the func-
tionals, the considered hybrid-GGA functional B97-2 reached
the lowest standard deviations; however, MP2 provided the
result closest to CCSD(T).

Concerning spin–spin coupling constants (SSCC), where
the proton–proton coupling constant ( JH–H) is one of the
most important, especially when dealing with organic mole-
cules, the protocol established by Bally and Rablen113 to
simulate JH–H values has been shown to result in accurate
data. They focused exclusively on evaluating the capability of
DFT-based procedures to reproduce well-established experi-
mental JH–H values (a range of 165 coupling constants from
65 molecules, representing a good variety of the chemical
space). After assessing 250 different computational
approaches (combination of methods, density functionals
and basis sets), they concluded that calculating only the
Fermi contact (FC) term provided more accurate data instead
of computing all the contributory terms accounting for JH–H,
if one allows for linear scaling of raw results and uses core-
augmented basis sets. They recommend using B3LYP/6-31G
(d,p) u + 1s as the best and one of the most economical com-
bination for predicting the coupling constants, with Root
Mean Square Deviation (RMSD) values below 0.5 Hz com-
pared to the experimental data.

A helpful guide in the choice of the computational method
to perform both refined geometry optimisations and further
NMR parameters, as well as scaling factors for both 1H and
13C and solvation suggestions, can be found at the CHEmical
SHIft REpository with Coupling Constants Added Too
(CHESHIRE CCAT) developed by Tantillo.114

II.3. Methods for reducing error

Use of a specific reference compound. Computed isotropic
magnetic shielding (σ) values can be converted to chemical
shifts (δ) by the use of a standard reference compound. In this
procedure, the calculated chemical shift of the molecule of
interest (δxcalc) is obtained by subtraction of the calculated iso-
tropic magnetic shielding of the reference compound (σrefcalc)
and of the molecule of interest (σxcalc) (see eqn (17)).108

δxcalc ¼ σrefcalc � σxcalc ð17Þ
Usually, for natural product calculations, tetramethylsilane

(TMS) is chosen as the reference standard, since it is the one
usually employed for experimental NMR spectroscopy.
However, any molecule can be used as an internal reference,
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giving that its experimental chemical shifts (δrefexp) are known.
Thus, calculated chemical shifts can be obtained according to
eqn (18).23

δxexp ¼ σrefcalc � σxcalc þ δrefexp ð18Þ

The main advantage of using a reference compound is the
systematic error cancellation of the calculated parameters.
Considering that the same level of theory is used for calculat-
ing the molecule of interest and the reference standard, errors
in both calculations are proportional and, thus, can be can-
celled. In addition, if nuclei in both molecules experience the
same chemical environment, the error cancellation is more
significant.115

Based on these ideas, Sarotti and Pellegrinet proposed a
‘multi-standard approach’ (MSTD). In their work, several
organic molecules were tested as different standards for 13C
chemical shift calculations. They concluded that the use of
methanol as a reference for sp3 carbons and benzene for sp2

carbons provides theoretical chemical shifts with much higher
accuracy than when TMS is employed.116 In 2013, Andrews
and Spivey expanded this approach by using fragments with
similar chemical environments present in the molecules of
interest.117

Another alternative to the use of reference compounds is to
employ a linear regression method. In this approach, isotropic
magnetic shielding values are calculated for several molecules
and then plotted against experimental chemical shifts. The
Y-intercept value of the best fit line can be used to obtain
chemical shifts for the molecule of interest, as seen in eqn
(19).118 In the next subsection, linear regression approaches
will be addressed in more detail.

δxcalc ¼ Y -intercept � σxcalc: ð19Þ

Linear regression: empirical scaling methods. As mentioned
in the previous subsection, linear regression approaches can
be used to generate a Y-intercept value, employed as an
alternative to reference compounds in chemical shift calcu-
lations.118 However, the main application of these procedures
is to cancel systematic errors in calculations, using a method
called empirical scaling.119

There are mainly two types of empirical scaling methods:
internal and generalised scaling. In the former, a linear
regression is generated from computed and experimental data
of the molecule of interest. In the latter, the linear regression
is generated from computed and experimental data of a set of
molecules and then the scaling factor is applied to the mole-
cule of interest. Generalised scaling factors are more fre-
quently applied in natural product calculations.

Generalised scaling factors are generated through linear
regressions between experimental chemical shifts and calcu-
lated parameters (either computed chemical shifts or magnetic
shielding tensors can be used) for a set of organic molecules.
From these regressions, slope (a) and intercept (b) values of
the best-fit lines are used to correct calculated parameters

(δcalc) of the molecule of interest, obtaining scaled chemical
shifts (δscal) (see eqn (20)).120,121

δscal ¼ αδcalc þ b ð20Þ

Several studies indicate that empirical scaling methods can
reduce errors from several different sources, such as the
neglect of rovibrational effects, the treatment of solute–solvent
interactions and inaccuracies associated with the level of
theory. Since these errors appear to be systematic in many
cases, they can be cancelled.25,122,123

The use of scaling factors started with the pioneering work
of Forsyth and Sebag, in 1997. Based on a set of simple
organic molecules, they generated an equation to predict
chemical shifts from calculated magnetic shielding tensors.
From geometries optimised with the MM3 force field and
tensors calculated with B3LYP, along with the 3-21G basis set
for hydrogen atoms and 6-31+G* for carbon atoms, it was poss-
ible to obtain RMSD values close to 3 ppm for 13C nuclei.22

One of the first uses of scaling factors in natural product
calculations was published by Barone’s group. Using an
approach similar to that of Forsyth and Sebag, a linear
regression was obtained from a set of 14 organic molecules
with complex structures. The scaling factor was applied to the
calculated chemical shifts of three natural products, which
had their structures revised previously in the literature. The
results showed that the difference between scaled and experi-
mental chemical shifts were much smaller for the right struc-
tures than for the wrong ones, for all three compounds.19

Empirical scaling procedures can be applied to NMR calcu-
lations of any nucleus, using any level of theory. It is rec-
ommended that the set of molecules used for linear regression
and the molecule of interest be calculated with the same level
of theory. In this way, similar systematic errors are produced in
both cases and error cancellation should be more effective.
Similarly, it is preferable that all calculations are performed in
the gas phase or in the same solvent.23

Additionally, special attention should be paid to the set of
molecules chosen for the linear regression procedure. There
are two possibilities available: a set with several molecules,
considering a wide structural variety or, alternatively, a smaller
set with structural similarity with the molecule of interest.

In 2016, de Albuquerque et al. analysed the effect of using a
scaling factor parameterised with a set of molecules with struc-
tural similarity to the molecule of interest. In this study, they
used a set of 10 sesquiterpene molecules to create a scaling
factor for 13C chemical shift calculations. When the equation
was applied to other sesquiterpene structures, it resulted in
computed chemical shifts with much higher accuracy than
when a generic scaling factor was used. Therefore, it was con-
cluded that the use of molecules with similar structures impli-
cates error cancellation of a higher degree.124

In summary, we strongly recommend the use of scaling
factors in chemical shift calculations. In many cases, the
amount of error cancellation in computed parameters is
sufficient to provide accurate results, without the need to apply

Review Organic Chemistry Frontiers

2028 | Org. Chem. Front., 2021, 8, 2019–2058 This journal is © the Partner Organisations 2021

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

5/
20

21
 8

:3
2:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d1qo00034a


more expensive computational methods. Currently, there are
several papers reporting on the creation of scaling factors for
any kind of organic molecule. As mentioned before, a helpful
guide in the choice of the scaling factors for both 1H and 13C
chemical shifts can be found in CHESHIRE CCAT, developed
by Tantillo’s group, which can be accessed through the website
http://www.cheshirenmr.info.

Solvation modeling. Most quantum chemical calculations,
including those of NMR parameters, consider molecules in an
isolated state. However, experiments are usually performed in
solution, where molecules can interact with each other. The pres-
ence of solvent molecules can influence the system in two ways:
through the induction of structural changes (indirect effect) or by
modifications in electronic density (direct effect). NMR para-
meters are sensitive to both effects. This way, to obtain a satisfac-
tory reproduction of experimental data, in some cases it is
necessary to simulate solute–solvent interactions.125,126

There are two kinds of methods to simulate solvent effects
in quantum chemical calculations: those that describe mole-
cules in an atomistic way (discrete models) and those that treat
solvent molecules as a continuum (implicit models). However,
frequently, combinations of the two models are employed: the
first solvation layer is simulated explicitly, whereas the remain-
ing solvation layers are considered as a continuum.115

Generally, discrete models generate a more precise descrip-
tion of solvent effects, since even specific interactions with the
solute can be taken into account. Meanwhile, explicit treat-
ment of solvent molecules implicates in a significant increase
in computational cost.127 This problem can be addressed
using methods such as QM/MM, in which part of the system
(usually, the molecule of interest) is calculated using quantum
mechanical methods, while the rest of the system (solvent
molecules) is treated with a molecular mechanics force
field.128,129 Recently, several fragmentation methods (some of
them specific to NMR calculations) have been used as a tool to
reduce the demand on computational resources by partition-
ing the system into several small fragments that can be com-
puted in parallel.130

Nevertheless, most of the interactions between organic
molecules, such as natural products, and solvents commonly
used in NMR experiments (like deuterated chloroform and di-
chloromethane) are non-specific and small.106 Therefore, one
alternative to discrete models, which usually generate accurate
calculated parameters, is implicit models. As opposed to the
explicit method, solvent molecules are treated as a continuum
and they are characterised by their dielectric constant. Thus,
the solvated system can be simulated without increasing the
number of explicit electrons; consequently, this model
requires less computational cost.131 For this reason, implicit
methods such as the integral equation formalism-polarisable
continuum model (IEF-PCM) and conductor-like polarisable
continuum model (CPCM) are the most commonly used tools
to simulate solvent effects in NMR calculations.126

The standard and most recommended approach for the cal-
culations of NMR parameters in natural product compounds is
to use continuum models, like IEF-PCM, in calculations of

chemical shifts and coupling constants. Since solvent effects
can induce modifications in molecular geometry, it is rec-
ommended to include these methods in the geometry optimi-
sation step as well. Finally, implicit models should also be
implemented in the calculations of the reference compound,
such as TMS.

Parametric corrections. Parametric corrections are the most
recent tools used for reducing errors in the calculation of 13C
NMR δ and in the calculation of spin–spin coupling constants
(SSCC). The Kutateladze research group has made seminal
contributions to this field.121,132–134 As previously stated, one
of the greatest challenges in calculating the magnetic pro-
perties of natural products to determine or reassign their
structures is to obtain protocols for fast and accurate calcu-
lations of SSCC. Based on the fact that the Fermi contact (FC)
mechanism dominates scalar nuclear spin couplings, in 2011
Bally and Rablen proposed a practical methodology for calcu-
lating and correcting linear FC to estimate SSCCs.113 This
methodology involved an uncontracted basis set defined for
hydrogen enlarged atoms with a function of type 1s so
restricted that they termed it (u + 1s).113 This approach can be
used to obtain reasonably accurate estimates of proton–proton
SSCCs.23 Recently, the Kutateladze group has developed a mul-
tiparametric approach to scaling of FC based on a representa-
tive set of SSCC ‘types’ defined by connectivity and hybridis-
ation.132 Kutateladze termed this relativistic force field (rff )
method DU4. This first rff DU4 is a method for calculating
proton SSCCs via a hybridisation-discriminated multipara-
meter scaling scheme for FC computed with a new DU4 basis
set for hydrogen atoms and an inexpensive 4-31G basis set for
carbons. The second version of the rff method published by
the Kutateladze group is DU8, a new method using a new basis
set; it is an NBO-aided scaling of proton–proton SSCCs.133

Thus, DU8 was developed for the scaling of FC to compute
accurate proton SSCC. It is a powerful and easy to apply
method that is able to accurately reach RMSD ∼0.2–0.4 Hz in
predicting SSCCs.134 DU8 utilises a smaller parameter set and
NBO hybridisation for parametrisation (NBO hybridisation
coefficients) of FCs, which involves only four general SSCC
types, scaled using both empirical scaling parameters. The
DU8 basis set for heavy atoms is the inexpensive 4-21G basis
set for carbons; 3-21G* for Si, S, P, Cl, Se, Br and I; and finally,
6-31G(d) for Li, Be, B, N, O and F. The third generation rff
parametrisation method DU8c has been developed for scaling
of FCs to determine nuclear SSCC (C–H, C–C, H–H) with small
errors.133 DU8c employs hybridisation correction based on
NBO coefficients with small empirical scaling set parameters
for C–H and H–H SSCCs. The DU8c method is able to accu-
rately reach RMSD ∼0.2–0.4 Hz in predicting carbon-proton
SSCCs (2.3 Hz for 1J).134 The information provided by DU8c
plus sophisticated NMR experiments capable of producing
accurate SSCC can be a powerful tool for determining the
stereochemistry of natural products. With DU8c, the
Kutateladze research group has made some important changes
to keep both 1H–1H and 13C–1H parametric schemes uniform.
Unfortunately, these changes did not produce any significant
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improvement in the performance of DU8 when predicting
1H–1H SSCCs.134

Thanks to the parametric studies performed by the
Kutateladze group, the validation of how to use parametric
equations (in a simple way) to take into account the contri-
butions of spin–orbit (SO) in terms of the type of hybridisation
and structure allowed the application of rff parametrisation
methods in diverse scenarios.135–138 Spin polarisation induced
by heavy-atom SO coupling interacts with nuclear magnetic
moments of the system and are principally guided by the same
FC mechanism.139 In other words, this ‘phenomenon’ is man-
datory to rationalise how the effect of heavy atoms (for
example, halogens) propagandise through the molecule; it is
analogous to the known mechanisms for indirect FC nuclear
spin–spin coupling.121 Finally, DU8+ is a protocol that com-
bines low computational cost SSCC and 13C NMR δ DFT calcu-
lations for more reliable organic compound structure elucida-
tion.121 DU8+ was mainly applied to the structure determi-
nation and stereochemistry of compounds containing heavy
atoms, which is a real challenge. Although for the structural
assignment of natural products, 13C δ has been employed most
frequently and has been a successful tool, one important
exception to this scenario is to calculate the 13C NMR δ when
heavy elements, for example halogens, are connected or in the
neighbourhood of carbon atoms. Kutateladze and Reddy vali-
dated the isotropic magnetic shielding (σ) of DU8+ on a large
set of halogenated natural products.121 To save computational
time, Kutateladze used the gas phase GIAO-ωB97x-D/6-31G(d)
level of theory to calculate the 13C NMR δ for a set of haloge-
nated and non-halogenated test compounds (experimental
data were in CDCl3). For carbons bearing heavy atoms, σ was
scaled using a binomial formula:

σcorr ¼ aσ 2 þ bσ þ c ð21Þ

For the training molecules, the RMSD values for σcorr (σ cor-
rected) varied from 1.14 to 2.73, with CCl3 and Cl, respect-
ively.121 The corrected σcorr were then converted into δ, in ppm,
using a global linear correction (i.e., the same linear correction
used for σ values calculated for any carbon atom with or
without a heavy atom).

δ ðppmÞ ¼ 201:8–1:044σcorr ð22Þ

This level of theory for the test compounds revealed sys-
tematic errors for a limited number of hybridisation/structural
types. Consequently, they identified several structural types
producing such systematic errors and introduced an additional
empirical correction.121 For solvents other than chloroform,
the calculated δ could be linearly scaled to best match the
experimental data. It worked well for a test set of 13C δ for
atoms not bearing heavy atoms, with RMSD = 1.49 ppm (R2 =
0.999). With the DU8+ method, Kutateladze and Reddy showed
that parametric corrections to DFT-computed δ in conjunction
with rff-computed SSCC allowed for the fast and reliable
screening of a large number of reported halogenated natural
products, resulting in expedient structure validation or revi-

sion.121 They applied DU8+ to a test set of more than 100 halo-
genated sesquiterpenes and other natural products with a
rather high rate of misassignment (∼13%). In the original
DU8+ paper, 16 structures of halogenated natural products
were revised. In one recent paper, they applied DU8+ to revisit
briarellins, as cited before.140

II.4: Procedures to correlate experimental and computational
data

Statistical parameters: fit between computed and experi-
mental shifts using R2, MAE and RMSD. After the simulation
of chemical shift values, some fundamental questions arise.
How should the fit between the computed and experimental
shifts be evaluated? How do we know whether the compound
we simulated is the correct one? The answers to these questions
are based on the same basic premises that the correct structure
will show better agreement between experimental and com-
puted NMR data than the wrong ones. The simplest way to
evaluate the agreement between experimental and computed
NMR data is through the common statistical parameters of cor-
relations used to measure the accuracy of continuous variables,
such as the linear correlation coefficient (R2), the mean absolute
error (MAE) and the root mean square deviation (RMSD).

MAE ¼
P
n

δcalc � δexp
�� ��

n
ð23Þ

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
n

δcalc � δexp
�� ��

n

2
vuut

ð24Þ

R2 measures the strength and direction of a linear relation-
ship between two variables; in this case, between the com-
puted data and the experimental NMR chemical shift values.
MAE measures the average magnitude of the absolute error.
RMSD also measures the average magnitude of the error
between the simulated and the experimental NMR chemical
shift values, but using a quadratic score. These basic para-
meters are easy to calculate and make it possible to evaluate
discrepancies between calculated and experimental NMR
chemical shift values.

Therefore, if the NMR calculation of the compound is
expected to support a given assignment, any outside value of
those parameters indicates an unreliable proposal. In this way,
through statistical analysis, it is possible to indicate the
correct structure among possible candidates. In this case, the
right candidate is expected to yield an R2 value close to 1, in
addition to small values for both MAE and RMSD, when com-
pared with the corresponding statistical parameters for the
wrong candidates.27 This kind of analysis was used by
Rychnovsky141 in a seminal paper to revise the proposed struc-
ture of hexaciclinol, a complex natural product presenting a
highly oxygenated structure isolated in 2002 from Panus
rudis.142 The originally proposed structure (Fig. 1a) presented
an endoperoxide moiety, which was claimed to be synthesised
later in 2006.143 However, by using quantum chemical simu-

Review Organic Chemistry Frontiers

2030 | Org. Chem. Front., 2021, 8, 2019–2058 This journal is © the Partner Organisations 2021

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

5/
20

21
 8

:3
2:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d1qo00034a


lation of 13C NMR chemical shifts, Rychnovsky argued that a
synthetic alteration of the substance isolated in the same year
from another strain of Panus rudis (Fig. 1b) was a more feasible
structure for the isolated natural product. For the original pro-
posed structure, Rychnovsky obtained an MAE of 6.8 ppm with
a maximum error of 22 ppm, while the correct revised struc-
ture displayed a MAE of 1.8 ppm with a maximum error of
5.8 ppm.141 In the same year, Rychnovsky joined an experi-
mental group and through the total synthesis and X-ray crystal-
lography, ultimately demonstrated that the revised structure
proposed by the NMR simulations was the correct one.144 In
2009, Bagno and Saielli extended the analysis of hexaciclinol
with computation of 1H NMR chemical shifts and scalar J
couplings and, as expected, obtained a much better fit for the
revised structure.145

With the use of these basic statistical parameters of corre-
lation, several structural questions were solved in natural product
chemistry in recent decades (see ref. 146–153), representing a
powerful tool that provides helpful assistance in the structure elu-
cidation of new natural products and helping to uncover and ulti-
mately revise the structure of previously reported compounds.13

However, it is important to highlight that, in some cases, the
simulated chemical shifts for two or more isomers may be very
similar, leading to similar statistical parameters, preventing an
unequivocal assignment towards a particular structure. This can
often occur in stereochemical assignments where several dia-
stereoisomers need to be evaluated.154,155 In these cases, more
sophisticated statistical procedures to correlate experimental and
computational values must be employed.

Beyond statistical parameters: CPn, DP4, Py-DP4, DP4+,
DP4.2, DICE AND J-DP4. Considering the cases where the
simulated chemical shifts for two or more isomers may be very
similar, preventing an unequivocal assignment towards a par-
ticular structure, more sophisticated statistical procedures
have recently been developed to help correlate experimental
and computational data. These new parameters combine the
quantum chemical calculations of NMR shifts with upstream
data processing, generating a higher level of confidence than
those expected from simple aforementioned statistical para-
meters.27 These new procedures, called CPn and DP4 (and
its derivatives py-DP4, CP4+, DP4.2, DiCE and J-DP4), are

currently seen as the most accurate and important alternative
tools to solve complex structural and stereochemical problems
from a theoretical point of view.

CPn. The CPn method, first introduced in 2009 by Smith
and Goodman,64 was developed to address the question of
assigning two sets of experimental data to two possible candi-
dates. This is a common situation in synthetic organic chem-
istry, in which many chemical transformations might afford
two isomers that each need to be reliably confirmed. This com-
parison method is based on the fact that the differences
between NMR chemical shifts in similar carbons should be
calculated in a more accurate way than the NMR chemical
shifts themselves due to a cancellation of systematic errors.64

With this in mind, it is easy to accept that by having two sets
of experimental values (namely, A and B) and two sets of calcu-
lated values (namely, a and b), the differences between the
chemical shifts obtained by the combination A = a, B = b
(option 1) will be completely different from the combination A
= b, B = a (option 2). In other words, the differences in calcu-
lated chemical shifts between the two isomers compared with
the corresponding differences in experimental shifts are used
for structure assignment in CPn parameter. For the correct
assignment (option 1: A = a, B = b) the experimental differ-
ences are expected to be correctly reproduced by the calculated
data; however, for the incorrect assignment (option 2: A = b, B
= a), the agreement is expected to be much less good because
of the mismatch between the NMR chemical shifts. The infor-
mation obtained by these comparisons can be combined into
a single number by multiplying the experimental and calcu-
lated differences (Δexp Δcalc) and summing the products:

X
Δexp Δcalc ð25Þ

where Δexp = (δA
i − δB

i) is the difference in the experimental
chemical shift of the ith nuclei between A and B, and Δcalc = (δa

i

− δb
i) is the difference in the calculated chemical shift of the

ith nuclei between a and b. Doing this, it is expected for the
first option (A = a, B = b) that certain nuclei present opposite
values when comparing with the same nuclei in the second
option (A = b, B = a). Dividing this by a normalisation term,
∑(Δexp)

2, which represents the value of the above overall sum
that would be obtained if all the differences in experimental
shift were perfectly reproduced by the calculation, affords the
CP1 parameter:

CP1 ¼
P

ΔexpΔcalcP
Δexp
� �2 ð26Þ

A large positive value indicates good agreement (first
option: A = a, B = b) and the assignment likely to be correct,
whereas a large negative value indicates poor agreement
(second option: A = b, B = a).

However, the calculations sometimes do not reproduce the
experimental trend perfectly. Very often the calculations gene-
rate a Δcalc value with the same sign but smaller magnitude
than Δexp, seen as a reduction in the CP1 value when compar-
ing with a case where all the NMR shifts were perfectly repro-

Fig. 1 Originally proposed (1a) and the correct revised (1b) structures
of hexacyclinol.
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duced by the calculations. This is reasonable, since the agree-
ment is worse. On the other hand, in cases where the Δcalc dis-
plays the same sign but larger magnitude than Δexp, the value
of CP1 is increased, even though the agreement is also worse.
In other words, the CP1 method lacks an upper threshold. To
circumvent this problem, Smith and Goodman generated two
new comparison parameters by replacing the term (ΔexpΔcalc)
for [(Δexp)

3/Δcalc] whenever the conflict situation Δcalc > Δexp is
met, affording the CP2 parameter.

CP2 ¼
P

f2ðΔexpΔcalcÞP
Δexp
� �2 ð27Þ

where:

f2 ΔexpΔcalc
� � ¼ ðΔexpÞ3=Δcalc if Δcalcj j > Δexp

�� ��
orΔexpΔcalc otherwise

� 	
ð28Þ

CP2 has the advantage of generating values in the range
between +1, for a perfect agreement, and −1, for a perfect dis-
agreement, where the candidates have been assigned the
wrong way around.

Additionally, the authors have also introduced the CP3
parameter, which differs from CP2 in the fact that the correc-
tion is applied only if Δcalc is larger in magnitude than Δexp

and has the correct sign. In other words, it includes an extra
requirement that the correction be applied only when both
Δcalc and Δexp present the same sign.

CP3 ¼
P

f3ðΔexpΔcalcÞP
Δexp
� �2 ð29Þ

where:

f3 ΔexpΔcalc
� � ¼ ðΔexpÞ3=Δcalc if Δcalc > Δexp

or ΔexpΔcalc otherwise

� 	
ð30Þ

Smith and Goodman tested the robustness of the CPn
methods in their paper64 and concluded that CP3 afforded
better results when compared to the CP1 and CP2 methods.
The CP3 parameter also provides assignments with much
greater confidence in comparison with the more basic statistic
conventional parameters, such as R2, MAE and RMSD.
Moreover, the authors provided a quantification of the prob-
ability that the assignment made by CP3 method is the right
one using Bayes’ theorem:

P AC1jR1;R2ð Þ ¼ P R1jAC1ð ÞP R2jAC1ð ÞPðAC1ÞP
i
P R1jACi

� �
P R2jACi

� �
PðACiÞ

ð31Þ

where P(AC1|R1,R2) is the probability that the proposed assign-
ment (A = a & B = b) is correct. AC1, R1 and R2 are the para-
meter values (R2, MAE, CP3, etc.) used for each assignment
(AC1 and AC2), and P(Ri(ACi) is the probability of getting a
given parameter value assuming the assignment is correct (or
incorrect) and that the terms Ri are assumed as independent
variables that have a normal distribution (see Smith and
Goodman 2009 for more detail64). Thus, Bayes’ theorem
increases the certainty of the decision made by CP3. The

authors developed an applet that is available freely at http://
www-jmg.ch.cam.ac.uk/tools/nmr/ for the CP3 method. Recent
examples of the application of the CP3 procedure in natural
product chemistry are available.156–161

DP4. Despite the great success of CP3, it requires two sets of
experimental data to be assigned to two possible structures.
However, in natural product chemistry, we often deal with the
isolated compound as a single stereoisomer, and assigning
their relative stereochemistry is not an easy task. In other
words, we are dealing with the problem of having only one set
of experimental data to assign to several possible candidates;
in this situation, the CP3 method cannot be employed. With
this in mind, the same authors of CP3, i.e. Smith and
Goodman, developed a methodology that is considered a
breakthrough and improved the research field, called the
DP4 method. They brought the advantages of CP3, that is, the
ability to make clear assignments with a high and quantifiable
level of confidence, which could be applied to the situation in
which only one set of experimental data is available.162 For
this, the authors had to deal with two crucial questions. What
is the best way to determine the candidate presenting the
NMR calculated shifts that provide the best fit to the experi-
mental data? Moreover, once achieving a conclusion, can we
assign a numerical probability to each candidate structure?
Although the agreement between calculated and experimental
data for a given assignment can be evaluated by the basic stat-
istical parameters, such as R2, MAE and RMSD, the DP4 prob-
ability tackles the problem in a different way, giving a direct
probability without using additional parameters.162

DP4 is based on the errors e between experimental chemical
shifts (δexp) and the calculated shifts on a scaled form (δscal) i.e.,
δscal − δexp. To obtain the δscal, it is necessary to plot the calcu-
lated chemical shifts (δcalc) against the δexp for the data being
compared. After obtaining the slope and the intercept of the
regression line, δscal is obtained from the ratio (δcalc − inter-
cept)/slope. Then, it is assumed that the error e in the shift of
each atom in the molecule is an independent random variable
obeying a t distribution with mean μ (as consequence of the
linear scaling procedure, μ = 0 is considered), standard devi-
ation σ and degrees of freedom ν. With these assumptions, the
probability of each observed error between δexp and δscal is calcu-
lated. For a molecule with N nuclei, the probability associated
to each ith error is calculated for each candidate structure by the
cumulative probability distribution function defined by the
terms σ and ν. This way, the multiplication of all individual ith

probabilities gives the overall probability for that molecule.27

P ijδ1; δ2; . . . ; δNð Þ ¼
QN
k¼1

1� Tv δiscal; k � δexp; k

 �

� μ
��� ���=σÞ
 �
 �

Pm
j¼1

QN
k¼1

1� Tv δjscal; k � δexp; k

 �

� μ
��� ���=σ
 �
 �� 


ð32Þ

The DP4 equation provides the probability that a candidate
structure i (out of m possible candidates) is the correct one
from the NMR experimental shifts δ1, δ2, …, δN. T

ν is the cumu-

Review Organic Chemistry Frontiers

2032 | Org. Chem. Front., 2021, 8, 2019–2058 This journal is © the Partner Organisations 2021

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

5/
20

21
 8

:3
2:

12
 A

M
. 

View Article Online

https://doi.org/10.1039/d1qo00034a


lative t distribution function with ν degrees of freedom. δexp,k
is the experimental shift for nucleus k (where k goes from 1 to
N) and δjscaled;k is the scaled calculated shift of nucleus k in can-
didate structure j.162 Finally, in the same way as in CP3,
Bayes’s theorem is used to convert the resulting probabilities
obtained in DP4 to a set of probabilities of correctness for
each candidate structure.162

To obtain the key DP4 terms, σ and ν, the authors com-
puted 1717 13C and 1794 1H chemical shifts using 117 known
organic molecules at the B3LYP/6-31G(d,p)//MMFF level, which
was the same used in the CP3 method. The resulting errors
between the experimental and calculated shifts were then
fitted to t distributions, obtaining σ = 2.306 ppm for 13C shifts
and 0.185 ppm for 1H, and ν = 11.38 for 13C and 14.18 for 1H.
However, after the publication of the original DP4 paper,162

the authors increased their database by adding more com-
pounds and providing improved values for σ and ν.27 As was
done for CP3, to simplify the calculation process, the authors
developed a Java applet freely available at http://www-jmg.ch.
cam.ac.uk/tools/nmr/DP4/. Recent examples of the application
of the DP4 procedure in natural product chemistry are
available.163–171

A few years later, MacGregor and coworkers successfully
extended the DP4 method to analyse natural products where
the structure displayed such a high degree of complexity that it
can be treated in the form of several well-separated virtual frag-
ments, to which the DP4 method can be applied separately. As
this analysis represents an extension of the applicability of the
DP4 method, the authors decided to distinguish it from the
original DP4 method by using the descriptor DP4f, since it is a
fragment-based method.172

After the great success of DP4 in natural product chemistry,
Goodman and coworkers decided to test the applicability of
the method to drug compounds, which is another class of
compounds that also exhibits diverse stereochemistry.
Although the fact that the DP4 method has been developed for
natural products and their fragments, the authors showed that
DP4 can be also widely used for drug compounds. Besides
that, the authors have also created an automated process in
the form of a Python script, to be used in open-source software
as alternatives to MacroModel and Gaussian, which they called
PyDP4. In this script, the only required user interaction is the
creation of the 3D geometry of the candidate structures in the
form of an SDF file. After this interative step, PyDP4 automates
the rest of the process. From the SDF files, the script prepares
the input files for conformational search, which can be done
by open-source software such as TINKER. After completing the
conformational analysis step, low energy conformations are
selected and input files (for Gaussian, Jaguar or the open
source NWChem) are prepared to run. Finally, it extracts the
predicted NMR chemical shifts, performs the Boltzmann aver-
aging, combines the computational with experimental NMR
chemical shift data, and applies it directly to the DP4 analysis.
The authors emphasise that this fully automated open-source
version of the DP4 workflow should significantly improve the
accessibility of DP4 analysis to occasional users and chemists

in all areas of organic chemistry.173 The PyDP4 script is freely
available on the author’s group website (http://www.jmg.ch.
cam.ac.uk/tools/nmr) and also at the GitHub webpage (https://
github.com/KristapsE/PyDP4).

Modifications to the original DP4 method: DP4 +, DP4.2,
DICE AND J-DP4

DP4 + :. Since the launching of DP4, it has been extensively
used in natural product chemistry, either to confirm or to
correct the structural identification of several complex metab-
olites. It has been considered one of the best methods to solve
stereochemical problems, which clearly is an important and
difficult task. Nevertheless, in many cases where closely
related isomeric compounds are possible candidates, DP4
showed modest performance, sometimes pointing out the
incorrect isomer or affording inconsistent or unreliable
results. In fact, in the original paper itself,162 the authors
included some examples of cases where the DP4 method was
not successfully applied. Therefore, Grimblat and coworkers
focused their attention on building an improved probability
based on DP4 foundations.174 After a careful evaluation of the
method, Grimblat and coworkers identified two potential
drawbacks in the DP4 architecture: the level of theory applied
and the exclusive use of scaled shifts.174

Regarding the level of theory, Smith and Goodman used
the B3LYP/6-31G(d,p)//MMFF level in the original DP4 formu-
lation. This level of theory was chosen because it provides
good results in calculating the NMR shifts with a low compu-
tational cost, avoiding expensive ab initio or DFT treatments
for the geometry optimisation step. However, it is precisely
this step of geometry optimisation at a molecular mechanics
level in the original DP4 that would sometimes generate
modest performance of the method.174,175 Thus, obtaining
more refined geometries and applying a better treatment for
the GIAO NMR calculations at higher levels, like the inclusion
of solvent effects and more refined DFT functionals and basis
sets, would significantly improve the accuracy of the overall
NMR prediction step and, therefore, would generate more
reliable DP4 probabilities.174

Regarding the exclusive use of NMR shifts under the scaled
form, this is a common approach to remove systematic errors,
since when using linear scaling the corrected shifts become
closer to the experimental values. However, doing this, the
magnitude of error is now independent of the chemical
environment (hybridisation), which normally does not occur.
Moreover, in some cases, linear scaling may increase the risk
of false positives, since it can happen that a wrong candidate
displays an unforeseen better fit with the experimental data
than the correct candidate. In other words, sometimes an
incorrect structure may randomly provide a better fit in the
scaled form. Thus, adding the NMR shifts under the ‘pure’
unscaled form to the DP4 equation would emphasise the
environmental contrast between all the candidates and might
reduce these potential problems.174

Taking these issues into account, Grimblat and coworkers
developed a modified DP4 version, called DP4+, in which the
probability of candidate i (out of m possible candidates) being
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the correct one, is defined by (P(i)), which is a function of the
corresponding probabilities computed using scaled (sDP4+)
and unscaled (uDP4+) NMR shift forms, where each term can
be computed using the original DP4 formalism:

where Tv, σ, μ and δ were calculated from B3LYP/6-31G(d)
geometries.

The main equation of DP4+ can be decomposed into two
terms; the first one, sDP4+, presents the scaling shifts
contribution:

sDP4 : PðiÞ ¼
QN
k¼1

1� Tv
scal δiscal; k � δexp; kÞ=σscal


 �h i

Pm
j¼1

QN
k¼1

1� Tv
scal δjscal; k � δexp; kÞ=σscal


 �h i ð34Þ

while the second term, uDP4+, presents the unscaling shifts
contribution:

uDP4þ : PðiÞ

¼
QN
k¼1

1� Tv
u‐spx ðδiu;k � δexp; kÞ � μu‐spx


 �
=σu‐spx


 �h i

Pm
j¼1

QN
k¼1

1� Tv
u‐spx ðδju;k � δexp; kÞ � μu‐spx


 �
=σu‐spx


 �h i

ð35Þ

It is important to highlight, however, that the second term
(uDP4+) presents two important modifications from the orig-
inally proposed DP4. First, as we are no longer dealing with a
linear scaling procedure, the centre of the distribution μ is no
longer centred on zero as in DP4. Second, it was found that
the full set of unscaled errors did not follow a t-distributed
series; however, each sp2 and sp3 series did. Therefore, the
uDP4+ term must be decomposed regarding the hybridisation
of the nucleus in question.174 This is why σu-spx, vu-spx and
μu-spx are used in the form of u-spx. Hence, to build the DP4+
probability, Grimblat and coworkers defined 16 parameters for
each level of theory used: eight for the 13C distributions (νscal,
σscal, νu-sp2, μu-sp2, σu-sp2, νu-sp3, μu-sp3, and σu-sp3) followed by
their corresponding eight parameters for the 1H series.

Besides this, Grimblat and coworkers realised that, in most
of cases where the original DP4 was applied, a high diversity of
different methods was used. The author showed that in only
27% of the cases the DP4 procedure was conducted at the
correct level of theory at which DP4 was formulated (B3LYP/6-
31G(d,p)//MMFF). However, it should be emphasised that the
DP4 probability values are directly dependent on the obtained
parameters σ and v, which presents a sharp relationship with
the level of theory employed to compute the NMR shifts. Thus,
the original DP4 method must be computed at the originally

proposed theoretical level unless the σ and v parameters are
deduced for any other alternative method.27 Although this fact
in no way excludes the conclusions of all studies in which
more accurate NMR procedures were employed, the obtained

DP4 values might have been different if the correct theoretical
level was applied. Because of this, Grimblat and coworkers, to
provide more freedom to users to choose a method, decided to
include different levels of theory in the development of the
DP4+ procedure. At the geometry optimisation step, the
B3LYP/6-31G(d) level was used. For the GIAO single point NMR
calculations, on the other hand, 24 different levels of theory
were used, combining two functionals (B3LYP and
mPW1PW91) and six basis sets [6-31G(d), 6-31G(d,p), 6-31+G
(d,p), 6-311G(d), 6-311G(d,p), and 6-311+G(d,p)] that were also
computed in the gas phase and in solution (with the PCM
formalism, using chloroform as the solvent).

To demonstrate the improved performance of DP4+, the
authors applied it to a set of 48 challenging compounds for
which DP4 afforded modest performance. The DP4+ procedure
was evaluated using all 24 different levels of theory.
Impressively, in all cases, the DP4+ procedure performed
better in relation to the original DP4, with the PCM/
mPW1PW91/6-31+G(d,p)//B3LYP/6-31G(d) level of theory being
the most recommended one.

In the same way that the authors of CP3 and DP4 did, to
facilitate the overall process, Grimblat and coworkers created
an Excel spreadsheet, which is freely available at sarotti-NMR.
weebly.com. Recent examples of the application of the DP4+
procedure to natural products are available.176–181

DP4.2. Following the success of DP4+, other groups also
reported modifications of the original DP4 model. Ermanis
and coworkers reported a DP4 improvement under the pyDP4
workflow foundation, called DP4.2. In this improved method,
the NMR chemical shifts are calculated at a higher level of
theory, i.e. mPW1PW91/6-311G(d). However, the relative ener-
gies of the conformers used in the Boltzmann’s analysis were
obtained at the M06-2X/6-31G(d,p) level calculated directly
from the geometries obtained in the conformational analysis
step at the MMFF level. This new method has been tested on a
significant number of structures in which the original DP4 did
not show good results. In all cases, the new DP4.2 method was
able to identify the correct structure with a realistic level of
confidence and showed excellent performance in all cases
where the original DP4 was successful. This fact indicates that
DP4.2 is a more general method than the original DP4.
However, it is important to highlight that most of the
improved molecules by DP4.2 are of medicinal origin. Thus,
the authors believe that DP4.2 displayed an even wider appli-
cation in the drug discovery field.182 Later in 2019, the same
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authors suggested that DP4.2, which uses MMFF geometries
with mPW1PW91 for NMR chemical shift calculation and
M06-2X for conformer energies, could be improved by adding
a geometry optimisation step at the B3LYP/6-31G(d,p) level,
thus obtaining the best method: B3LYP for geometry optimi-
sation, mPW1PW91 for NMR chemical shifts calculations and
M06-2X for conformation energies. The authors added this
improvement to the automated NMR calculation workflow
PyDP4.183 The latest version of the PyDP4 script can be
obtained from the author’s website (http://www.jmg.ch.cam.ac.
uk/tools/nmr) and also at GitHub (https://github.com/
KristapsE/PyDP4).

Diastereomeric in silico chiral elucidation (DiCE). Another
interesting modification to the original DP4 method was pro-
posed by Xin and coworkers in 2018. To improve the original
method, the authors developed a probability theory process
called diastereomeric in silico chiral elucidation (DiCE). This
new method performs the calculation of NMR chemical shifts
at the B3LYP/cc-pVDZ level of theory, considering the PCM
method to include solvent effects in the geometry optimisation
step for each selected conformer and by applying the same
probability theory approach based on statistical analysis of cal-
culation errors, just like the DP4 method. Two factors dis-
tinguish DiCE from DP4 and DP4+ methods. The first is the
use of generalised scaling factors in the conversion of shield
constants into chemical shifts in comparison to the internal
linear scale within each molecule, as described in DP4 and
DP4+. The second difference involves the use of probability
factors in DiCE calculations obtained for 15N nuclei. Since 15N
is typically not as prevalent in small organic molecules (but
can be in natural products), the use of internal scaling factors
can compromise the outcome of the predicted chemical shifts.
Therefore, the use of generalised scaling factors is important
to improve the accuracy of 15N NMR chemical shifts and
associated calculated probabilities. The authors tested the
method using a set of structurally complex natural products

and synthetic intermediates that were chosen due to their
unsatisfactory DP4 results. Most of the selected structures were
also highlighted in the DP4+ study. It is interesting to high-
light that the final results using DiCE were better than the
original DP4 method and showed overall performance compar-
able to the DP4+ method.184

J-DP4. The improvements made to the DP4 foundations by
Grimblat and coworkers (DP4+), Ermanis and coworkers
(DP4.2) and Xin and coworkers (DiCE) definitely outperformed
the original method. However, as previously mentioned, these
improvements were accompanied by a higher computational
cost. Consequently, Grimblat and co-workers started thinking
about how to develop a new method that could also offer

better results than the original DP4 method, while keeping the
associated computational cost to a minimum.

Vicinal couplings (3JHH) can be easily obtained from a 1H
NMR spectrum, and the information provided are extremely
valuable for conformational and stereochemical analysis.
Therefore, considerable effort was made in quantum chemical
simulations of J couplings, which generated great advances in
configurational determination of natural products.113,132 Based
on that, Grimblat and coworkers recently decided to explore the
possibility of incorporating vicinal couplings (3JHH) into DP4
formalism, something that had never been done before.185

To this end, the authors thought of two possibilities for
incorporating information from 3JHH into the standard DP4
formalism, called direct (dJ-DP4) and indirect (iJ-DP4). In the
first one, dJ-DP4, besides calculating the NMR chemical shifts
(1H and 13C), one also needs to calculate 3JHH at the DFT level
to be later correlated with experimental values through a modi-
fied DP4 equation, which must be able to provide the prob-
ability of the difference between the calculated and experi-
mental 3JHH values. Alternatively, in the second one, iJ-DP4,
experimental 3JHH values are used only to introduce geometric
restrictions into the conformational analysis step. In this way,
only compatible conformations will be selected for the NMR
chemical shift calculation step, which will be further evaluated
using the standard DP4 approach.185

In both cases, the error in the original DP4 analysis related
to the capabilities of the theory level employed to adequately
represent the real conformational distribution of the target
molecule will be smaller, since it reduces the dependence of
the theoretically calculated energy values used to obtain the
relative populations of the possible conformations.

In the dJ-DP4 approach, the probability of candidate i (out
of m possible candidates) being the correct one involves a
modification in the original DP4 formalism (left product) by
including the new probability term, given by 3JHH (right
product) (see eqn (36)).

The dJ-DP4 probability can be determined by the degrees of
freedom (ν) and standard deviation (σ) of the NMR chemical
shift and 3JHH terms at a given level of theory. The ν and σ

terms corresponding to NMR 1H and 13C were the same used
in the original DP4 formalism, while the 3JHH ν and σ values
were estimated as 0.992 and 3.06, respectively, by correlating
the experimental and calculated J values using a data set. To
follow a t-distributed series, the calculated 3JHH values were
used under the scaled form according to Jscal = ( Jcalc − b)/m.
However, it is important to highlight that the authors chose a
generalised linear scaling procedure proposed by Xin and co-
workers during the development of DiCE, which uses fixed
m and b values resulting from a large data set, instead of

dJ‐DP4ðiÞ ¼
QN
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the internal scaling procedure of the original
DP4 method.184,185

In the indirect approach, iJ-DP4 will only be considered in
the conformational analysis step on the subset of candidates
compatible with the experimental 3JHH values. Since the experi-
mental 3JHH is the result of averaging the contributions made
by different conformers, according to the Karplus equation, a
large 3JHH value (i.e., >8–9 Hz) means that the protons are
almost coplanar, while a low 3JHH value (i.e., <4 Hz) means that
the protons are almost perpendicular. This information can be
used to constrain the conformational sampling. However, an
intermediate 3JHH value (between 4 and 8 Hz) makes it imposs-
ible to use it as a guide at the conformational search step,
since it results from the average of large and small 3JHH values.
This is the main practical limitation of the iJ-DP4 approach
and the reason why some systems could not be evaluated by
this method.185

To explore the effectiveness of both approaches, the
authors applied it to a set of 69 selected examples, featuring
broad structural variety. To compare it with the original DP4
procedure, all simulations (NMR 1H, 13C and 3JHH) were
carried out at the same proposed theoretical level (B3LYP/6-
31G(d,p)//MMFF) where 3JHH values were calculated, consider-
ing just the FC term, as proposed by Bally and Rablen in
2011.113 For this selected data set, the original DP4 method
provided 75% accuracy, while the probability of correct
answers obtained by the dJ-DP4 method reached 96%, a sig-
nificant enhancement. In addition, the original DP4 method
generated probabilities of success with higher confidence
(>95%) in only 39% of cases, while the dJ-DP4 reached 70%, a
clearly higher value. Moreover, in some examples where the
original DP4 generated an incorrect assignment, the dJ-DP4
was able to reverse the assignment. On the other hand, in only
three cases within the dataset did dJ-DP4 provide more modest
results than DP4, although the right isomers were still identi-
fied as the most feasible candidate.185 The indirect approach
(iJ-DP4) was also evaluated. However, only 61 of the 69 selected
examples were compatible to guide the conformational search
with experimental 3JHH values. In those compatibles cases, the
authors demonstrated that the use of only one experimental
3JHH value is enough to afford good results in terms of DP4
performance. The use of a second 3JHH value afforded an even
more pronounced effect. In summary, iJ-DP4 afforded gener-
ally better results than the original DP4 with a significantly
reduced computational cost. This could be helpful to study
large molecules in which a higher theoretical level would be a
problem.185

Although the dJ-DP4 approach offers better performance
than the iJ-DP4 approach, iJ-DP4 has the advantage of being
much more accessible in terms of computational cost. Thus,
besides everything that has already been pointed out, the
authors have already anticipated that mixing both approaches
would be an interesting way to afford better results at a low
computational cost. Thus, a third alternative was created,
called the iJ/dJ-DP4 approach, where relevant 3JHH couplings
can be used to guide the conformational analysis (iJ-DP4) and

the resulting selected conformations are employed to calculate
all the NMR parameters (1H, 13C and 3JHH) to be used in the
dJ-DP4 approach. To avoid redundancy, 3JHH values that were
used to constrain the conformational search were neglected in
the dJ-DP4 calculation step. This hybrid approach afforded
excellent results, keeping the better performance of dJ-DP4 at
a fraction of the computational cost, as in iJ-DP4. To conclude,
using only one 3JHH value to restrict conformational sampling,
the hybrid iJ/dJ-DP4 approach displayed better results than the
original DP4 method at about the half of the computational
cost. By using two 3JHH values in the conformational sampling
step, an even higher performance was obtained with an
impressively lower computational cost than the original
DP4 method.185

As usual, the authors created and made available free of
charge an Excel file as an effort to facilitate J-DP4 calculations
at sarotti-NMR.weebly.com, iquir-conicet.gov.ar/Sarotti-NMR
and the digital CSIC repository. Recent examples of the appli-
cation of the J-DP4 procedure to natural product chemistry are
available.186

Other tools
ANN-PRA. So far, different methods for the stereochemical

assignment of natural products that revolutionised the NMR
research field have been discussed. These methodologies are
based on the use of sophisticated statistical procedures in the
form of ‘comparison-based’ approaches, where the analysis is
entirely based on the degree of correlation between experi-
mental data and two or more possible theoretical candidates.
However, another tool, called ANN-PRA, which is based on a
completely different protocol, deserves to be highlighted. This
method can also be used to minimise the risk of errors in elu-
cidating the structure of natural products.

In 2013, Ariel Sarotti realised that the results obtained by
comparison-based statistical methods, like CP3 and DP4
among others, are relative and not absolute. That is, the infor-
mation provided is that one candidate is more likely than
another one and not that a candidate is right or wrong.
Therefore, in situations where the correct structure is not
present in the list of possible candidates, the ‘comparison-
based’ methods will provide a false positive.174 With that in
mind, Sarotti developed a procedure that could be used
directly as a structural validation, classifying the proposed
structure as correct or incorrect. This is extremely important in
detecting structural misassignment in natural products.
Conceptually, the methodology proposed by Sarotti is based
on pattern recognition analysis (PRA) using artificial neural
networks (ANNs). An ANN is a mathematical model that simu-
lates the behaviour of a biological brain with several intercon-
nected artificial neurons. ANNs have the ability to learn from
the data and then can be used to recognise patterns; this has
become an interesting approach to structural validation using
NMR chemical shift calculations. The methodology uses a set
of different statistical parameters (like MAE, standard devi-
ation, maximum error, slope, intercept and R2, among others)
obtained from the correlation between experimental and calcu-
lated 13C NMR data for the structure to be tested at the MM+,
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AM1 or HF/3-21G level. This information is taken to an ANN
previously trained to identify whether the structure is correct
or incorrect. For more detailed information about the func-
tioning of the ANN, the performed training process and the
math behind the methodology, see the original reference.187 In
this article, Sarotti evaluated the methodology in 26 cases of
reassigned natural products, testing the original proposed
structure with its corresponding revised structures and
obtained a success rate of 100% at the HF level. It is interest-
ing to highlight that the methodology presents a very low com-
putational cost, since it uses structures optimised at low levels
of theory.187

The limitation of ANN-PRA is the fact that it is restricted to
13C NMR data. When compared to 1H data, 13C chemical shifts
present some advantages that facilitate the use of ANNs, i.e., a
spread over a wide range, relative insensitivity to solvent
changes, a strong influence on steric and electronic factors in
the structure and a low probability of signal overlap. These
properties considerably simplify the entire procedure of
ANN-PRA. Another issue that deserves attention is natural pro-
ducts containing heavy atoms (third row or heavier elements)
in the structure. In these cases, the errors associated with the
13C NMR calculation of the carbon directly attached are above
average. This well-known effect, called the heavy atom effect, is
caused by neglecting spin–orbit contributions from relativistic
effects.23 Since ANNs were not trained to recognise this type of
effect, any carbon atom attached to a heavy atom must be
excluded to avoid incorrect classification.187

The original ANN-PRA method, developed only for 13C NMR
data, provided good results in the detection of connectivity
and regiochemical structural errors. However, the method
demonstrated low performance when dealing with stereoche-
mical isomerism, where the source of error is considerably
more subtle. Therefore, following a conceptually similar strat-
egy, in 2015 Zanardi and Sarotti expanded the original
ANN-PRA method by including 1H and 1H–13C HSQC experi-
ments. In addition to adding several extra parameters to
explain the fit between 1H NMR and its corresponding corre-
lation with 13C NMR data, the NMR calculations were now per-
formed at a higher level, at mPW1PW91/6-31G(d) (gas phase)
and mPW1PW91/6-31G(d,p) (PCM), with geometries obtained
at B3LYP/6-31G(d) level. This higher computational cost to
simulating the NMR data led to an improvement in the accu-
racy of the analysis.188 With these improvements, the authors
demonstrated that the modified ANNs could detect structural
errors at a stereochemical level, affording more than 92% of
correct classification after the ANN training process. The
authors evaluated the performance of the improved ANN-PRA
method in challenging real cases of misassignments and
obtained a rate of up to 100% correct prediction. However, the
authors recognized that even having a right and wrong pair of
a given molecule, ANN-PRA should not be used to compare the
calculated data for both candidates with the experimental
values, because doing this, the decision will be based on com-
parison. Conceptually, the ANN-PRA method was created only
to decide whether a given putative structure (only one) is

correct based on experimental data and the calculated NMR
for that candidate. With that in mind, the improved ANN-PRA
method can be considered an extremely useful tool for making
structural decisions faster, simpler and cheaper when com-
pared to total synthesis of the incorrectly assigned compound,
which is the best practice today to solve misassignment in
natural product chemistry.188

The math behind ANN-PRA is more complicated than in
other comparison-based statistical methods, like CP3 and DP4,
making calculation a difficult task. Thus, the authors incorpor-
ated all the mathematical equations that define trained ANNs
in an Excel spreadsheet to simplify the whole process and
made it available free of charge in the ESI of Sarotti 2013 (orig-
inal ANN-PRA) and Zanardi and Sarotti 2015 (improved
ANN-PRA) papers. To use the ANN-PRA procedure (original
and improved version), one just needs to fill in the corres-
ponding cells with the experimental NMR chemical shifts and
with the calculated shielding tensors. After indicating which
carbon (or proton attached to) is sp–sp2 hybridised, the
spreadsheet automatically calculates the unscaled and scaled
chemical shifts using TMS or the multi-standard approach
(methanol and benzene for sp3 and sp–sp2, respectively) as
reference standards. Then, it computes all the necessary stat-
istical parameters and directly introduces the results into the
trained ANN to get the output value (right or wrong).174,187,188

Recent examples of the application of the ANN-PRA procedure
to natural product chemistry are available.189,190

Confidence levels and choice of the method. To complete
this topic, it is worth mentioning that in the methods dis-
cussed above the computed probability for a given assignment
reflects the certainty in relation to the chosen candidate. Thus,
although there is no strictly defined cut-off, high calculated
values of probability (over 90%, preferably close to 100%) or
very low (close to 0%, up to 10%) are results that clearly indi-
cate, with high confidence, that the assignment is correct or
incorrect, respectively. However, in less defined situations, the
certainty is reduced as the probability values move away from
those limits, reaching a point with probability values around
50%, where no assignment can be made. Therefore, one has to
use these methodologies as a theoretical guide to identify the
most likely assignment, rather than giving them a strict math-
ematical meaning as a true probabilistic measure. In our
opinion, results below 90% in all the methods mentioned
above should be considered with caution. The ideal scenario
would be to evaluate the proposed candidate in the ANN-PRA
protocol to obtain a more reliable answer or take into account
other NMR observables, when available.

Even so, this combination of quantum chemical calcu-
lations with sophisticated data processing has provided results
that allowed stereochemical assignments of complex natural
products with remarkable levels of confidence when compared
to the simple aforementioned statistical parameters (R2, MAE
and RMSD). For this reason, these methods have emerged as
indisputable complements to the experimental NMR spec-
troscopy, revolutionising and renewing the field of natural
product chemistry. In conclusion, all alternatives cited herein
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are attractive from the natural product point of view, leaving to
each researcher the choice of which method is most suitable
for the specific problem at hand.

II.5. Tutorial and recommendations

In 2014. Hoye’s group published an original and relevant
article191 presenting a step-by-step protocol for simulating
NMR parameters in order to provide the necessary guidance to
a non-specialist to start such a computational study.191 Herein,
we present our suggestions for helping a non-specialist to start
this type of computational study through a didactic workflow.
The simulation of NMR parameters of natural products usually
involves the following steps: (1) construction of an input con-
taining information about the three-dimensional structure; (2)
conformational sampling at a low-level of calculation; (3)
refined geometry optimisation; (4) computation of the
Boltzmann distribution; (5) NMR parameter simulations for
each relevant conformer weighted by the Boltzmann distri-
bution; (6) comparison of simulated and experimental data;
(7) use of a probability tool (Scheme 1).

The initial step for NMR data simulation is to construct the
input with the three-dimensional structure information for all
candidates. A molecular editor software with a graphical inter-
face may be used to draw and manipulate the chemical struc-
tures, such as ArgusLab,192 Avogadro,193 ChemSketch,194

Chem3D,195 HyperChem196 and GaussView,197 among others.
Subsequently, conformational sampling can be performed
using different types of methods, which will depend on the
degree of freedom and the number of rotatable bonds for each
molecule. For structures with few rotatable bonds, a systematic
conformational search is indicated. However, for molecules
with higher conformational mobility, an automated confor-
mational search is recommended. The most commonly used
method for NMR calculations of natural product structures is
the Monte Carlo algorithm combined with molecular mech-
anics force fields, like MMFF and MM+, among others, incor-

porated into several conformational search software such as
Spartan,198 HyperChem,196 MacroModel199 and Conflex,200

among others. The calculated conformers are filtered accord-
ing to an energy criterion. Around 5–10 kcal mol−1 above the
minimum energy conformer is usually enough to account for
all candidates that might be relevant to the NMR data simu-
lation. Another possibility of filtering the conformers,
although less used, are based on the compatibility of the simu-
lated and the experimental NMR data. These selected confor-
mers are afterwards subjected to a refined geometry optimi-
sation step using quantum mechanical methods, such as HF,
DFT or a higher-level method, in which DFT at the B3LYP/6-
31G(d) level is one of the most commonly used method. Next,
vibrational normal modes are computed with the same theore-
tical method used in the latter step to ensure that the opti-
mised structures are true minimum energy points on the PES.

After obtaining refined geometries and energies values with
the higher level of theory, a new cut-off based on the
Boltzmann distribution is applied to account for more than
90% of the accessible conformers that contribute to the experi-
mental spectrum at the temperature of interest. In practice,
this refers to all the conformers that coexist within a
2.5–3.0 kcal mol−1 free energy window relative to the most
stable conformer. Finally, NMR parameters are calculated for
all of them. Nowadays, a gauge-independent atomic orbitals-
hybrid density functional theory (GIAO-HDFT) calculation pro-
cedure is commonly performed at different theoretical
methods, in which one can use appropriate generalised func-
tionals like B3LYP, mPW1PW91, PBE0 or M06-2X, or more
specialised ones such as WC04 and WP04, created especially
for 13C and 1H NMR chemical shifts, respectively. Standard
valence basis sets of at least double-ζ quality with the addition
of polarisation and diffuse functions like 6-31+G(d) or 6-311+G
(d,p) are the common choices. Currently, commercial or open-
source packages are available for the DFT calculations such as
Gaussian,201 TURBOMOLE,202 Tinker203 and GAMESS,204,205

Scheme 1 Flowchart of recommended steps for the simulation of the NMR parameters of natural products.
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among others. After the calculation of the absolute isotropic
magnetic shielding constants for all selected conformers, an
internal reference should be calculated at the same level of
theory. For calculations of natural product structures, tetra-
methylsilane (TMS) is commonly used. The predicted NMR
chemical shifts are then obtained by subtracting the isotropic
magnetic shielding of the molecule of interest from that of
TMS. After the NMR chemical shifts of each contributing con-
former have been obtained, they are weighted by their frac-
tional Boltzmann population and summed to produce the
final NMR chemical shifts for that candidate. Once calculated,
the NMR chemical shifts can be directly compared to experi-
mental data, or generalised linear scaling factors can be used
to improve the simulated NMR data. The CHESHIRE webpage
(http://cheshirenmr.info), created and maintained by Tantillo’s
group, holds a comprehensive collection of recommended
linear scaling factors, parameterised at different theoretical
levels in the gas phase and including solvation models for
different classes of organic compounds, including natural
products.

Simulation of nuclear spin–spin coupling constants (nJ) is a
much more expensive procedure than chemical shift calcu-
lations, so it is recommended to calculate this considering just
the Fermi contact term. Benchmark studies suggest that
hybrid functionals like B3LYP, combined with a double-ζ basis
set, along with a polarised function, such as 6-31G(d,p),
provide the most accurate results. Once calculated, it can be
directly compared to experimental data, or linear scaling
factors can also be included. Currently, DU4, DU8, DU8C and
DU8+ are the best performing methods for scaling calculated
nJ. Finally, after obtaining the scaled chemical shifts and/or nJ,
the basic statistical parameters (R2, MAE and RMDS) can be
obtained by comparison with the experimental data. To
improve the confidence of a given assignment made with
these statistic descriptors, one can choose one of the prob-
ability tools available, such as DP4, DP4+ or J-DP4, among
others. Results with a probability value over 90% (preferably
closer to 100%) clearly indicate, with high confidence, that the
candidate chosen at the assignment is correct. Then, it is
necessary to further confirm the assignment, a step where the
ANN-PRA protocol can be applied.

III. Applications

In this section, we present a recent comprehensive list of
natural compounds in which their structure elucidation was
subjected to the simulation of NMR parameters in combi-
nation with the new tools available. We believe that new
researchers, as well as established ones, will benefit from
these periodic reviews of the state-of-the-art, showing recent
advances in the research field. As natural products represent
an extremely broad topic, we found it difficult to classify the
studies reported here into limited categories in relation to
each class. For this reason, we carefully chose the examples
discussed below and placed them in sections according to the

relevance of each study, dividing them into new natural pro-
ducts, new skeletons, complex cases, marine natural products,
structural reassignment, and studies that used parametric
corrections.

III.1 New natural products

Flabellipparicine: DP4+206

In 2018, Cai and co-workers performed a chemical investi-
gation on the stems of Tabernaemontana divaricate, belonging
to the Apocynaceae family, which led to the isolation of four
new monoterpenoid bisindole alkaloids, together with 10
known alkaloids. Among them, one of the new monoterpenoid
bisindole alkaloids, called flabellipparicine, stands out for pre-
senting an interesting flabelliformide-apparicine-type skel-
eton. By the evaluation of HR-ESIMS, IR and UV spectra, and
1H NMR data, it was possible to affirm that flabellipparicine
was an asymmetric dimeric indole alkaloid with two unsubsti-
tuted aromatic rings, indicating an uncommon attachment
between the two units, which is different from the usual voba-
sinyl-ibogan-type bisindole alkaloids. After an extensive ana-
lysis of 1D and 2D NMR spectra, based on 1H, 13C HSQC,
COSY, 1H–15N HMBC and NOESY data, the structures of each
monomeric units I and II and their connectivities were eluci-
dated. Assuming monomeric unit I had the (3S*,15R*,20S*)
relative configuration, there should be four possible structures
for flabellipparicine: (3S*,15R*,20S*,15′R*,16′R*),
(3S*,15R*,20S*,15′S*,16′R*), (3S*,15R*,20S*,15′S*,16′S*), and
(3S*,15R*,20S*,15′R*,16′S*). To define the absolute configur-
ation, the authors decided to apply the TD-DFT ECD method
on the four possible diastereomers. After a preliminary confor-
mational search at the MMFF level, the compound indicated a
relatively low flexibility, with only 6–18 low-energy initial con-
formers. These conformers were reoptimised at the B3LYP/6-
31G(d) level in vacuo. The ECD spectra were simulated for each
set of conformers of all candidates at the CAM-B3LYP/TZVP
level PCM (MeOH). The simulated spectra for diastereoisomers
(3S,15R,20S,15′R,16′R) and (3S,15R,20S,15′S,16′R) yielded
mirror-image agreement with the experimental ECD spectra of
the isolated compound, while those of diastereomers
(3S,15R,20S,15′R,16′S) and (3S,15R,20S,15′S,16′S) were similar
to the experimental one. This fact clearly suggests that the
ECD spectra are governed mainly by the newly formed C-16′
chirality centre, which determines the relative orientation of
the two indole chromophores. In view of this, ECD cannot be
used to discriminate between possible diastereoisomers.
However, this analysis by ECD allowed the authors to state that
the absolute configuration of C-16′ should be S. To determine
which possible diastereoisomer is the correct one, the authors
analysed the interatomic distances of all low-energy confor-
mers found for each diastereoisomer to account for the experi-
mentally observed NOE correlations. With this analysis, only
the diastereoisomer (3S,15R,20S,15′R,16′R) matched well with
the NOE correlations, with all key interatomic distances dis-
playing less than 3.0 Å. To confirm this, the NMR calculations
of the four candidate diastereoisomers were carried out at the
PCM/mPW1PW91/6-31+G(d,p)//B3LYP/6-31G(d) level of theory.
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As expected, the isomer featuring the (3S,15R,20S,15′R,16′R)
relative configuration displayed the closest match between
experimental and computed NMR shifts, indicated by the
smallest MAE value of 2.2 ppm for 13C NMR and 0.13 ppm for
1H NMR data. However, as all the MAE values for the remain-
ing diastereoisomers were close to each other (2.3–2.6 and
0.19–0.21 ppm for 13C and 1H NMR, respectively), the author
decided to obtain confirmation using the DP4+ method. The
probability value obtained strongly supported the most likely
relative configuration of flabellipparicine as (3S,15R,20S,15′
R,16′R) with a high degree of confidence (>99.9%). Therefore,
based on the relative configuration proposed by DP4+ and
NOE data, and in view of the information given by the ECD
data that the chiral centre C-16′ must present an S configur-
ation, the absolute configuration of flabellipparicine was
defined as the enantiomer (3R,15S,20R,15′S,16′S) (Fig. 2).

Epoxyflavone: DP4+207

In 2020, Alilou and co-workers carried out a phytochemical
investigation of the aerial parts of D. diapensifolia Bioss.,
which led to the isolation of 24 phenolic compounds and one
sesquiterpenoid; one of the phenolic compounds, with an
epoxyflavone skeleton, is a new natural product. After an exten-
sive HRESIMS and UV spectral analysis, a flavonoid scaffold
was identified. The 1H, HSQC and HMBC NMR spectra con-
firmed the epoxyflavone moiety. However, optical rotation
measurements (zero rotation) suggested the presence of a race-
mate. As the obtained NOESY spectrum was not conclusive to
determine the relative configuration of the chiral centres, the
authors employed the DP4+ procedure using 13C and 1H NMR
data in the unscaled and scaled form (13C, 1H and all data;
uDP4+ and sDP4+) at mPW1PW91/6-311+(d,p) in CPCM
(chloroform) for both possible diastereoisomers. The obtained
DP4+ values enabled the assignment of diastereoisomer 1
(C-2R* and C-3S*) as the most likely one, with an overall confi-
dence level of 100% (1H on the sDP4+ form), 99.9% (13C on
the sDP4+ form), 100% (all data on the sDP4+ form), 80% (1H
on the uDP4+ form), 100% (13C on the uDP4+ form) and 100%
(all data on the uDP4+ form). With confidence on the relative
configuration, the authors evaluated the anti-inflammatory
activity of the isolated compound (Fig. 3).

III.2 Unprecedented skeletons

Isopenicins A–C: ANN-PRA protocol190

In 2019, Tang and co-workers isolated three meroterpenoids
from the plant endophytic fungus Penicillium sp. sh18, called
isopenicins A–C, with antitumor activity. The isolated com-
pounds present two types of unprecedented terpenoid–polyke-
tide hybrid skeletons, in which the complex and intriguing struc-
tures are related to a broad spectrum of biological properties.

The planar structure of isopenicin A was proposed based on
extensive analysis of HRESIMS, 1D and 2D-NMR methods.
However, to unambiguously determine its structure and the
stereochemistry, a single crystal was obtained using vapor
exchange of methanol and water in a closed tube.
Subsequently, through a single-crystal X-ray diffraction experi-
ment, a conclusive confirmation of the structure and its absol-
ute configuration as 3S,5R,8S,9R,10S,13R,14R,16R,5′R,15′R was
obtained. However, for isopenicins B and C, it was not possible
to obtain suitable crystals for X-ray diffraction experiments.
Based on the similarity of the HRESIMS and 1D and 2D-NMR
data, the authors assumed that isopenicin B might have the
same planar structure as isopenicin A, differing only in the
relative configuration. After extensive 1H–1H COSY and HMBC
data acquisition, it was proposed that the only difference in
configuration should be C-15′, establishing the absolute con-
figuration as 3S,5R,8S,9R,10S,13R,14R,16R,5′R,15′S. In the
absence of an ideal crystal, the authors decided to apply the
ANN-PRA protocol to validate the correctness of the proposed
structure. The calculations were carried out following the
instructions of ANN-PRA, i.e. geometry optimisation at the
B3LYP/6-31G(d) level (gas phase) followed by NMR shielding
tensor calculation at the mPW1PW91/6-31G(d) and
mPW1PW91/6-31G(d,p) level in the gas phase and with the
PCM model (chloroform), respectively. Using two reference
standards (TMS and MSTD), the ANN-PRA protocol gave rise to
the conclusion that the structure of isopenicin B was correct.
In addition, to confirm its absolute configuration, the authors
obtained a ECD spectrum associated with TDDFT calculations.
For isopenicin C, the 1D and 2D NMR data suggested the
same subunit as in isopenicin A and B, with a different side
chain. As for compound 2, the authors used the ANN-PRA pro-
tocol with TDDFT calculations of the ECD spectrum to validate
the proposed structure and to confirm the absolute configur-
ation of isopenicin C as 3S,5R,8S,9R,10S,13R,14R,16R (Fig. 4).

Premnafulvol A: DP4+ and ANN-PRA189

In 2018, Pu and co-workers isolated from the aerial parts of
Premna fulva a unique diterpenoid featuring a complex 6/5/7/

Fig. 2 Structure of flabellipparicine.

Fig. 3 Enantiomeric forms of the isolated epoxyflavone.
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3-fused tetracyclic carbon skeleton, called premnafulvol A. The
structure was proposed based on HR-ESI-MS and 1D and
2D-NMR methods. After extensive evaluation of 1H–1H COSY
and HMBC data, a tetracyclic 6/5/7/3 ring system was pro-
posed. A partial relative configuration was assigned based on
ROESY experiments. To elucidate the overall relative configur-
ation, 1H and 13C NMR chemical shift calculations were per-
formed for two possible diastereoisomers at the mPW1PW91/
6-31G(d,p) level using PCM to simulate solvent effects (pyri-
dine). Subsequently, the experimental and calculated NMR
chemical shifts data were further analysed by the DP4+
method. The DP4+ value obtained using both the 13C and 1H
NMR data in the unscaled form (13C, 1H and all data, uDP4+)
enabled the assignment of diastereoisomer 1a as the most
likely one, with an overall confidence level of 100%. In
addition, the NMR data were also calculated at the
mPW1PW91/6-31G(d) level (gas phase) to be used in the
ANN-PRA protocol. Using TMS and MSTD as reference stan-
dards, the ANN-PRA protocol was able to assign the diastereo-
isomer 1a as the correct one while it gave the opposite results
(an incorrect assignment) for diastereoisomer 1b.
Experimental and calculated ECD spectra were employed to
confidently establish the absolute configuration (Fig. 5).

III.3 Complex cases

Cubebin: MAE, RMSD, DP4+, X-ray154

In 2020, Macedo and co-workers isolated (−)-cubebin, a bio-
active natural dibenzylbutyrolactolic lignan found in the genus
Piper. This compound presents several biological properties,
such as analgesic, anti-inflammatory and antimicrobial,
among others, which are intrinsically related to its configur-
ation. Despite its relatively simple structure, cubebin presents
three stereogenic centres, in which the configuration of the
anomeric centre remained uncertain for many years, as seen
in other butyrolactolic lignans. Based on the extensive analyses
of CG-MS and 1D and 2D-NMR, it was possible to assign the
basic structure of cubebin.

As cubebin presents three stereogenic centres, eight stereoi-
somers are possible, comprising four pairs of enantiomers. As
each pair of enantiomers displays the same NMR chemical
shift in isotropic media, to determine the correct relative con-
figuration, the authors simulated the 13C and 1H NMR chemi-
cal shifts for the four possible diastereoisomers of cubebin at
the mPW1PW91/6-31G(d)//mPW1PW91/6–31G(d) level, which
was subsequently compared with those obtained experi-
mentally for the isolated compound. Through these compari-
sons, the 13C and 1H NMR MAE and RMSD obtained for the
four possible diastereoisomers were extremely similar, which
did not allow a definitive determination of the relative configur-
ation. This fact clearly demonstrates that although cubebin pre-
sents a relatively simple structure, determining its relative con-
figuration is challenging based only on experimental NMR
methods. Trying for a more reliable discrimination between the
possible diastereoisomers, the authors employed the DP4+ pro-
cedure using both the 13C and 1H NMR data in the scaled form
(all data, sDP4+). The obtained DP4+ values enabled the assign-
ment of diastereoisomer 2 as the most likely one, with an
overall confidence level of 97.9%, against 1.15%, 0.87% and
0.08% for diastereoisomers 1, 3 and 4, respectively. For further
verification, the authors also carried out an X-ray diffraction
study of the isolated compound, which confirmed the mole-
cular structure of cubebin as diastereoisomer 2. With confi-
dence on the relative configuration, the absolute configuration
of cubebin was determined through comparison of the experi-
mental ECD spectrum with the corresponding one computed
by quantum chemical methods (Fig. 6).

Dichrocephones A and B: Synthesis and DP4.2208

In 2013, Ding and Zou isolated two new cytotoxic propel-
lane triquinanes from dichrocephala benthamii, called dichro-
cephones A and B. These compounds present a dense array of
stereogenic centres, featuring three contiguous quaternary
carbon centres embedded in a fully substituted cyclopenta-
none fused with two cyclopentanes. Furthermore, to date, it is
the highest oxidised known modhephane.209

For dichrocephone A, the connectivity and relative configur-
ation were determined by extensive HMBC and ROESY experi-
ments and the absolute configuration was assigned based on
the comparison of experimental and calculated ECD spectra.
However, in 2017, Kutateladze and Kuznetsov, using the para-

Fig. 4 Structures of isopenicin A–C.

Fig. 5 Two possible diastereoisomers of premnafulvol A: 1A, left:
correct and 1B, right: incorrect.
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metric/DFT hybrid computational method DU8+, demon-
strated that the structure of dichrocephone A should be
revised to the C-2 epimer.210

In 2018, motivated by the unprecedented functionalised
tetracyclic core, Schmiedel and co-workers embarked on the
total synthesis of dichrocephone B. To do that, the authors
envisioned that the oxetane motif in dichrocephone B could
be formed through dehydrative etherification of dichroce-
phone A, in a biomimetic fashion.208 After an elegant synthetic
approach, the author successfully reached the desired product.
The key features of the synthesis included the application of a
catalytic asymmetric Wittig reaction, followed by stereo-
selective functionalisation of the propellane core into a penta-
cyclic intermediate and double reductive ring cleavage. The
structure of the synthetic product was confirmed by X-ray crys-
tallography. However, the 1H and 13C NMR chemical shifts of
the synthetic compound did not match the NMR reported
values of the isolated compound. Thus, the synthetic com-
pound could not be the correct structure of the isolated dichro-
cephone A. Similarities obtained between the HMBC spectra of
the synthetic product with the isolated dichrocephone A
suggested that they should be diastereoisomers. The authors
realised that the biosynthetic proposal of dichrocephone A

would be the precursor of dichrocephone B, through a dehy-
drative etherification, but would only be possible if the struc-
ture of dichrocephone A was the same as that of the synthetic
molecule or its epimer at C-8. All the other possible diastereo-
isomers would prevent intramolecular ring closure. Thus, to
obtain a more reliable discrimination between the possible
diastereoisomers, the authors decided to use the
DP4.2 method. To do that, all diastereoisomers were calculated
at the mPW1PW91/6-311+G(2d,p)//B3LYP/631+G(d,p) level with
PCM to simulate solvent effects (acetone). The DP4.2 probabil-
ities (all data in scaled form) obtained through comparison of
the simulated NMR chemical shifts with the experimental data
of the synthetic compound confirmed the structure proposed
by X-ray analysis with a high level of confidence (100%). On
the other hand, upon performing the same DP4.2 analysis
with the NMR data reported for the isolated compound, the
epimer at C8 was predicted with a high level of confidence
(99.8%) using the DP4.2 method. These results revised the
recent reassignment reported by the DU8+ method. The
authors further justified that the error in the previous DU8+
study probably occurred due to the way in which the contri-
butions of certain conformers were weighed. To support this
proposal, the authors followed a synthetic route to reverse the
configuration at C-8. Doing so, the NMR data of the inverted
synthetic C-8 product material matched those of the isolated
natural product, thus confirming the biosynthetic proposal
and the corrected structure of dichrocephone A (Fig. 7).208

Lobophytolins A and B: j-DP4186

In 2020, Li and co-worker isolated two new cembranoids,
namely lobophytolins A and B, from the Chinese soft coral
Lobophytum sp. The structure of these bioactive marine natural
products was elucidated by NMR spectroscopy, quantum
chemical calculations and X-ray diffraction analysis. In
addition, the authors also reported the difficulties encoun-
tered in determining their full structures.

The planar structure of lobophytolins A and B was deter-
mined based on extensive analysis of HR-ESIMS, 1H and 13C
NMR data using the COSY and HMBC 2D methods. Once the
planar structures of lobophytolins A and B were elucidated,
the authors focused their attention on the determination of
their stereochemical features. However, this was not an easy
task. The overlapping chemical shift of H-1 and H-2 prevented
the measurements of experimental 3JHH as well as the unam-
biguous analysis of the NOESY experiment. Another problem

Fig. 6 Four possible diastereoisomers of cubebin.

Fig. 7 Structure of dichrocephone A and B before and after reassignment.
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was to connect the relative configuration of the oxane ring,
since it is located on a remote position at C-7, separated by the
non-protonated atom C-4. Thus, the authors decided to face
this problem computationally, by calculating NMR spectro-
scopic properties. For that, eight possible candidate disaster-
eoisomers were evaluated. First, conformational searches were
performed. To keep the computational cost to a minimum, the
authors decided to use only a 12 kJ mol−1 energy cut-off value.
Afterward, geometrical optimisation at the DFT level was
undertaken at the B3LYP/6-31G(d) level, followed by the NMR
calculations at the PCM/mPW1PW91/6-31+G(d,p) level, as rec-
ommended for the DP4+ method. The NMR shielding con-
stants were also calculated and averaged over the Boltzmann
distribution obtained for each stereoisomer and correlated
with the experimental data. The shielding constant simu-
lations provided conclusive guidance about the relative con-
figuration at C-1, C-3 and C-4. However, the configuration at
C-7 could not be irrefutably determined. This result was not
unexpected, given the separation of the two stereoclusters, in
addition to the choice of using a low-energy cut-off value
during the conformational search, which could have caused
the loss of potentially relevant conformations, leading to an
inappropriate representation of the real conformational distri-
bution of the studied molecule. Therefore, the authors
decided to use the iJ/dJ-DP4 protocol, which includes the JHH
values to constrain the conformational sampling. To do that,
the NMR calculations were performed as recommended, at the
B3LYP/6-31G(d,p)//MMFF level, and 3JHH values were computed
considering only the Fermi contact term. Once the stereocen-
tre of interest was located around C-7, only H-7 coupling con-
stants were used to constrain the conformational sampling,
creating a subset of candidates compatible with experimental
measurements (iJDP4 step). A cut-off value of 2.5 Hz from the
experimental value was used as the restraining factor. Thus,
using only the selected compatible conformations, the authors
proceeded with the iJ/dJ-DP4 analysis, making use of all other
3JHH in combination with the chemical shift (dJ-DP4 step).
Finally, the experimentally observed NMR data for lobophyto-
lin A gave the best match, with a high level of confidence of
>99%, with the candidate of configuration 1R,3S,4R,7R. On the
other hand, the comparison using the NMR experimental data
for lobophytolin B gave its best match, with a high level of con-
fidence of >99%, for the epimer 1R,3S,4R,7S. Even though
most 3JHH experimental values were similar, the different coup-
ling constant values measured for H-7 in lobophytolin A (dd, J =
6.0, 4.0 Hz) and B (dd, J = 10.3, 4.0 Hz) were decisive for discri-
minating them. To confirm the previous proposal, X-ray diffr-
action analysis was used. The authors also discuss that the two
obtained crystallographic structures were different from the
conformations obtained using the restrained iJ/dJ-
DP4 method, to the point that the DP4+ analysis performed
using only the X-ray structures pointed to the 7R isomer for
both lobophytolins A and B. This fact clearly suggests that the
solution and solid-state conformations of lobophytolins A and
B are different, demonstrating the great difficulty in determin-
ing the structure of these molecules (Fig. 8).

III.4 Marine natural products

Donghaecyclinones A–C: CP3 and DP4211

In 2020, Bae and co-workers, working on the chemical pro-
filing of the Streptomyces sp. strain SUD119 from a marine
sediment sample collected from a volcanic island in Korea,
isolated three new metabolites called donghaecyclinones A–C
(1–3, Fig. 9).

The planar structure of donghaecyclinones A–C (1–3) was
proposed based on extensive analysis of high resolution-fast
atom bombardment mass spectrometry (HR-FABMS), and the
combination of 1H and 13C with HSQC, HMBC and COSY
NMR data. For donghaecyclinones A (1), this analysis led to a
6/6/6/5/6 pentacyclic skeleton. On the other hand, after a com-
prehensive analysis of the 1D and 2D NMR data, it was
revealed that donghaecyclinone B (2) and C (3) present the
same planar structure. However, the optical rotations of don-
ghaecyclinone B (2) and C (3) were different, yielding opposite
signs with different absolute values (+125.6 and −156.7,
respectively). Thus, the authors concluded that these two com-
pounds were diastereomers, which requires a rigorous stereo-
chemical analysis. With the planar structure of donghaecycli-
nones A–C (1–3) determined, the authors focused their atten-
tion on the relative configuration determination. For donghae-
cyclinone A (1), the relative configuration of ring A was estab-

Fig. 8 Structure of lobophytolins A and B.

Fig. 9 Structures of donghaecyclinones A–C.
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lished based on the 3JHH values, ROESY correlations and
Mosher’s method. However, the lack of ROESY correlations at
C-7 and C-12 prevented the assignment of the relative con-
figuration at the junction of rings Ca and Cb. To overcome this
issue, the author decided to use the DP4 method. The two
possible diastereomers with configuration (3R,4S,7S, and 12S)
and (3R,4S,7R, and 12R) were proposed. After performing a
conformational search using the MMFF force field at the
MacroModel program, 12 low energy conformers within 10 kJ
mol−1 were selected for both possible diastereoisomers. Then,
the 1H and 13C NMR chemical shifts were calculated for both
diastereoisomers at the B3LYP/6-31G(d,p) level in the gas
phase. The DP4 method afforded 98.3% probability for the
(3R,4S,7S, and 12S) diastereoisomer. For donghaecyclinone
B (2) and C (3), it was possible to establish the relative con-
figuration at C-3 and C-4 as 3R* and 4S* based on the 3JHH

values and ROESY correlations. However, as they were expected
to be diastereomers, these compounds must have opposite
configurations at C-3′, which is the only remaining chiral
centre with an undetermined relative configuration. To solve
this, as the situation presented two possible experimental
NMR values (isolated donghaecyclinone B and C) and two
possible diastereoisomers (3R*,4S* and 3′S*) and (3R*,4S* and
3′R*), the authors cleverly decided to apply the CP3 method
instead of DP4. The CP3 method showed, with a high level of
confidence (100%), that the relative configurations of donghae-
cyclinone B (2) and C (3) were 3R*,4S*, and 3′S* and 3R*,4S*
and 3′R*, respectively. To determine the absolute configur-
ations of donghaecyclinone B (2) and C (3), the authors also
applied Mosher’s method, as applied for donghaecyclinone
A (1). However, during the MTPA derivatisation, donghaecycli-
nones B (2) and C (3) underwent isomerisation at C-3′ at the
furanone moiety, which prevented its assignment. This
problem was circumvented through the comparison of experi-
mental ECD spectra of donghaecyclinone B (2) and C (3) with
the TD-DFT simulated spectra at the B3LYP/def-SVP//B3LYP/
def-SVP level for both enantiomers. With these analyses, it was
possible to assign donghaecyclinone B (2) as having an absol-
ute configuration of 3R,4S and 3’S and donghaecyclinone C (3)
as having an absolute configuration of 3R,4S and 3′R.

Waikikiamides A–C: DP4+212

In 2020, Wang and co-workers worked with the marine
fungal strain of Aspergillus sp. FM242, isolated from a sample
collected at Waikiki beach in Oahu, Honolulu, Hawaii. They
isolated the structurally complex diketopiperazine derivatives
called waikikiamides A–C, along with its putative biogenic pre-
cursors, called (+)-semivioxanthin, notoamide F and (−)-notoa-
mide A. Waikikiamides A and B bear an unprecedented hende-
cacyclic ring system, whereas waikikiamide C was the first pre-
nylated indole diketopiperazine heterodimer presenting an N–
O–C bridge.

Waikikiamide A was isolated as an optically active powder
with a molecular formula of C41H39N3O9, as established by
high-resolution electrospray ionisation mass spectrometry
(HRESIMS). Its structural analysis based on NMR methods was
challenging due to the low H/C ratio. After extensive COSY and

HMBC analysis with different solvents, dividing the structure in
two fragments, it was possible to determine that the structure
of fragment I of waikikiamide A is similar to that of (+)-avrainvil-
lamide, except for positions 20 and 21, while fragment II pre-
sented a highly aromatic character similar to (+)-semiviox-
anthin, except for positions 8′ and 9′, which was also isolated in
the same study. However, according to the molecular formula of
waikikiamide A, one additional ring and one oxygen atom had
to be assigned. Because only the valences at C-20 and C-9′
remained unsatisfied, the authors realised that the additional
ring and oxygen could only result from an ether linkage
between C-20 and C-9′, determining the planar structure of wai-
kikiamide A. The NOESY spectrum indicates that H-6 and
26-NH had the same orientation, whereas H-21 and the C20–
C19 bond had opposite orientations. However, to further deter-
mine the relative configuration of fragment I of waikikiamide A,
the authors decided to use the quantum chemistry calculations
of NMR shifts for correlation with experimental data, followed
by the analysis of the DP4+ probability. For that, eight possible
diastereoisomers were generated, resulting from varying the
configurations at C-6, C-20 and C-21. The eight possible dia-
stereoisomers (called 1a to 1h) were submitted to conformation-
al sampling at the MMFF level. After that, the NMR chemical
shifts of all conformers found with a 10 kcal mol−1 cut-off value
for each configuration were computed at the PCM/mPW1PW91/
6-31+G(d,p)//B3LYP/6-31G(d) level. Among the possible candi-
dates, one diastereoisomer (1h) stood out with MAE values of
1.2 and 0.09 ppm for the carbon and proton data, respectively.
After the application of DP4+ analysis, the same candidate
yielded an overall probability value over 99.9% (all data, 13C +
1H), which represented a good agreement with the NOESY cor-
relations observed for waikikiamide A. Despite that, determine
the relative configuration of the connected fragments (I and II)
was a challenging task, mainly for the C-3′ position, given the
large separation of both stereoclusters by a planar aromatic
core. As it was not possible to obtain suitable crystals for X-ray
analysis, the authors decided to compute the NMR shifts for
the 3′ epimer (3′epi-1h), in an attempt to suggest a full stereo-
chemical assignment. As expected, the calculated NMR chemi-
cal shifts of both epimers were similar, with slightly larger MAE
values for 3′epi-1h (1.26 and 0.093 ppm) vs. 1.21 and 0.087 ppm
for 1h. As the MAE values were not enough to discriminate
between the two epimers, DP4+ was also applied, favouring can-
didate 1 h with a moderate probability value of 80.7%. Although
this is not an ideal DP4+ value (preferably close to 100%), it was
enough for the authors to make a structural proposal for waiki-
kiamide A. With confidence on the relative configuration, the
absolute configuration of waikikiamide A was determined
through the comparison of experimental ECD spectra with the
corresponding computed spectra of both epimers (1h and 3′epi-
1h) using quantum chemical methods. The Boltzmann-
weighted ECD spectra of both candidates matched well with the
experimental ECD spectrum, suggesting that the ECD spectrum
seems to be governed mainly by the handedness of fragment I,
allowing the authors to assign the absolute configuration of wai-
kikiamide A.

Review Organic Chemistry Frontiers
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For waikikiamide B, the molecular formula of C41H39N3O8

suggests one less oxygen than that of waikikiamide A. The
extensive NMR analysis revealed that both compounds present
almost the same structure, except for the oxygen at position 9,
which is missing in waikikiamide B. The NOESY correlations
and CD spectrum were almost the same as those of waikikia-
mide A. Hence, based on that data, the authors proposed the
structure of waikikiamide B.

For waikikiamide C, the HRESIMS data revealed a molecular
formula of C54H62N6O11. After an extensive NMR analyses, the
authors concluded that waikikiamide C was also composed of
two fragments (I and III), where fragment I is the same as
found in waikikiamide A and B, whereas fragment III is 12,13-
dihydro-13-hydroxy-12-methoxy-notoamide G. However, the lack
of HMBC correlations between these two fragments prevented
the determination of the connectivity between them. To solve
this structural problem, after repeated recrystallisation with
acetonitrile at room temperature, the authors succeeded in
obtaining a suitable crystal for an X-ray crystallographic study.
Thus, the final structure of waikikiamide C, including the con-
nectivity of fragments I and III and the absolute configuration,
were unambiguously determined (Fig. 10).

III.5 Reassignments

Curcusones I and J: DP4+, DP4, statistical parameters213

In 2013, Liu and co-workers isolated several rhamnofolane
diterpenoids from the roots of Jatropha curcas. Among them,
curcusone I and J stood out for featuring an unusual oxa-
bridge, as suggested by detailed 1D and 2D NMR experi-
ments.214 Their challenging molecular structures, coupled
with the scarcity of synthetic efforts towards rhamnofolane-
derived natural products, led Li and Dai to pursue the total
synthesis of the two isomers through an elegant tandem gold
catalysis approach.215 However, the authors demonstrated that
the NMR data of the synthetic samples did not match those
obtained for the isolated natural products. Thus, there was a
need to review the original proposed structures (Fig. 11).215

Later in 2018, after a detailed analysis of the NMR data of
synthetic and natural curcusones I and J, Sarotti concluded

that the source of the structural error should be stereochemi-
cal in nature due to the modest correlation between them.
With this assumption in mind, as it was not possible to
perform a more detailed analysis by accessing the authentic
samples of the natural products or the original FID files,
Sarotti decided to approach this structural problem computa-
tionally. Thus, the NMR chemical shifts of all possible 64 dia-
stereoisomers were computed at one of the recommended
theoretical levels for DP4+ analysis, the mPW1PW91/6-31+G(d,
p)//B3LYP/6-31G(d) (using chloroform as the solvent in the
PCM method). The author decided to build the 64 possible
diastereoisomers by keeping the configurations arbitrarily
fixed at the oxa-bridge and making all possible permutations
in the remaining stereocentres. After a conformational analysis
using the MMFF force field, all geometries within 10 kcal
mol−1 range for each candidate were then fully optimised at
the B3LYP/6-31G(d) level and then taken for further GIAO
NMR chemical shift calculations. After all the calculations
were done, the performance of the 13C and 1H DP4+ method
was evaluated. First, the author validated the DP4+ method by
correlating the experimental NMR data obtained for the syn-
thetic compounds with all possible diastereoisomers, where
the suitable diastereoisomer was correctly pointed out in the
DP4+ method with high confidence (>99.9%). Next, the DP4+
method was evaluated for the real structural problem, correlat-
ing the experimental NMR data of the isolated natural pro-
ducts (curcusone I and J) with all possible diastereoisomers.
The diastereoisomer corresponding to the original proposed

Fig. 10 Chemical structure of waikikiamides A–C.

Fig. 11 Original proposed structures for curcusone I (left) and J (right).
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structure for curcusone I presented just a modest match in cor-
relation with the experimental data, taking the 32nd position
after arranging the 64 candidates in descending order of DP4+
probability, clearly indicating that the putative original struc-
ture was highly unlikely. On the other hand, the H-DP4+,
C-DP4+ and all data DP4+ values identified with high confi-
dence (above 99.9%) a candidate displaying an inversion of the
configuration at C-2, C-4 and C-7 for curcusone I. It is interest-
ing to highlight that this selected candidate also demonstrated
the lowest values for the basic statistical parameters, like
CMAE and CMaxErr, corroborating the revised proposal. For
further verification of the reassignment, the J coupling con-
stants of all candidates were computed using only the Fermi
contact term at the affordable B3LYP/6-31G(d,p)//B3LYP/6-31G
(d) level of theory. For curcusone I, an excellent correlation
between the ROESY spectrum of the isolated compound with
the distances obtained from the calculated J couplings for the
DP4+ selected candidate served as an additional argument
favouring the reassignment.

With the structure of curcusone I solved, the author
focused his attention on curcusone J. Likewise, after arranging
all 64 candidates in descending order of DP4+ probability, the
diastereoisomer corresponding to the original proposed struc-
ture was placed only in the 29th position, once again indicating
that the original structure was highly unlikely. On the other
hand, in this case, DP4+ obtained for proton and carbon data
pointed in different directions: whereas C-DP4+ identified a
most likely candidate with 92.5% probability, H-DP4+
suggested another candidate as the most likely one with more
than 99.9% probability. However, the author realised that the
overall assignment made by H-DP4+ was more meaningful,
generating an all data DP4+ probability value of 95.9% toward
the selected candidate suggested for H-DP4+. Furthermore, the
structure of the selected candidate for curcusone J was fully
consistent with the experimental chemical shift and multi-
plicity of the H-7 signal observed experimentally, suggesting
that the C-6/C-7 relative configuration should be syn, as in the
selected candidate, and not anti as in the putative original
structure. Once again, the calculated J coupling for the
selected candidate also displayed interatomic distances con-
sistent with the ROESY correlations reported for the isolated
curcusone J, favouring reassignment.

It is interesting to point out that the author also used the
original DP4 method at the B3LYP/6-31G(d,p)//MMFF level of
theory for the stereoassignment of curcusones I and J, reach-
ing the same conclusions and demonstrating that, in this case,
both methods (DP4 and DP4+) worked properly (Fig. 12).

Rubriflordilactone B: DP4+216

In 2006, Xiao and co-workers isolated two highly unsatu-
rated bisnortriterpenoids from Schisandra rubriflora, called
rubriflordilactones A and B. Both isolated compounds pre-
sented polysubstituted central aromatic rings in the proposed
structure elucidated based on NMR data and X-ray crystallogra-
phy.217 Recently, the total synthesis of rubriflordilactone B was
accomplished by Li and co-workers.218 However, the authors
realised that although the X-ray analysis of the total synthesis

product clearly confirmed its identity as the proposed struc-
ture, its 1H and 13C NMR spectra were surprisingly unlike
those of the isolated natural product. As the observed differ-
ences could not be attributed to factors like solvent, tempera-
ture or concentration, the authors considered the possibility
that the originally isolated compound may have contained two
compounds with different amounts and solubility. The crystal-
ised compound, which is the minor amount, afforded the
reported X-ray structure which agrees with the synthetised
compound, whereas the major component probably remained
in solution but was responsible for the observed bioactivities
and published NMR spectroscopic data. The authors also
suggested that this major compound is probably an isomer of
rubriflordilactone B, called pseudorubriflordilactone.
Considering the remote possibility of unravelling the structure
of pseudorubriflordilactone B by reisolation of the natural
product, Grimblat and co-workers decided to examine this
structural problem theoretically. As the most of the 13C chemi-
cal shifts between the isolated and synthetic compound were
in close agreement, it seemed plausible for the authors to pos-
tulate that the misassignment problem was stereochemical in
nature, as suggested by Li and co-workers. However, as the pro-
posed structure presents eight stereogenic centres, 128
different diastereoisomers are plausible for that hypothesis,
called PRB1 to PRB128 by Grimblat and coworkers. To narrow
down the possible candidates, as minor differences in the 13C
NMR spectra of both compounds were noted for carbons C1 to
C10, the authors assumed that the relative configuration of the
ABC ring system of the isolated and synthetic compound
might be the same. With this assumption, 32 candidates
bearing the 1R,5S,10R configuration remained plausible
(PRB33–PRB64).

After an exhaustive conformational search using the MMFF
force field, the authors realised that these molecules are fairly
rigid, so unique conformations were located for each candi-
date. These were optimised at the B3LYP/6-31G(d) level of
theory for further calculations of the NMR chemical shifts at
the mPW1PW91/6-31+G(d,p) level using the PCM (pyridine)
model, for subsequent application of the DP4+ method.

To validate the method, the authors first correlated the
NMR data computed for candidates PRB33–PRB64 with the
experimental NMR values reported for the synthetic com-
pound, whose structure was unambiguously determined by
X-ray analysis. The DP4+ method yielded a probability value of

Fig. 12 Revised structure of curcusone I (left) and J (right).
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92.6% for the candidate called PRB48, which was indeed the
correct structure of rubriflordilactones B. However, during the
validation of the method, the authors noted an interesting
fact. While the C-DP4+ probability value was high (94.0%) for
candidate PRB48, the obtained H-DP4+ value for candidate
PRB49 was higher than the one obtained for candidate PRB48
(58.8% vs. 6.1%). The fact that the overall obtained DP4+ value
indicates candidate PRB48 with a high level of confidence
even with unfavourable H-DP4+ values strengthens the need
for using both types of data whenever possible.

With the DP4+ methodology validated for this case, the
authors focused their analysis on the correlation with the
experimental data reported for pseudorubriflordilactone B. In
this case, the DP4+ method yielded an extremely low confi-
dence (<0.01%) for the candidate PRB48, representing the orig-
inally proposed structure. On the other hand, PRB60, with con-
figuration 1R,5S,10R,16S,17R,20S,22S,23S, was identified as
the most likely candidate with an overall probability value of
99.5%. These candidates (PRB48 and PRB60) differ only in the
C-16 and C-17 configurations, describing the E/F ring fusion.
However, the authors noted that, in this case, the 1H NMR
data conclusively favoured the most likely candidate with a
probability value of 99.9%, while the carbon data, on the other
hand, provided a weak argument toward PRB60, yielding a
C-DP4+ value of only 0.5%. The authors argued that although
it is not uncommon that carbon and proton data point toward
different directions in the DP4+ method, the large difference
obtained between H-DP4+ and C-DP4+ caught the authors’
attention. With a close inspection of the experimental and cal-
culated 13C NMR data, a large discrepancy was noted in the
chemical shift assigned for C-15 methylene. After an extensive
detailed review of the 1D and 2D NMR data reported in the ESI
of the isolation paper, the authors considered that a misinter-
pretation of this signal probably occurred due to an impurity
present in the sample. In fact, after the calculated and experi-
mental chemical shifts for C-15 were removed from all candi-
dates, the calculated C-DP4+ probability changed dramatically,
clearly indicating that the low C-DP4+ value obtained initially
for the candidate PRB60 was strongly related to the C-15
signal. An additional argument favouring for candidate PRB60
was obtained from the detailed examination of the NOESY
spectrum of the isolation sample, where a correlation between
H-1 and H-27 was noticed. Among all the 32 candidates, the
only one in which this NOESY interaction is clearly compatible
with a low energy conformation is the candidate PRB60.
Nevertheless, to rule out any possibility that another stereoi-
somer candidate besides the 32 considered thus far by the
authors could be the true structure of pseudorubriflordilac-
tone B, the authors decided to calculate the chemical shifts of
the remaining 96 possible candidates. Then, the DP4+ method
was recomputed considering the entire set of all 128 possible
candidates. Fortunately, even considering all the possibilities,
the obtained DP4+ values were practically unchanged, and
once again the candidate PRB60 was identified as the most
likely with a high overall level of confidence 99.5%. This study
clearly highlights the potential of the DP4+ method as a key

tool for evaluating the structure of complex natural products,
in addition to providing a powerful guide to the additional syn-
thetic work needed to finally elucidate the structure of rubri-
flordylactone B (Fig. 13).

III.6 Parametric corrections

Xylogranatin F: DU8+219

In 2008, Wu and co-workers isolated 13 limonoid com-
pounds from the seeds of a Chinese mangrove, Xylocarpus
granatum. These compounds, called xylogranatins F–R, pre-
sented a new carbon skeleton, for which structures were eluci-
dated on the basis of spectroscopic data and chemical
methods.220 However, in 2019, Schuppe and co-workers
working on the total synthesis of some bislactone limonoid
alkaloids, determined that xylogranatin F was originally struc-
tural mischaracterised. In the original isolation paper, the
authors proposed the relative configuration for C-3, C-5, and
C-10 of xylogranatin F based on NOESY data. Schuppe and co-
workers realised that although the NOE signal between the
protons at C-5 and C-19 was unequivocal and suggested the cis
fusion between rings A and F, the proposed NOE signals
between the protons at C-3 and C-5, as well as between C-3
and C-19, were very weak and ambiguous. Thus, the authors
suggested that a misassignment might have occurred. The
signal that was interpreted as an authentic NOE signal could
be attributed to background noise. In this way, suspicious of
this structural misassignment, Liu and co-workers decided to
investigate this issue based on NMR calculations. The authors
considered four different possible structures by varying the
stereochemistry at positions C-3, C-5 and C-10 while maintain-
ing the cis fusion between rings, which was reliably supported
by NOESY data.

First, a conformational search was performed for the four
possible diastereoisomer candidates using the MMFF force
field with the Macromodel software. Then, each conformer
was subjected to geometry optimisation at the B3LYP/6-31+G
(d,p) level of theory in the gas phase. NMR single point calcu-
lations using the GIAO method were performed for all geome-
trically optimised structures using mPW1PW91/6-311+G(2d,p)
in chloroform with the SMD solvation method. After the calcu-
lations, the simulated results were also subjected to statistical
analysis using the DP4 method. The 13C NMR calculation
yielded chemical shifts for the originally proposed structure
(3R,5S,10S) with a MAE deviation of 1.5 and RMSD of 2.0 ppm.
Furthermore, the chemical shifts of several carbon atoms on

Fig. 13 Structure of rubriflordylactone B.
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rings A and F, around the C3 stereogenic centre, yielded errors
over 3.0 ppm. On the other hand, the candidate consistent
with the reassignment of xylogranatin F (3S,5S,10S) presented
the lowest average chemical shift deviation of 1.2 and RMSD of
1.5 ppm. Also, the deviations around the C-3 stereogenic
centre were all within 3.0 ppm. In addition, this candidate
yielded a C-DP4 probability value of 81.8%. The 1H NMR calcu-
lation results also suggested a structural misassignment,
where the chemical shifts of the originally proposed structure
(3R,5S,10S) yielded an MAE deviation of 0.18 and RMSD of
0.22 ppm. In contrast, the candidate (3S,5S,10S) presented the
lowest MAE deviation of 0.14 with an RMSD of 0.17 ppm.
Additionally, the H-DP4 probability value obtained was 100%,
which led to a total DP4 (1H + 13C) probability value of 100%.

The authors also decided to apply the DU8+ parametric calcu-
lations, at the ωB97xD/6-31G(d) level in chloroform with the
default PCM solvation method, where all the optimised struc-
tures were subjected to the DU8+ empirical corrections for 13C.
The results of the DU8+ calculations confirmed the structural
misassignment of xylogranatin F. For the originally proposed
structure, the discrepancy between the experimental 13C NMR
chemical shift and the calculated data obtained was over 7 ppm
for carbons around the C-3 stereogenic centre. On the other
hand, interestingly, the calculated chemical shifts of the correct
candidate 3S,5S,10S were in an excellent agreement with the
experimental data, yielding an MAE of 0.6 and an RMSD of
0.8 ppm. However, although the DU8+ method presented this
excellent result for the correct candidate, the difference in 13C
NMR chemical shifts obtained for the other two possible diaster-
eomers candidates becomes less pronounced, in a way that it
was not possible to discriminate them once the obtained differ-
ences dropped below the accuracy of the computational method.
The authors concluded that the hybrid DFT-parametric DU8+
method demonstrated superior accuracy using a fraction of the
computation cost, yielding an excellent MAE value of only
0.6 ppm for the revised structure, significantly better than the
MAE of 1.2 ppm achieved with the more standard GIAO method
at the mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) level of
theory. However, although the accuracy was lower for the stan-
dard GIAO method, it correctly predicted the right structure with
larger differences predicted among the multiple candidates,
which did not occur with the DU8+ method. In addition, the
results obtained with the standard GIAO method can be further
analysed by powerful statistical methods, like DP4 for example.

Briarellins: DU8+140

In 1995, a subset of C2–C11 cyclised cembranoids, called
briarellins, were isolated from gorgonian octocorals. To date,
the briarellin family comprises 20 compounds, called briarel-
lins A–T. Several compounds from this family exhibit interest-
ing pharmacologic properties, creating a broad interest in the
synthesis of these complex structural compounds. In 2009,
Corminboeuf and co-workers succeed in synthesising briarel-
lins E and F, confirming the ethereal C3–C14 link in the struc-
ture of briarellins.221 However, when Crimmins and co-
workers succeed in synthesising briarellin J, they argued that
the 1H and 13C NMR spectra of their synthetic product, which

had its structure determined by X-ray crystallography, are per-
ceptively different from the NMR data obtained for the isolated
natural compound. The authors suggested, based on their syn-
thetic efforts and after an extensive analysis of Faulkner’s bio-
synthetic proposal and re-examination of the original isolation
data, that the true structure of briarellin J contains the stereo-
chemistry at C-11 in opposition to that originally reported.222

As the structure of briarellins was elucidated mainly by
NMR, and after the reassignment made by Crimmins group,
Holt and co-workers decided to investigate the whole family of
briarellin compounds with the help of the hybrid DFT/para-
metric computational DU8+ method. After this study, the
authors reported that most of them required structural revi-
sion. The authors showed that, with the DU8+ analysis of all
reported briarellins, it was possible to suggest that structures
containing the C3–C14 ethyleneoxy bridge, such as briarellins
E, F, I, S and T, were originally assigned correctly. However, for
the C3–C14 bridged lactones, such as briarellins A–D, H, and
J–R, the original structure was misassigned. The authors’ ana-
lysis of briarellin J revealed two most severe deviations
between the calculated and experimental 13C NMR data. The
first was the chemical shift for Me17, calculated at 11.1 ppm,
which presented an error greater than 6 ppm from the experi-
mental value of 17.7 ppm. Similarly, the calculated value of
23.7 ppm for C13 presented an error of almost 7 ppm from the
experimental value of 16.8 ppm. The authors also realised that
all CH2 carbons in briarellin J were in fact incompatible with
the originally proposed structure, since the simulated chemi-
cal shift values were superior to 23 ppm, while the corres-
ponding experimental CH2 signal was around 16.8 ppm.

As the proton spectrum of the experimental data yielded
multiple overlapping signals, scalar coupling data were not
helpful in this case. So, after trial and error, the authors suc-
ceeded in a revision that matched the 13C NMR experimental
data. This revision required a lactone bridge connecting
carbons C-14 and C-11, while the C-11-acetate was moved to
position C-3. The calculated NMR data for the proposed
revised structure for briarellin J were closely comparable to the
experimental NMR chemical shift data, yielding an RMSD
value of only 1.06 ppm. After the DU8+ analysis for briarellins,
the authors also proposed that the 13C chemical shift of Me17
could be used as a differentiation criterion to discriminate
between structures containing the original triatomic C3–C14
bridge and the structures possessing the new structural motif,
the C11–C14 bridge. All compounds presenting the high field
13C chemical shift values for Me-17 of 10–12 ppm range could
be reliably determined as presenting the original proposed
C3–C14 bridge, while compounds presenting the Me-17 peak
in the range of 17.4–17.9 ppm should be revised into the struc-
tures containing the C11–C14 bridge. However, briarellin H
was the only member of this lactone family that yielded an
experimental Me-17 value slightly outside of the
17.4–17.9 ppm range and the C11–C14 candidate structure
showed a poor fit. After a careful analysis of the DU8+ NMR
computed and experimental data, the authors revised the
structure to yet another structural type, a C12–C14 bridged
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lactone. In conclusion, after DU8+ calculations, the authors
suggested that briarellins A–D, H, and J–R should be revised to
two new structural types, possessing a C11–C14 or C12–C14
lactone bridge (Fig. 14).140

IV Conclusions and future
perspectives

From our viewpoint, the new statistical procedures that are
being employed to help rationalise assignments of experi-
mental and theoretical chemical shifts represent valuable tools
to reduce the difficulties associated with the determination of
chemical structures by NMR spectroscopy. To date, the accu-
racy of simulation methods complemented with the new stat-
istical tools enables the discrimination of closely related struc-
tures, like diastereosiomers, with a high level of confidence.
The seminal contributions of several research groups, mainly
those led by Tantillo, Sarotti, Goodman and Kutateladze, have
induced overwhelming growth in the field, updating and
broadening research activity in the NMR simulation area, to
the point that nowadays such studies are routinely found in
the high impact literature. Nevertheless, this research field is
still far from stagnant and has much to advance. We believe
that growth will proceed into two main directions. The first is
related to artificial intelligence. Sarotti is the pioneer in this
field, implementing the use of artificial neural network
pattern recognition analysis (the method called ANN-PRA) to
the simple and rapid detection of structural misassignments.
However, ANN are just one of the algorithms available in what
is now called machine learning. We believe that, in the near
future, new methodologies will emerge using new algorithms
in a combined approach, further improving this type of meth-
odology pioneered by Sarotti.

The second direction relates to the automation process. It is
well-known that managing and processing multiple files to
perform an in silico structural assignment, i.e., by dealing with a

large number of isomers and/or molecules with expressive con-
formational flexibility, can be a discouraging and tedious work.
In this sense, there is a search for the development of protocols
for the automation of the whole process. In recent years, we have
witnessed the significant development of the DP4-AI method by
the Goodman group, a robust system for automatic processing
and assignment of raw 13C and 1H NMR data, under develop-
ment to be integrated into a computational organic molecule
structure elucidation automated workflow.223 Although it may be
considered a game changer in the field, in the same year,
Sarotti’s group published a paper exploring the repercussions of
energy mismatch when automated protocols are used.224 The
results obtained by these authors make clear the risks of auto-
mation, as energy calculation errors might easily lead to incorrect
structural assignments without ‘human’ validation. We believe
that an automation process able to overcome this energy issue is
close to be developed and will be extremely relevant to the field.
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