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The present microreview highlights the recent goals reached
by the application of a combined approach of NMR spec-
troscopy and quantum chemical methods in the structural
studies of natural products. In particular, different case stud-
ies are reported, showing the comparison of calculated NMR
parameters at the quantum mechanical (QM) theory level
with experimental data for the configurational assignment of
organic compounds. Moreover, it is shown that the QM–NMR

1. Introduction

Many molecular properties of organic compounds, such
as chemical reactivity, catalytic, biological, and pharmaco-
logical activities, are critically affected not only by their
functional groups but also by their spatial position. Thus,
the disclosure of the relative configuration has a great im-
pact in the full understanding of their chemical behaviors.
Different approaches to determine the exact structure and/
or configuration of organic products have been devised.[1–3]

Total synthesis has played a primary role in structural as-
signment and revision but its drawback is represented by
the additional costs in terms of time and money. For these
reasons, a series of new and more rapid methods, such as
nuclear magnetic resonance (NMR), circular dichroism
(CD), X-ray crystallography, and mass spectrometry (MS),
which allow preservation of the sample under investigation,
have shown to be valid alternatives to classical chemical
approaches.

In this field, NMR spectroscopy is one of the most em-
ployed tools, as some NMR parameters [coupling constant,
chemical shift (cs)] can provide fundamental information
on the configurational and conformational arrangement of
organic molecules. For example, the 3JH,H coupling con-
stants between protons separated by three bonds depend
on the dihedral angles, following the well-known Karplus
equation.[4] Moreover, the nuclear Overhauser effect
(NOE)[5] provides information of the 3D spatial arrange-
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approach can be used as a fast and convenient method to
lead the total synthesis of complex natural products to the
correct stereoisomer. Through recent analysis of the co-
valent complex formed between d(GACTAATTGAC)-
(GTCAATTAGTC) and (+)-yatakemycin, the potential appli-
cation of this hybrid method as a useful tool for the charac-
terization of bioactive molecule–biopolymer interactions is
presented.

ment of the nuclei, clarifying the geometrical information
on the relative positions of the atoms in the analyzed molec-
ule. Thus, the evaluation of simple NMR parameters, such
as proton–proton J coupling values, chemical shifts, and/or
nuclear Overhauser effect intensities, allows the configura-
tion of cyclic compounds with three- to six-membered rings,
and of compounds with predictable conformational behav-
ior, to be determined. Polysubstituted open chains and
macrocycles constitute more difficult cases of relative con-
figurational assignment, because stereochemical analysis is
complicated by geometrical uncertainty of such types of
flexible systems.

For the above situations, different NMR-based methods,
such as J-based analysis,[3,6] the universal NMR database
(UDB),[3,7] and the quantum mechanical calculation of
NMR parameters,[3,8] have been proposed for the relative
(and/or absolute) configurational assignment of organic
molecules. J-Based analysis was originally devised by Mur-
ata and co-workers, and it has been shown to be very help-
ful for the relative configurational assignment of two adja-
cent (1,2) or alternate (1,3) stereocenters belonging to an
acyclic carbon chain. Briefly, this J-based approach consists
in considering the three main staggered rotamers (anti, g+,
and g–) of the two possible relative configurations (threo
and erythro) of a stereopair and assigning for each rotamer
a predicted qualitative (small, medium, and large) set of
3JH,H and 2,3JC,H values based on the dependence of scalar
couplings on the dihedral angles. The comparison of the
experimentally measured values of homo- and heteronuc-
lear coupling constants with the rotamer-predicted patterns
allows the relative configuration of two stereocenters to be
assigned.
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The UDB method is based on the comparison of the

proton and carbon chemical shifts of a structure having an
unknown relative configuration with the resonance values
of a molecular database formed by fragments of known
compounds. In particular, the structure under study could
be divided in small fragments and its chemical shifts com-
pared with an appropriate reference compound in the data-
base.

In the last years, great advances have been made in de-
veloping quantum mechanical (QM) methods of chemical
interest able to predict molecular properties. In particular,
quantum mechanical calculation of NMR parameters has
been used as an emerging strategy for the assignment of the
relative configuration of organic molecules on the basis of
the high accuracy in the reproduction of the experimental
NMR properties also achieved at a low level of theory.[9]

Simone Di Micco was born in Maddaloni, Italy, in 1980. He graduated in Medicinal Chemistry from the University of
Naples “Federico II” in 2004. He moved to the University of Salerno, working for one year in the group of Prof. L.
Gomez-Paloma on the development of a STD-NMR-based protocol for the screening of DNA ligands. He received his
PhD degree from the University of Salerno in 2009 under the supervision of Prof. G. Bifulco. During his PhD studies, he
was a visiting scientist at the Burnham Institute for Medical Research (La Jolla, CA) in the group of Prof. Maurizio
Pellecchia, working on the design of new Bcl-xL inhibitors. For his work at this institute he was awarded the EMBO

fellowship. He is now a postdoctoral associate at the University of Salerno, conducting research in the group of Prof. G. Bifulco. His research
activities are focused on studying drug–macromolecule interactions by NMR spectroscopy and computational chemistry methods in addition
to configurational and conformational studies of bioactive compounds by quantum mechanical calculation of NMR parameters.

Maria Giovanna Chini was born in Naples, Italy, in 1981. She graduated in Medicinal Chemistry, summa cum laude,
from the University of Naples “Federico II” in 2005. From 2006–2009 she had a fellowship funded by POR Campania
2000–2006, PRIN 2006, and the Department of Pharmaceutical Sciences of University of Salerno under the supervision
of Prof. G. Bifulco, working on the design of new antitumor and anti-inflammatory drugs and quantum mechanical
calculations for configurational analysis of natural products. In 2008, she obtained a specialization in Farmacia Ospedali-
era at the University of Naples “Federico II”. Currently, she is a PhD student at the University of Salerno in the group
of Prof. G. Bifulco with a project entitled “Design of new molecules with potential anticancer activity”.

Raffaele Riccio was born in Naples, Italy, in 1948. After obtaining a doctorate in Chemistry in July 1972 from the
University of Naples, he was appointed as Ricercatore of the Consiglio Nazionale delle Ricerche at the Istituto per la
Chimica di Molecole di Interesse Biologico in 1973. He spent a year (1976–1977) in a postdoctoral position with P. J.
Scheuer at the University of Hawaii. From 1981 to 1990 he moved as a visiting scientist to various international depart-
ments [1981 – Department of Chemistry, Cornell University, Ithaca, N.Y., Prof. J. Clardy; 1981 – Department of Chemis-
try, Columbia University, New York, N.Y., Prof. K. Nakanishi;1990 – Scripps Institution of Oceanography, University
of California San Diego, La Jolla, California, Prof. W. Fenical; 1993 – Department of Chemistry, University of Hawaii
at Manoa, Honolulu, Hawaii, Prof. P. J. Scheuer]. From 1987–1994 he was Associated Professor of Organic Chemistry,

Faculty of Pharmacy, University of Napoli and in 1995 he moved to the Faculty of Pharmacy of the University of Salerno as a Full Professor.
He is currently Dean of the Faculty of Pharmacy of the University of Salerno. His research activities have been mainly devoted to the
discovery and to the chemical and pharmacological investigation of new bioactive natural products as “lead compounds” in the area of
antiviral, antitumoral, anti-inflammatory, and immunomodulant activities.

Giuseppe Bifulco was born in Naples, Italy, in 1968. He obtained his PhD from the University of Naples, working in the
Organic Chemistry group of Prof. Minale in 1996. He was a visiting scientist at the Scripps Research Institute (San
Diego, CA) under the supervision of Prof. W. J. Chazin, working on calcium-binding proteins (1994–1995, 1996, and
1998) and with Prof. K. C. Nicolaou, working on the interactions between synthetic dimers of calicheamicin and DNA
(1995, 1996, 1998). From 1997 to 1999 he was a postdoctoral student at the University of Salerno in the group of Prof.
Riccio; from 1999 to 2005 he was a Researcher at the University of Salerno, where he focused his attention on the study
of marine and terrestrial natural products, in particular putting his efforts in the structural characterization of the products
by using homonuclear and heteronuclear one- and two-dimensional NMR techniques. Currently, he is an Associate Pro-

fessor at the Department of Pharmaceutical Science of the University of Salerno. He is involved in several research fields: structural characteri-
zation of biologically active natural organic compounds from marine and terrestrial sources; advanced NMR techniques in organic chemistry;
quantum mechanical calculation for the determination of the conformation and the configuration of natural compounds; structural studies on
drug–DNA interactions; molecular docking and antitumor drug design. He was awarded in 2004 with the Italian Chemical Society “G.
Ciamician” medal, a national prize for researchers.

www.eurjoc.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 1411–14341412

For further details about theoretical concepts, applications,
and limitations of these NMR-based approaches we refer
to our previous review on the determination of the relative
configuration of organic compounds.[3] It is noteworthy that
besides the development and application of QM approaches
for structural studies, fast empirical methods have been de-
vised to predict NMR chemical shifts.[10] These empirical
methods are based on fast calculation algorithms[11] that
can generate a set of possible structural hypotheses with
the average deviation between calculated and experimental
chemical shifts equal to d = 1.8 ppm for 13C NMR chemical
shifts. Such empirical NMR chemical shift predictions
could be useful with large-sized molecules or in the presence
of very flexible compounds for which different conformers
have to be considered in the more time-consuming QM cal-
culations. Moreover, these empirical methods can be ap-
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plied as a filter to narrow the number of stereoisomers to
be accurately verified by other methods such as X-ray, total
synthesis, and QM approaches.

The 13C-based protocol (Figure 1), proposed by our re-
search group, consists of four fundamental steps: (a) con-
formational search and preliminary geometry optimization
of all the significantly populated conformers of each stereo-
isomer; (b) final geometry optimization of all the species at
the QM level; (c) GIAO (gauge including atomic orbital)[12]

13C NMR calculations of all the so-obtained structures at
the QM level; (d) comparison of the Boltzmann-averaged
NMR parameter calculated for each stereoisomer with
those experimentally measured for the compound under ex-
amination. This protocol has been devised for flexible sys-
tems considering the importance of the contribution of all
significant conformers to predict a chemical–physical prop-
erty and the theory level used to calculate the energy of the
single geometrical isomers.[8] Considering the simple case of
a molecule with a couple of two adjacent stereocenters, the
first step is to build two diastereoisomers by dedicated soft-
ware. The conformational sampling is performed at the em-
pirical theory level,[13] generally through molecular dynam-
ics (MD) or by Monte Carlo multiple minimum methods
(MCMM).[14]

Figure 1. Schematization of the protocol used for the determi-
nation of the relative configuration in organic compounds based
on calculation of 13C NMR chemical shifts at the QM level of
theory.

A preliminary geometry optimization is run at the empir-
ical (molecular mechanics, MM) or semiempirical level
(AM1,[15] PM3,[16] or other) on all found conformers for
each diastereoisomer, followed by a QM optimization step.
On the so-obtained geometries, the 13C NMR chemical
shift for each stereoisomer is calculated and the theoretical
data are extrapolated by taking into account the Boltz-
mann-weighted average derived from the energies of the sin-
gle conformers. The calculated values are compared with
the experimental NMR spectroscopic data and the relative
(or absolute) configuration is determined based on the best
fit between the theoretical and experimental data set given
by one of the two structural hypotheses.

Following the same key steps described for the 13C-based
protocol, the calculation of homo- and heteronuclear cou-
pling constants can be carried out for the conformational
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and configurational studies of organic molecules. In detail,
each global minimum conformer undergoes full geometry
optimization by using the DFT theoretical level[17] and
then, on the obtained geometries, the calculation of the J
couplings is performed by taking into account the contri-
butions of the following interactions: Fermi contact (FC),
paramagnetic spin–orbit (PSO), diamagnetic spin–orbit
(DSO), and spin–dipole (SD). On the basis of the Boltz-
mann distribution of the conformers, the calculated J cou-
pling values are extrapolated and then compared to the ex-
perimental data set, suggesting the relative configuration of
the examined compound. For large molecular systems, pres-
enting many stereocenters, it is suggested that, given the
prohibitive computational requirement for simultaneous
consideration of all combinations of the possible conforma-
tions and configurations, the molecule can be dissected into
appropriately 2-C fragments prior to the J coupling calcula-
tions,[18] as for the Murata method.[6] Each reduced subsys-
tem is treated like an entire molecule: a geometry optimiza-
tion step, followed by 3JH,H and 2,3JC,H calculations, is per-
formed for each staggered rotamer. It is only one of the
six calculated data sets that should display a satisfactory
agreement with the experimental values. Differently from
the original J-based approach proposed by Murata,[6] for
which it is impossible to distinguish the anti erythro from
the anti threo arrangement on the basis of the sole evalu-
ation of the J coupling values, the quantitative analysis of
the calculated versus the experimental data allows the rela-
tive configurational assignment for the correct anti rotamer.
In this review, we particularly focus on the use of NMR
parameter calculations at the QM theory level in the deter-
mination of relative configuration, but many other applica-
tions of QM methods in structural studies are reported in
the literature. The high reliability of the NMR properties
predicted by QM methodologies can be a powerful tool in
the structural elucidation process of natural compounds.[19]

Indeed, recently, Rychnovsky revised and reassigned the
structure of the natural product hexacyclinol on the basis
of quantum chemical calculation of 13C NMR chemical
shifts.[20] Similarly, Zhao proposed a new structure of has-
sananes[21] with a diterpenoid skeleton, isolated from the
plant Salvia apiana. Moreover, other examples are repre-
sented by the investigation of the conformational behavior,
along with the spectroscopic properties, of 4�-epiadriamy-
cin[22] and (+)-yatakemycin[23] through the DFT theory[17]

level.
In the next paragraphs examples of relative configura-

tional assignment by QM calculation of 1H and 13C NMR
chemical shifts will be reported, whereas in sections 3.1–
3.3, 3.5, and 3.6 the applications of calculated J coupling
constants will be shown. Different combinations of calcu-
lated NMR properties for structural studies of organic mo-
lecules will be presented in section 3.4. In section 4, the QM
approach will be indicated as a powerful tool for the selec-
tion of stereostructures prior to their total synthesis. Re-
cently, we applied QM calculation of 1H NMR chemical
shifts for the analysis of the covalent complex formed be-
tween (+)-yatakemycin and the d(GACTAATTGAC)-
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(GTCAATTAGTC) duplex (section 5), showing that the
calculated NMR parameters can be a useful tool for the
structural characterization of ligand–macromolecule inter-
actions.[24]

2. Quantum Mechanical Calculation of NMR
Chemical Shifts

2.1 QM Calculation of 13C NMR Chemical Shifts for the
Stereochemical Assignment of Bonannione B

Analysis of the relative configuration of the flavonoid
bonannione B (1, Scheme 1), isolated from the plant Bonan-
nia graeca, is reported[25] as a straightforward application
of 13C NMR chemical shift calculation. As the stereopair
(C-2�� and C-3��) under investigation is only partially con-
strained, the configuration could not be deduced by simple
analysis of the 2D ROESY spectra. Moreover, due to the
small amount of the isolated compound, it was not possible
to apply Mosher’s method,[26] so the only feasible strategy
was to use 13C values calculated at the QM theoretical level.
QM–NMR structural analysis of 1 was carried out by tak-
ing into consideration all three staggered rotamers (two
gauche and one anti, Scheme 2) of the two possible isomers
C-3�� (S; 1a) and C-3�� (R; 1b), leaving all the other ste-
reocenters unaltered (Scheme 1). All three conformations of
stereoisomers 1a and 1b were optimized at the DFT level
by using the B3LYP functional and the 6-31G(d) basis set.
On the resulting geometries, the 13C NMR chemical shifts
for each stereoisomer were calculated by using the same
functional and the 6-31G(d,p) basis (Gaussian 03 Software
Package)[27] and by taking into account the Boltzmann-
weighted average derived from the energies of the single
conformers. The calculated 13C NMR chemical shifts were
compared to the experimental ones, showing that the reso-
nances of almost all carbon atoms for both diastereoiso-
mers (1a and 1b) differed by a maximum of 0.2 ppm, except
for C-4�� and C-5��. Isomer 1a presented a predicted C-4��
value of δ = 23.1 ppm, whereas 1b gave a value of δ =
19.7 ppm. For 1a, the C-5�� signal was predicted at δ =
37.3 ppm and at δ = 40.6 ppm for 1b (Table 1). This varia-
tion reflects the different magnetic environment for the
methyl group in the 4��-position and the methylene group in
the 5��-position in 1a and 1b due to the different configura-
tion of C-3��. Isomer 1a showed a variation of 0.7 ppm for
C-4�� and C-5��, whereas for 1b larger ∆δ values were found:
2.7 and 4.0 ppm for C-4�� and C-5��, respectively. Moreover,
the experimental difference between the chemical shifts of
C-4�� and C-5�� was also compared with the corresponding
theoretical values for 1a and 1b. This comparison was made
to cancel out systematic errors of the described methodol-
ogy, highlighting the high accuracy in reproducing experi-
mental 13C NMR chemical shifts. In fact, the experimental
difference of 14.2 ppm was perfectly reproduced for 1a (δ =
14.2 ppm), whereas the value of 20.9 ppm for 1b excluded
this hypothesis, suggesting the relative configuration of 1a
for bonannione B. It is noteworthy that the applied level of
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theory provides high accuracy in reproducing the experi-
mental chemical shifts[9b] of 13C belonging to sp3 and sp2

hybridized carbon atoms, as proven by the successful con-
figurational analysis of several natural compounds.[3,8,9b,28]

Scheme 1. Molecular structure of 1a and 1b.

Scheme 2. The gauche (g+ and g–) and anti rotamers around C-2��–
C-3�� for compounds 1a and 1b. The gauche and anti position is
referred to the –OH group.

Table 1. 13C NMR calculated [B3LYP/6-31G(d,p) level] chemical
shifts [ppm] for stereochemical hypotheses 1a and 1b, and the 13C
NMR experimental data for 1 (600 MHz, CDCl3).

δ(13C)

1a 1b Exp.

2 81.4 81.5 79.0
3 46.2 46.1 42.7
4 187.5 187.5 196.3
5 155.4 155.4 158.3
6 103.2 103.2 105.8
7 161.7 161.7 169.5
8 86.3 86.4 90.5
9 158.4 158.4 163.6
10 101.9 101.9 103.1
1� 127.2 127.2 129.6
2� 122.4 122.5 127.6
3� 107.4 107.4 115.8
4� 150.5 150.5 156.8
5� 111.0 110.9 115.8
6� 123.2 123.3 127.6
1�� 29.1 29.5 25.9
2�� 94.0 94.0 91.3
3�� 73.9 73.9 73.8
4�� 23.1 19.7 22.4
5�� 37.3 40.6 36.6
6�� 24.8 25.0 21.8
7�� 122.1 122.5 123.7
8�� 128.7 128.0 132.0
9�� 26.5 26.4 25.4
10�� 17.5 17.6 17.5

2.2 Atropisomer and Configurational Isomer Analysis
through MM, NMR, and Quantum Chemical Calculation
of 1H NMR Chemical Shifts

Gloriosaols A–E (2–6, Scheme 3) are novel antioxidant
derivatives isolated from the phenolic fraction root of the
plant Yucca gloriosa (Agavaceae).[29,30]
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Scheme 3. Molecular structure of gloriosaols A–E.

In this case, a strategy based on quantum mechanical
calculation of the 1H NMR chemical shifts, in combination
with the analysis of the ROE data, was applied for the
structural studies of these new phenolic derivatives. The de-
tailed structural analysis of gloriosaols A and B (2 and 3,
Scheme 3) was complicated by possible atropisomerism. Be-
cause the 1H and 13C NMR spectroscopic data for gloriosa-
ols A and B were almost superimposable, and as a result of
the lack of any crucial cross-peaks in the ROESY spectrum
necessary to determine different structural features, the first
step was to clarify whether the compounds were two restric-
ted rotational conformers of a single configurational iso-
mer. To investigate this hypothesis, a combined strategy was
applied that was based on the determination of a possible
chemical exchange phenomena through NMR and on the
quantum mechanical calculation of the potential energy
surface of 2 obtained upon variation of the involved dihe-
dral angles (Figure 2) including the atoms (φ, C2DC1DCαCβ

and ψ, C2�EC1�ECβCα). In particular, a systematic confor-
mational search put in evidence a series of minimum energy
conformers separated by small energy barriers (ca. 4.2–
4.8 kcalmol–1), whereas the calculated higher rotational
barrier was around 6 kcal mol–1. The analogous conforma-
tional search performed on diastereoisomer 3, built upon
inversion of configurations at C-2 and C-3 of ring C,
showed small energy discrepancies among the minimum en-
ergy conformations found for 2. Moreover, 1H spectra were
executed in [D6]DMSO, for each gloriosaol at various tem-
peratures, focusing on H-6ring D and H-6�ring E. As can be
clearly observed in the two sets of 1H NMR spectra of glo-
riosaol A (Figure 3), resonances H-6ring D and H-6�ring E

showed no significant changes in their chemical shifts over
a wide range of temperatures (300–413 K), a finding in con-
trast with the conformational interconversion hypothesis
and with the low-energy barriers suggested by the previous
theoretical potential energy surface analysis. In agreement
with these experimental observations, a series of 1H 1D
spectra of a mixture of gloriosaols A and B, recorded at
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different temperatures (300–413 K), still indicated two sets
of signals, which finally excluded an atropisomerism phe-
nomenon for gloriosaols A and B. Following these results,
compounds 2 and 3 were treated as diastereoisomers and
their relative configuration was assigned by using a QM
strategy based on the GIAO calculation[12] of 1H NMR
chemical shift values at MPW91PW91 level[31] by using the
6-31G-(d,p) basis set.[9b] Such single-point calculations fol-
lowed a previous geometry refinement performed by using
the same functional and the 6-31G-(d) basis set on the pre-
viously found minimum energy conformations for dia-
stereoisomers 2 and 3. Moreover, the 1H calculated values
for H-6ring D and H-6�ring E, which were the only resonances
exhibiting significant variations in the chemical shifts of
gloriosaols A and B, were considered as the only diagnostic
resonances for the configurational assignment of 2 and 3.
The chemical shift calculated values (Table 2) for H-6ring D

and H-6�ring E of 2 were in good agreement with the corre-
sponding experimental values observed for gloriosaol A
(|∆δ| of 0.04 and 0.04 ppm), whereas the results obtained
for diastereoisomer 3 fit well with the resonances of glo-
riosaol B (∆δ = 0.00 and 0.03 ppm). Thus, structure 2 was
attributed to gloriosaol A and structure 3 to gloriosaol B.
Analysis of the 3D structures of 3 (Figure 4) revealed that
H-6 and H-6� are directed toward rings F and A, respec-
tively, whereas for 2 these protons probably do not exert
CH–π interactions. Thus, H-6 and H-6� are in different
chemical and magnetic environments, justifying their chem-
ical shift variations in the structures of gloriosaol A and B.
The configurational assignment was further corroborated
by analysis of the ROE cross-peaks on the basis of distances
measured through careful examination of the calculated
structures of the two diastereoisomers.[29] In particular, the
distances of 3.31 and 4.50 Å between H-6�ring E and H-
2ring C together with the distances of 3.33 and 4.50 Å be-
tween H-6ring D and H-2ring H for stereoisomers 2 and 3,
respectively, were in accordance with the presence of two
expected cross-peaks observed in the ROESY spectra of
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Table 2. Experimental values of H-6ring D and H-6�ring E for gloriosaol A and B and calculated values of H-6ring D and H-6�ring E for 2 and
3 [δ, ppm]. Comparison, expressed as ∆δ[a] values, between experimental and calculated chemical shift values.

Atom Gloriosaol A 2 3 |∆δ| Gloriosaol A – 2 |∆δ| Gloriosaol A – 3

H-6 (ring D) 6.47 6.43 6.60 0.04 0.13
H-6� (ring E) 6.57 6.53 6.66 0.04 0.09

Atom Gloriosaol B 2 3 |∆δ| Gloriosaol B – 3 |∆δ| Gloriosaol B – 3

H-6 (ring D) 6.60 6.43 6.60 0.17 0.00
H-6� (ring E) 6.69 6.53 6.66 0.16 0.03

[a] |∆δ| = |δexp. – δcalcd.|, absolute difference of the experimental and mean calculated 1H NMR chemical shifts.

gloriosaol A and the absence in the spectra of gloriosaol B.
The case studies of 1–3 highlight how QM calculation of
the 1H/13C NMR chemical shifts are able to probe the dif-
ferent 3D spatial arrangement of stereogenic carbon sub-
stituents, suggesting the correct relative configuration of the
analyzed compound. Following the approach used for glo-
riosaols A and B,[29] the relative configurations of gloriosa-
ols C–E were assigned by a combination of NMR analysis
and quantum QM methods. In particular, these molecules
were apparently not accompanied by their corresponding
relative diastereoisomers, so the analysis of atropisomerism
was not required. For further details we refer to the original
paper.[30]

Figure 2. Contour plot representations of the potential energy val-
ues (kcal mol–1) of gloriosaol A (2) vs. φ (C2DC1DCαCβ) and ψ
(C2�EC1�ECβCα) dihedral angles (°). The map has been obtained by
systematic variation of 5° steps of two dihedral angles at empirical
(MMFFs force-field) and semiempirical (PM3) levels.

Figure 3. Expanded region of 1H 1D spectra of gloriosaol A.
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Figure 4. Differences in the spatial arrangements of H-6ring D and
H-6�ring E of structures 2 and 3.

2.3 NOE Effects Combined with QM Calculation of 13C
NMR Chemical Shifts for the Stereostructural
Determination of Aplysqualenol A

Recently, Ishikawa and co-workers[32] applied QM calcu-
lation of 13C NMR chemical shifts for the relative configu-
rational assignment of aplysqualenol A (7, Scheme 4), ex-
tracted from the sea slug Aplysia dactylomela. This applica-
tion, along with the case study of aplysiol B (see section
3.4),[61] shows how the 13C-based approach can be useful
for the configurational assignment of an isolated stereocen-
ter belonging to a flexible structural portion. The authors
observed a vicinal axial–axial coupling constant of H-3
(12.3 Hz), assigning an equatorial orientation of the bro-
mine atom at C-3 on the A ring (Scheme 4). Moreover, the
proton signal for H-14 appeared as a doublet of doublets,
suggesting an axial orientation of this methine group. On
the basis of these experimental observations, the relative
configuration of the A–D rings of 7 was straightforwardly
assigned by analysis of the 2D NOESY spectra. Concerning
the relative configuration of C-22, Ishikawa and co-workers
applied DFT calculations of 13C NMR chemical shifts for
all four stereoisomers relative to the couple of atoms C-15
and C-22: 15R,22S; 15R,22R; 15S,22R; 15S,22S. The com-
parison of calculated versus experimental chemical shift

Scheme 4. Molecular structure of aplysqualenol A (7).
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values allowed the relative configuration of aplysqualenol A
to be assigned as 3R,6S,7R,10S,11R,14S,15R,16R,18R,
19S,22R (7, Scheme 4).

2.4 Configurational Assignment of the New Germacrane
Ketopelenolides C and D by NMR and Quantum Chemical
Calculation of 13C NMR Chemical Shifts

The stereostructural assignment of Artemisia arborescens
derivatives ketopelenolides C (8) and D (9, Scheme 5) repre-
sent the first evidence for the applicability of the QM
GIAO-based computational technique to compounds hav-
ing nonrigid, medium-sized rings.[33] Even though germac-
rane derivative ketopelenolide C (8) presents five
stereogenic carbon atoms, thanks to determination of the
absolute configuration of C-1 by a modified Mosher’s
method[34] and analysis of the NMR spectroscopic data,
only four stereoisomers 8a–d were considered as possible
candidates for the configurational assignment (Scheme 6).
In this case, the general 13C-based protocol (Figure 1) re-
ported above was applied.[8] For all the four possible stereo-
isomers, a conformational search by simulated annealing
was performed, and the resulting significantly populated
conformers of each stereoisomer were ranked in different
families: 8a (5 families), 8b (7 families), 8c (5 families), 8d
(7 families). After a step of geometry optimization by semi-
empirical calculations, the obtained geometries for each
family were further optimized at the QM level and then
GIAO 13C NMR calculations of all the so-obtained struc-
tures were performed. Comparison of the Boltzmann-
averaged NMR parameters calculated for each stereoisomer
with those experimentally measured for the germacrane de-
rivatives clearly puts in evidence the better fit of 8a with the
experimental values (8aMAE = 1.69 ppm, 8bMAE = 2.2 ppm,
8cMAE = 1.9 ppm, 8dMAE = 2.2 ppm; MAE = mean abso-
lute error). The same approach was used for the determi-
nation of the stereostructure of ketopelenolide D (9,
Scheme 5). Also, in this case the assignment obtained by
NMR experimental data analysis (trans geometry of the ep-
oxide ring) combined with MM/MD was confirmed by
GIAO quantum mechanical calculation of 13C NMR chem-
ical shifts. In fact, among the four different stereoisomers
[9a (5 families), 9b (7 families), 9c (4 families), 9d (5 fami-
lies) (Scheme 7)] 9a presented the best agreement with the
experimental data (9aMAE = 1.4 ppm, 9bMAE = 1.5 ppm,
9cMAE = 2.3 ppm, 9dMAE = 1.8 ppm), and so it was as-
signed to ketopelenolide D.

Scheme 5. Molecular structure of ketopelenolide C and D.

Eur. J. Org. Chem. 2010, 1411–1434 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 1417

Scheme 6. The four possible stereoisomers of ketopelenolide C.

Scheme 7. The four possible stereoisomers of ketopelenolide D.

2.5 The Pursuit of Stereostructure of Maitotoxin

The stereostructural assignment of the marine neuro-
toxin maitotoxin was investigated by Nicolaou et al. in
2007.[35] His work regarded the assessment of the relative
configuration at the J/K ring junction (C-51/C-52). The
question was raised by Gallimore and Spencer[36] in biosyn-
thetic studies, where they hypothesized the inversion of the
C-51 and C-52 configuration, confuting the absolute con-
figuration of the overall structure of maitotoxin originally
proposed by three different groups: Yasumoto,[37] Ta-
chibana,[38] and Kishi[39] (10, Scheme 8). In particular, the
absolute configuration of the C136–C142 domain was es-
tablished by comparison of fragments derived from degra-
dation and synthetic studies. The absolute configuration of
the C-136–C-142 domain was used to assign the absolute
stereochemistry of the F�E�D�C�B�A�ZYXW domain. This
latter information was then used to assign the absolute con-
figuration of the VUTSRQP domain, which was in turn
used to assign the absolute configuration of the ONML do-
main, and on that basis the absolute stereochemistry of the
GHIJK domain was derived. Consequently, to check the
Gallimore and Spencer hypothesis, Nicolaou et al. per-
formed 13C NMR chemical shift calculations of the simpli-
fied maitotoxin skeletons 10a, 11, and 12 (Scheme 9), after
validation of such methodology to the structure of bre-
vetoxin B,[40] a structural analogue of maitotoxin. Trunc-
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Scheme 8. Molecular structure of maitotoxin proposed by Yasumoto,[37] Tachibana,[38] and Kishi.[39]

Scheme 9. Three different simplified skeletons of maitotoxin.

ated models 10a, 11, and 12 accounted for the three alterna-
tive maitotoxin structures under consideration (Scheme 9).
In particular, 10a corresponds to the original structure pro-
posed for maitotoxin,[37–39] 11 correspond to the revised
structure only considering the reversion of the J/K ring
junction, and 12 corresponds to the revised structure with
reversed stereocenters at C-50–C-55. In particular, the last
truncated structure was derived from reconsideration of the
stereostructural assignment of 10 by considering that the
hypothesis of Gallimore and Spencer was correct. From
comparison with the experimental NMR spectroscopic
data, 10a likely represents the most correct structure (∆δ10a

= 0.78 ppm), followed by 12 (∆δ12 = 2.98 ppm) and 11 (∆δ11

= 3.03 ppm). In the absence of an X-ray crystal structure
of maitotoxin, the real stereostructure can only be con-
firmed by chemical synthesis, and on the basis of the above
accomplished results, Nicolaou et al. suggested the con-
struction of the two truncated GHIJK domains 10a and 12
as starting points to follow total synthesis studies consistent
with their alternative biosynthetic pathway.
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2.6 Assignment of Both Natural 6β-Hydroxyhyoscyamine
Diastereoisomers by QM Calculation of 1H and 13C NMR
Chemical Shifts

On the basis of the great potential offered by GIAO 13C
and 1H NMR chemical shift calculations in the determi-
nation of relative configuration as reported above, a com-
bined QM–NMR strategy was used to determine the abso-
lute configurations of the diastereoisomers of the tropane
alkaloid 6β-hydroxyhyoscyamine.[41] In this work, Muñoz
and co-workers present a deepening and re-elaboration of
their previous study, where the absolute configurations of
the two natural diastereoisomeric forms (3R,6R,2�S 13 and
3S,6S,2�S 14, Scheme 10) were assigned by using vi-
brational circular dichroism (VCD) spectroscopy,[42] but
some unusual spectroscopic characteristics of these mole-
cules were not completely obvious. For these reasons, they
used 1H and 13C NMR chemical shift predictions (GIAO–
DFT) to confirm the configuration of both diastereoiso-
mers of 6β-hydroxyhyoscyamine and to explain the differ-
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ences observed between their NMR spectra. In particular,
it was supposed that the ring current effect of the phenyl
group over the tropane bicycle caused rather large differ-
ences between these diastereoisomeric species. The pre-
vious[42] energetic and geometric data of both diastereoiso-
mers of 6β-hydroxyhyoscyamine were further minimized at
the DFT level, and the corresponding chemical shifts were
computed and compared with the experimental data of the
dextrorotatory and levorotatory stereoisomers. For the 1H
NMR predictions, the obtained average absolute differences
(∆aa) and root mean square (rms) errors for each compari-
son showed that the experimental chemical shifts of dextro-
rotatory and levorotatory 6β-hydroxyhyoscyamine corre-
lated well with the theoretical values calculated for 13
(3R,6R,2�S) and 14 (3S,6S,2�S), respectively, whereas for
the 13C atoms the calculations were unable to differentiate
between the isomers (see Table 3) as already reported for
penam β-lactams.[43] This result was underlined by the au-
thors, because calculation of the 13C NMR chemical shifts
is usually preferred to the 1H NMR predicted chemical
shifts in the configurational assignment. Moreover, con-
sidering that conformations with the phenyl group posi-
tioned below the tropane bicycle are preferred, and the ori-
entation of this group is similar for 13 and 14, Muñoz et
al. attributed the differences in chemical shifts in both dia-
stereoisomers to the magnetic anisotropy characteristic of
aromatic systems.[44] The evaluation of the calculated
shielding tensors and the calculated 1H NMR chemical
shift changes (∆δM) strongly suggested that higher levels of
anisotropy are observed for the nuclei in the left side of the
tropane ring, specifically when the nuclei are closer to the
phenyl group.[45] This is confirmed by the larger anisotropy
for several protons in both diastereoisomers 13 and 14 (see
Table 4) caused by the ring current effect of the phenyl
group over the tropane bicycle.

Scheme 10. Structures of diastereoisomers 13-(3R,6R,2�S) and 14-
(3S,6S,2�S) of 6β-hydroxyhyoscyamine.

Table 3. Average absolute differences (∆aa) and root mean square
errors (rms) for comparison between theoretical and experimental
chemical shifts of 13 and 14.

Dextrorotatory Levorotatory

3R,6R,2�S 3S,6S,2�S 3R,6R,2�S 3S,6S,2�S
1H ∆aa 0.20 0.25 0.28 0.20

rms 0.23 0.33 0.40 0.23
13C ∆aa 4.3 4.4 4.4 4.4

rms 5.3 5.4 5.3 5.4
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Table 4. Calculated chemical shift changes (∆δM) of selected nuclei
in the tropane ring of 13 and 14 induced by the benzene ring, and
chemical shift differences calculated from these changes [∆δM(14–
13)] and from experimental chemical shifts (∆δexp) of nuclei with
the same chemical environment between 13 and 14.

∆δM13 ∆δM14 ∆δM(14–13) ∆δExp.

1 0.02 0.24 0.22 0.10
2endo 0.02 0.06 0.03 0.07
2exo 0.03 0.27 0.23 0.18
4endo 0.06 0.02 –0.04 –0.10
4exo 0.32 0.04 –0.29 –0.25
5 0.14 0.02 –0.12 –0.15
6 0.34 0.09 –0.25 –0.64
7endo 0.07 2.51 2.44 0.50
7exo 0.04 0.20 0.16 0.15

2.7 Stereostructural Assignment of a Pair of
Diastereoisomers through Calculation of NMR Chemical
Shifts

It is not unusual for a chemist to cope with the assign-
ment of two experimental data sets of two possible dia-
stereoisomers. In a stereoselective synthesis, for example,
the reaction gives a small amount of a minor diastereoiso-
mer along with the principal product, and identification of
the major compound is a key step in optimizing the reac-
tion yields and/or to proceed with the optimization of the
synthesis. Mixtures of diastereoisomers can be isolated from
natural sources, as reported for gloriosaols A and B[29] (sec-
tion 2.2) and for other natural products.[46] Smith and
Goodman, through analysis of a set of 28 pairs of dia-
stereoisomers, have tried to verify the ability of QM calcula-
tion of NMR chemical shifts to distinguish between dia-
stereomeric structures.[47] The tested compounds involved
intermediates like aldols, acetals, and compounds of natural
origin. They used the common approach to calculate the
1H and 13C NMR chemical shifts and to compare the calcu-
lated values with the experimental data set, assigning the
stereostructure on the basis of the best match between the
experimental and calculated values. The novelty of their
study consists in the introduction of a new parameter, CP3
(comparison parameter), to evaluate the agreement between
the calculated and experimental chemical shift values. The
new parameter is based on comparing the differences of
calculated chemical shifts versus the experimental ones to
cancel out systematic errors,[46,48,49] with the consequence
that these differences are better reproduced than the chemi-
cal shifts themselves. Smith and Goodman, in their system-
atic analysis of a set of 28 pairs of diastereoisomers, estab-
lished that the new CP3 parameter, with high confidence,
is significantly more reliable in structural assignments than
commonly used parameters such as the mean absolute error
(MAE) and the correlation coefficient. They also suggest to
calculate the probability of the stereostructural determi-
nation by using the theorem of Bayes.[47]
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3. Quantum Mechanical Calculation of J
Coupling Constants

3.1 First Application of the QM-J Method to a “Real” and
Complex Case: Determination of the Configuration of
Callipeltin A

The determination of configuration of callipeltin A (15)
by our research group[50] is a particularly interesting appli-
cation of the QM-J method[18] not only because it repre-
sented the first application to a real case but also because
the structural reassignment was confirmed by total synthe-
sis and spectral correlation of callipeltin A congeners.[51]

Initially, for these potent antiviral marine peptides isolated
from the sponges Callipelta sp.[52,53] and Latrunculia sp.,[54]

the configuration[52] of nine amino acid residues of callipel-
tin A was proposed as -Ala, (2R,3R,4S)-4-amino-7-guani-
dino-2,3-dihydroxyheptanoic acid (AGDHE), (3S,4R)-3,4-
dimethyl--glutamine (diMeGln), -Thr (two residues), -
Arg, -Leu, -NMeAla. In 2002,[54] the -Ala was reas-
signed as -Ala, and -Thr-1 as -Thr-1. Subsequently, in
2006[51] we reported the determination of the configuration
of the unresolved portions of callipeltin A (Scheme 11): the
two units (named AGDHE2,3 and AGDHE3,4) contained in
the AGDHE fragment, the two threonine residues (named
-aThr1 and -aThr2), and the β-OMeTyr amino acid. In
particular, the relative and absolute configuration of the β-
OMeTyr residue remained unassigned due to the chemical
degradation of this residue under acidic hydrolysis condi-
tions; the relative configuration of AGDHE, except for C4,
proposed on the basis of homonuclear J coupling analy-
sis[52] was not confirmed by subsequent synthetic studies;[55]

the presence of two -aThr residues in neamphamide,[56] a
marine peptide that shows high structural homology with
15, was in disagreement with previous identification as -
aThr1 and -Thr2.[54] Following our procedure,[18] for a mo-
lecule containing more than a single pair of stereocenters,
like callipeltin A, each C2 fragment is examined indepen-
dently from the rest of the whole molecule, comparing the
calculated and experimental 3JH,H and 2,3JC,H coupling val-
ues. According to the above rational, we designed five C2
fragments for callipeltin A, namely, AGDHE2,3,
AGDHE3,4, -aThr1, -aThr2, and β-OMeTyr
(Scheme 12). For each fragment, three (one anti and two
gauche) staggered arrangements were considered for each of
the two erythro and threo stereochemical series. Sub-
sequently, each arrangement was optimized at the
MPW1PW91 level of theory by using the 6-31G(d) basis set
and then the calculation of J couplings on the optimized
geometries was executed by using the same functional and
the 6-31G(d,p) basis set.[9b] For both calculation steps, the
IEF-PCM solvent continuum model (methanol solvent)
was used.[57] In Figure 5, the experimental data sets of J
values along with all the calculated coupling constants for
the various conformational and configurational arrange-
ments of each of the five C2 fragments originating from
callipeltin A are reported. It is important to note that for
three out of five stereochemical issues (-aThr1 residue,
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AGDHE2,3 and AGDHE3,4 C2 systems)[58] the correct con-
figurational assignment was obtained by good-to-excellent
agreement between calculated and experimental J values
(see total absolute deviation, TAD, values in Figure 5).
Specifically, for the -aThr1 residue the sum of absolute
errors Σ|Jcalcd. – Jexp.| of g– erythro arrangement was 4.3 Hz,
whereas this parameter in all other cases fell in the 11–
17 Hz range. For the AGDHE3,4 residue, the best agreement
between calculated and experimental was found for the g–

threo arrangement, characterized by a total deviation of
only 3.5 Hz (compared to TAD values of 5.9–15.6 Hz for
the “wrong” conformers, see Figure 5). Also, for the
AGDHE2,3 fragment, the anti erythro model displayed the
lowest TAD value of 4.9 Hz, much below the other devia-
tions (13.0–23.9 Hz). On the other hand, for the -aThr2
and β-OMeTyr residues, due to very little difference be-
tween TAD values of two different arrangements (5.7 vs.
6.2 Hz and 3.2 vs. 3.5 Hz, respectively; see Figure 5), it was
only possible to assign the correct configurations thanks to
parallel analysis of the ROESY data. In particular, the g+

erythro arrangement for the -aThr2 residue was assigned
thanks to a strong ROE dipolar effect between the H-2 pro-
ton and the methyl group. This observation was also consis-
tent with the small 3JH-2,Me value and, consequently, with a
gauche relationship between these groups. The presence of
a diagnostic ROE cross-peak between the aromatic proton

Scheme 11. Callipeltin A (15) with amino acid residues still stereo-
chemically undefined.

Scheme 12. Molecular fragments representing the five C2 reduced
systems of callipeltin A.
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Figure 5. TAD (Σ|Jcalcd. – Jexp.|) values of callipeltin A for the six conformational arrangements belonging to erythro and threo.

and the amide proton of the β-OMeTyr residue allowed the
threo arrangement to be excluded and suggested the erythro
configuration for the β-OMeTyr residue. These results were
confirmed by the synthesis of all four diastereomers of this
residue, and the absolute configuration was assigned as
2R,3R (Scheme 13)[59] and later by the total synthesis of
callipeltin B.[51]

Scheme 13. Revised stereostructure of callipeltin A (15).

3.2 Conformational and Configurational Analysis by
Calculation of 3JH,H Coupling Constants and NMR
Spectroscopy

From the Bonannia graeca, besides bonannione B, the
flavonoid bonanniol C (16) was isolated, and its relative
configurational assignment was pursued by a J-based ap-
proach.[25] In detail, two structural hypothesis were built
(16a and 16b, Scheme 14) and their 13C NMR chemical
shifts were calculated, but the two sets of Boltzmann-
weighted chemical shifts for 16a and 16b showed only small
differences, not sufficient for a sound assignment of the rel-
ative configuration. The next logical step was the applica-
tion of the J-based strategy, not only for its complementar-
ity with the chemical shift calculation approach, but also
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for the observation of a set of unusual six-membered ring
experimental 3JH,H coupling pattern. In particular, the val-
ues of 6.1 Hz for H-2��/H-1��β and 5.3 Hz for H-2��/H-1��
suggested a possible multiconformational equilibrium. Such
observation prompted careful conformational analysis of
16a and 16b (Scheme 14), performed by molecular dynam-
ics at different temperatures (400, 600, and 800 K), and for
both stereoisomers, two predominant conformers were
found (see Figure 6). The following quantum mechanical
optimization of the energies and the geometries, performed
at the DFT level by using the B3LYP functional and the 6-
31G(d) basis set, showed that structure 16a was represented
by two almost equi-energetic conformers (∆H =
0.022 kcal mol–1), whereas for structure 16b the slightly
larger difference in energy of 0.2 kcalmol–1 accounted for a
distribution of 60 and 40 % for the conformer with the OH
group in the axial position and the one with the OH group
in equatorial position, respectively. The calculated 3JH,H

values [DFT B3LYP and 6-31G(d,p) basis set] of 16a and
16b, extrapolated by their Boltzmann-weighted average,
were in both cases in good agreement with the experimental
values, not allowing a straightforward relative configuration
assignment. In fact, for 16a, the H-2��/H-1��β and H-2��/H-
1��α calculated couplings were 5.7 and 5.3 Hz, respectively,
whereas for 16b calculated values of 5.3 Hz for the H-2��/
H-1��β coupling and 5.0 Hz for the H-2��/H-1��α coupling
were observed, resulting in agreement with the equilibrium
described above. Consequently, a new set of NMR experi-
ments in methanol were performed with the aim to break
the observed hydrogen bond and to induce a conforma-
tional equilibrium change for this compound resulting in a
3JH,H value variation. At the theoretical level, the energies
and a new set of coupling constants for the conformers of
16a and 16b were calculated by simulating the presence of
methanol (IEF-PCM) by taking into account the variations
in the Boltzmann distribution of the conformers. In particu-
lar, the experimental value in CD3OD of the H-2��/H-1��β
coupling increased to 7.27 Hz and was well reproduced by
the hypothetical structure 16a, with a calculated value of
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7.92 Hz. This result is a consequence of the greater contri-
bution of the energetically favored conformer of 16a having
the OH group in the equatorial position, as the reduced
weight of the hydrogen bond in CD3OD for the other con-
former was not sufficient to counterbalance the presence
of the two bulky axial substituents. On the contrary, the
experimental value of 7.27 Hz for the H-2��/H-1��β coupling
was not well reproduced by the calculated data for 16b,
where no significant variation in the conformations, and
therefore in the coupling constants, was observed upon
changing the solvent. Careful examination of the 2D
ROESY NMR experiments gave the final evidence for the
relative configuration of 16a.[25] In particular, strong di-
polar couplings between H-2�� and H-5�� and between H-
2�� and H-1��α and the lack of a strong ROE effect between
H-2�� and Me-4�� were in agreement with the H-2��α ar-
rangement depicted in 16a.

Scheme 14. Molecular structure of 16a and 16b.

Figure 6. Conformational equilibrium for stereoisomers 16a and
16b. For both stereoisomers, one conformer presents the OH group
at C-2�� in the equatorial position, and the other is characterized
by the axial position of the hydroxy group, which is balanced by
the presence of a hydrogen bond with the oxygen atom at C-3��.

3.3. J-Based Configurational Analysis Vs. QM Calculation
of 3JH,H and 2,3JC,H Coupling Constants

Celebesides A–C (Scheme 15) were isolated from the ma-
rine sponge Siliquariaspongia mirabilis.[60] They are cyclic
depsipeptides that comprise a polyketide moiety (Ddtd),
whose relative configurations of the stereogenic centers C-
7, C-8, and C-9 were determined by quantum mechanical
calculation of the homonuclear and heteronuclear J-cou-
pling values. In particular, the celebesides are here reported
as an example of configurational assignments of stereocen-
ters that are members of flexible macrocycles, highlighting
some drawbacks of the J-based approach proposed by Mur-
ata.[6] The first attempt to assign the relative configuration
of the stereocenters was made by applying the protocol of
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Murata.[6] Because some 3JC,H experimental values were not
easily classifiable as small or large, qualitative analysis
could have led to wrong configurational assignment. For
this reason, the relative configuration was studied by using
the same quantitative QM/NMR strategy[18] adopted for
callipeltin A: DFT MPW1PW91/6-31G(d,p) calculations of
J values (Table 5) for all possible configurations in the sim-
plified fragment A (Scheme 16). The quantitative approach
is very helpful when experimental coupling constants fall
out of the ranges qualitatively classified as “large” or
“small”, especially for 2,3JC,H. presenting a smaller range (0
to 6 Hz) of coupling constant values than the relatively
larger range (0–12 Hz) of 3JH,H values. As an example, the
experimental 3JC,H values for H-7/C-9, H-8/C-6, and H-9/
C-11 within the Ddtd portion of 17 were found to be 3.1,
2.6, and 4.0 Hz, respectively, all of which may be classified
as “medium”. Analysis of the compared experimental and
calculated J coupling constants displayed the isomers A3

Scheme 15. Molecular structure of celebesides A–C (17–19).

Table 5. Calculated and experimental J values for a fragment corre-
sponding to Ddtd in celebeside A (17).

Calcd. Exp.
threo erythro

C7–C8 A1 A2 A3 A4 A5 A6

H7,Me8 2.7 4.0 4.3 2.9 4.2 5.1 5.5
H7,C9 4.9 0.4 2.1 5.6 1.5 0.1 3.1
H8,C6 4.4 1.7 0.5 0.7 5.2 5.7 2.6
H8,H7 2.7 7.5 2.2 2.4 4.1 6.3 1
TAD[a] 8.0 11.7 5.5 8.4 8.7 11.8

C8–C9 B1 B2 B3 B4 B5 B6

H8,C9 –0.4 –4.8 –3.8 –4.1 –0.7 –5.2 –7.2
H9,C7 5.2 5.5 1.8 2.3 2.3 1.2 3.0
H9,Me8 1.5 3.6 2.7 1.0 6.5 5.1 1.3
H9,H8 2.0 2.5 9.0 9.2 1.2 5.1 10.6
TAD[a] 17.8 15.3 7.6 5.5 21.9 13.0

C9–C10 C1 C2 C3 C4 C5 C6

H9,Me10 5.0 0.4 2.5 6.6 4.7 2.9 5.3
H9,C11 2.6 6.2 4.4 0.3 2.2 4.7 4.0
H10,C9 2.3 –2.0 –5.7 –2.1 –5.7 2.3 1.3
H10,H9 2.6 4.4 2.3 4.8 2.3 2.7 1.1
TAD[a] 4.2 13.7 11.3 12.1 10.7 5.7

[a] Total absolute deviation (Σ|Jcalcd. – Jexp.|) values.



Applications of Quantum Mechanical Calculation of NMR Parameters

for C-7/C-8 (5.5 Hz), B4 for C-8/C-9 (5.5 Hz), and C1 for
C-9/C10 (4.2 Hz), as presenting the lowest total absolute
deviation (TAD, Table 5) values confirming the J-based rel-
ative configuration presented above. In detail, the obtained
configuration for the structural portion examined was
7S,8R,9S,10R. Moreover, the experimental ROESY corre-
lations (Figure 7) were perfectly compatible with the results
outlined by J coupling quantum chemical analysis.[60]

Scheme 16. Newman projections showing all possible staggered rot-
amers for threo and erythro configurations viewed down bonds (A)
C-7–C-8, (B) C-8–C-9, and (C) C-9–C-10 for the polyketide residue
Ddtd in compound 17.

Figure 7. DFT MPW1PW91/6-31G(d,p) geometry and energy-op-
timized conformer of the C-4 to C-12 fragment of Ddtd in 17–19.
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3.4. Stereochemical Analysis of Aplysiol B through QM–
NMR Investigations

The bioactive secondary metabolite aplysiol B (20,
Scheme 17) was isolated from the marine organism Aplysia
dactylomela.[61] The case study of aplysiol B is an interesting
example of integration between different experimental tech-
niques of NMR spectroscopy and quantum chemical calcu-
lation of NMR parameters. The strategy adopted here for
the configurational assignment of the five stereogenic cen-
ters includes the QM calculations of 13C and 2,3JC,H and
3JH,H coupling constants along with the supporting analysis
of 2D ROESY data, showing that for the investigation of
stereocenter couples, even within a single organic com-
pound, the choice method has to be determined after care-
ful examination of the data and may differ from one to the
other couple of stereocenters.[61] As an example, the config-
uration of the tetrahydrofuran ring was obtained by
straightforward experimental analysis of ROE cross-peaks.
Compound 20 is biogenetically correlated to thyrsiferol (21,
Scheme 17), whose absolute configuration was determined
by stereospecific synthesis.[62] Moreover, aplysiol B (20) and
thyrsiferol (21) have an identical, rigid, left-side moiety as
shown by superimposable 1H and 13C NMR chemical shift
values, and the relative configuration of the left-side moiety
was also confirmed by ROESY experiments.[63] In the struc-
tural analysis of aplysiol B, the absolute configuration of
the common rigid left-side moiety was kept and used as a
reference point for the stereochemical establishment of 20.
Following the strategy based on the QM calculation of J
couplings for the determination of the relative configura-
tion of adjacent couple of stereocenters,[18] the arrangement
of the C2 fragments C-14/C-15 and C-18/C-19 were exam-
ined by using two simplified molecular fragments[18] of the
entire molecule (Scheme 18). Such fragments were consid-
ered by taking into account the two possible diastereomers
erythro and threo, and all the three staggered rotamers (g+,
g–, and anti) for each stereoisomer (Table 6). In particular,
although in the original paper[18] it is proposed to substitute
the main chain by at least two heavy groups (carbon, oxy-
gen atoms) and every branched chain by at least one heavy
atom, in our case for both fragments C-14/C-15 and C-18/
C-19 some of the stereogenic carbons were part of a cycle;
for this reason the complete ring portion containing the
stereogenic atoms was included in the calculations,[61] going
well over the lowest requirements suggested in the original
paper.[18] For the C-14/C-15 fragment, the calculated J val-
ues for two of the six arrangements, namely, the anti threo
and the anti erythro, were in good agreement with the ex-
perimental ones, by showing the lowest sum of absolute er-
rors Σ|Jcalcd. – Jexp.| (total absolute deviation values, TAD)
in the reproduction of J experimental data; it is noteworthy
that for such arrangements, all the single J calculated values
differ from the experimental ones by less than 1 Hz. The
quantitative investigation of the calculated versus the exper-
imental data allowed a slightly better agreement for the anti
threo arrangement to be observed (Table 6). A complemen-
tary confirmation of the anti threo arrangement came from
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the analysis of the ROESY data, revealing crucial dipolar
correlations between H-14 and H3-23 and H-16α, and be-
tween H3-23 and H-13. On the basis of the knowledge of
the absolute configuration of C-14 (derived from the estab-
lished configuration of 21), the R,R configuration of the
C-14/C-15 fragment was assigned. The analysis of the C2
fragment C-18/C-19 (see Table 6) revealed that only the g+

rotamer of the threo arrangement was in good agreement
with the experimental J values, presenting differences be-
tween calculated and experimental data lower than 1 Hz,
despite all the other rotamers. The presence of dipolar cou-
plings between H-18 and H3-29 and H2-20, and between H-
17 and H2-20 confirmed the QM J-based results, allowing
the threo configuration for the fragment C-18/C-19 to be
assigned. To determine the configuration of the tetra-
hydrofuran ring, and thus the relationship between C-15
and C-18, careful examination of the 2D ROESY data was
carried out. In particular, the strong dipolar couplings be-
tween H-14 and H3-28 and H-16α (Figure 8), between H-
16β and H3-28, and between H-18 and H-16α allowed the
R absolute configuration of C-18 to be established and, fol-
lowing the information derived from the above J-based
analysis, the consequent R configuration for C-19. Once ob-
tained, the 14R,15R,18R,19R configuration, the isolated C-
22 stereocenter was analyzed by building two possible
models 20 and 22 (Scheme 19), having the
14R,15R,18R,19R,22S and the 14R,15R,18R,19R,22R con-
figuration, respectively. For such models the 13C NMR
chemical shifts at the quantum mechanical level were calcu-
lated and subsequently compared with the experimental
data.[8] In detail, conformational search of the two models
by molecular mechanics (MonteCarlo multiple minimum
method of the MacroModel package)[64] was performed.
All the significant conformers of the two diastereoisomers
were subsequently optimized at the DFT level by using the
MPW1PW91 functional and the 6-31G(d) basis set. On the
so-obtained geometries, single-point calculation of the 13C
NMR chemical shifts were performed by using the same
functional and the 6-31G(d,p) basis set; the final chemical
shift values for each diastereoisomer was derived by taking
into account the Boltzmann-weighted average based on the
energies of the single conformers for each stereoisomer. The

Scheme 17. Molecular structure of aplysiol B (20) and thyrsiferol
(21).
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resulting 13C NMR chemical shifts corresponding to mod-
els 20 and 22 were compared with the experimental ones
(Table 7, together with the mean absolute errors, MAE, for

Scheme 18. Molecular fragments b and c representing the reduced
systems of 20 including the portions C-14/C-15 and C-18/C-19,
respectively.

Table 6. Calculated [MPW1PW91/6-31G(d,p) level] 2,3JC,H cou-
pling constants of aplysiol B (20) for the six conformational arran-
gements belonging to the erythro and threo series in comparison
with the experimental data: single deviations and TAD (Σ|Jcalcd. –
Jexp.|) values.

Calcd. Exp.

eythro threo
g+ anti g– g+ anti g–

b (C14–C15)
2JC15,H14 –3.1 1.5 –1.8 –3.1 2.3 –2.1 2.3
3JC16,H14 2.7 1.1 2.6 1.2 0.6 3.0 0.9
3JMe,H14 1.8 0.7 2.9 2.9 1.3 3.1 0.3
TAD 8.7 1.4 8.3 8.2 1.3 9.2

c (C18–C19)
2JC19,H18 –0.8 0.3 5.2 –0.1 5.5 –0.2 0.8
3JC20,H18 2.5 3.4 0.8 1.5 1.2 3.8 0.6
3JMe,H18 2.1 2.9 1.4 2.5 0.9 4.6 2.5
TAD 3.9 5.7 3.8 1.9 6.8 6.4

Figure 8. Significant experimental ROEs (black arrows) for the as-
signment of the configuration at C-15 and C-18 of 20.

Scheme 19. Two stereoisomers models, 20 and 22, considered for
quantum mechanical calculation of 13C NMR chemical shifts.
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each stereoisomer). As shown in Table 7, 20 shows a MAE
value of 2.56 vs. 2.84 of 22, suggesting the S configuration
for C-22. It is noteworthy that the MAE value of 2.56 is in
good agreement with the MAE value of 2.48, obtained at

Table 7. Significant 13C calculated [MPW1PW91/6-31G(d,p) level]
chemical shifts [ppm] for 20 and 22, and corresponding 13C NMR
experimental data for aplysiol B.

δ(13C)

Calcd. Exp.
20 22

12 26.6 26.7 21.3
13 25.7 26.2 21.4
14 78.1 76.5 75.4
15 82.7 82.9 84.3
18 86.4 87.7 86.4
17 28.3 27.9 25.9
16 35.1 33.9 35.8
28 28.5 26.4 23.2
19 73.2 70.0 72.3
29 19.8 22.2 21.6
20 34.4 40.1 33.7
21 27.4 28.4 25.4
22 72.5 74.6 78.4
23 70.9 70.6 73.1
MAE[a] 2.56 2.84

[a] Mean absolute error (MAE) found for 13C NMR chemical shifts
of compounds 20 and 22 vs. 13C NMR experimental values: MAE
= Σ[|(δexp. – δcalcd.)|]/n.

Table 8. Comparison between experimental and calculated 3JH,H and 2JC,H values [Hz] of stereoisomers 23–26.

∆exp.αα-DFTαα ∆exp.αα-DFTβα ∆exp.αα-DFTαβ ∆exp.αα-DFTββ ∆exp.βα-DFTαα ∆exp.βα-DFTβα ∆exp.βα-DFTαβ ∆exp.βα-DFTββ

3JH6,H7 0.0 2.1 4.2 2.5 3JH6,H7 2.0 0.1 2.2 0.5
3JH7,H8 0.8 1.5 1.2 2.3 3JH7,H8 2.8 0.5 3.2 4.3
2JC5,H4a 0.3 5.7 0.5 5.8 2JC5,H4a 6.7 1.3 6.5 1.2
2JC5,H6 1.1 1.2 1.6 1.1 2JC5,H6 0.6 0.7 1.1 0.6
3JC5,H19 0.1 1.3 0.1 1.3 3JC5,H7 6.4 2.1 1.2 6.9
2JC6,H7 0.1 2.1 4.2 1.1 2JC6,H7 4.6 2.6 0.5 5.8
3JC6,H8 2.8 2.4 2.6 1.9 2JC7,H6 1.3 1.0 0.7 0.0
2JC7,H6 0.0 0.3 2.0 1.3 2JC7,H8 1.1 0.5 4.9 4.0
2JC7,H8 3.3 2.7 2.7 1.8 3JC8,H6 0.1 0.5 0.7 0.4
3JC8,H6 0.2 0.8 1.0 0.7 3JC9,H7 0.0 1.5 5.6 5.3
Σ 8.7 20.0 20.2 19.7 Σ 25.6 10.8 26.6 29.0
MAD[a] 0.9 2.0 2.0 2.0 MAD[a] 2.6 1.1 2.7 2.9

∆exp.αβ-DFTαα ∆exp.αβ-DFTβα ∆exp.αβ-DFTαβ ∆exp.αβ-DFTββ ∆exp.ββ-DFTαα ∆exp.ββ-DFTβα ∆exp.ββ-DFTαβ ∆exp.ββ-DFTββ

3JH6,H7 4.8 2.7 0.0 2.3 3JH6,H7 3.3 1.2 0.9 0.8
3JH7,H8 0.7 3.0 0.3 0.8 3JH7,H8 2.4 4.7 2.0 0.9
2JC5,H4a 0.2 5.2 0.0 5.3 2JC5,H4a 6.4 1.0 6.2 0.9
2JC5,H6 1.0 0.9 0.5 1.1 2JC5,H6 0.6 0.7 1.1 0.6
3JC5,H7 5.4 1.1 0.2 5.9 2JC6,H7 2.1 0.1 2.0 3.3
3JC5,H19 0.0 1.4 0.0 1.4 3JC6,H19 4.1 4.0 4.3 3.7
2JC6,H7 5.8 3.8 1.7 7.0 2JC7,H6 1.6 1.3 0.4 0.3
2JC7,H6 0.6 0.3 1.4 0.7 2JC7,H8 6.0 5.4 0.0 0.9
2JC7,H8 6.0 5.4 0.0 0.9 3JC8,H6 0.3 0.9 1.1 0.8
3JC8,H6 0.3 0.3 0.5 0.2 3JC7,H9 1.5 1.0 2.1 0.3
3JC9,H7 5.3 3.7 0.4 0.1 Σ 28.2 20.3 20.0 12.4
3JC14,H7 5.9 5.0 1.2 2.5 MAD[a] 2.8 2.0 2.0 1.2
Σ 35.9 32.6 6.2 28.0
MAD[a] 3.0 2.7 0.5 2.3

[a] Mean absolute error deviation (MAD) {defined as Σ [(nJC,H/H,Hexperimental – nJC,H/H,Hcalculated)/number of comparisons]}.
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the same level of theory for a set of known natural com-
pounds;[9b] for this reason, such a result not only provides
information on the S configuration of C-22, but also corro-
borates the configurational arrangement of C-14, C-15, C-
18, and C-19 depicted in 20 and determined as described
above. A further contribution to this stereochemical analy-
sis was provided by application of the Mosher method[26]

for stereocenter C-22 finally confirming the absolute config-
uration proposed.

3.5. Stereochemical Assignment of 3β,7-Dihydroxy-5,6-
epoxycholestanes

The above-described quantitative QM–NMR strategy[18]

was successfully applied by several other groups for the elu-
cidation of the relative configuration of some natural and
nonnatural products. Among them, Rodrìguez[65] et al. in
2008 determined the correct stereostructural dispositions of
the epoxy and hydroxy groups of the four cholesterol deriv-
atives 3β,7-dihydroxy-5,6-epoxycholestanes. The 5,6-epoxy
moiety is a key intermediate in the synthesis of active ste-
roids, and so knowledge of the correct stereochemical as-
signment of this portion is crucial in the subsequent reac-
tion steps. For this reason the authors synthesized four pos-
sible diastereoisomers of 3β,7-dihydroxy-5,6-epoxycholes-
tane (23–26, Scheme 20). After a preliminary step for the
construction of models [conformational search (PCModel
package), geometry optimization (DFT/B3LYP/6-31 or 6-
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311G(d)-Gaussian 03)], the authors easily identified
through calculation of coupling constants at the DFT/
MPW1PW91/6-311G(d,p) level the correct configurational
assignment on the basis of the mean absolute error devia-
tion (MAD) {defined as Σ[(nJCHexp.

– nJCHcalcd.
)/number of

comparisons]}. The calculated data for each model fit bet-
ter with only one experimental J homo- and heteronuclear
data set (see Table 8). Moreover, these results were consis-
tent with the results obtained by GIAO 13C NMR chemical
shift calculations. In conclusion, Rodrìguez et al. easily dis-
criminated the four different stereoisomers through quanti-
tative MAD parameters, confirming QM–NMR parameter
calculations as a powerful tool for the identification of dia-
stereoisomers.

Scheme 20. Molecular structure of four possible 3β,7-dihydroxy-
5,6-epoxycholestane diastereoisomers (23–26).

3.6. Determination of Relative Configuration in Acyclic 1,3-
Nitrogen-Containing Moieties

Noncanonical amino acids have been frequently found
as structural constituents of natural products and have also
been used as nonnatural synthetic amino acids as antime-
tabolites. Thus, it is very important to have a reliable meth-
odology to determinate the relative configuration of acyclic
compounds. The method of Murata could be a tool for
structural analysis, but most of the reported molecules
studied by the J-based approach usually only contain oxy-
genated alkyl-substituted compounds. Also, only few com-
pounds with nitrogen-substituted acyclic systems have been
reported, and for this reason Rodrìguez et al.[66] highlighted
the need to obtain a new set of values to build up reliable
curves, which may describe angular dependence versus het-
eronuclear coupling constants. In a recent contribution,
Rodrìguez et al. reported a new structure of the polychlorin-
ated dipeptide dysithiazolamide (27, Scheme 21), isolated
from the sponge Dysidea sp.[67d] The relative configuration
of the acyclic moiety of 27 was proposed through J-based
analysis on new amino acid derivative 28, which was used as
a model for the stereostructural assignment of the natural
product. In subsequent work, the authors, in order to com-
plete the study of J-configurational assignments for 1,3-ni-
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trogen-containing acyclic moieties, reported the synthesis of
the epimer of 28, (2S,4R)-dichloroleucine (27, Scheme 21)
and the corresponding configurational analysis carried out
by the J-based method along with QM calculations of
chemical shifts. This work is noteworthy because it repre-
sents one of the few[18,67] applications of the J-based ap-
proach on nitrogen-substituted acyclic systems. Rodrìguez
et al., following the J-based method, found for structure 29
the presence of two main conformers in fast interconversion
around the bonds C-2/C-3 and C-3/C-4 (Tables 9 and 10).
In detail, the observation of medium/large 3JH,H values
around the C-2/C-3 (6.3 and 8.4 Hz) and C-3/C-4 (6.5 and
6.4 Hz) bonds suggested a conformational equilibrium.
Moreover, for C-2/C-3, the medium values found for
3JC1,H3a and 2JC2,H3b indicated an equilibrium between the
anti and the gauche (–) conformers, where the population
of the first one should be higher than that of the second
one. The homonuclear coupling constants measured at low
temperature showed that the population of the anti con-
former increased, whereas that of the gauche conformer (–)
decreased. Similarly, the observation of the intermediate
values found for 3JMe,H3b, along with the large one for
2JC4,H3a and the small one for 3JMe,H3a, suggested the pres-
ence of a more complex equilibrium, confirmed also by
NMR experiments at low temperature. In a second step, the
DFT calculations of 1H and 13C NMR chemical shifts were
performed for the six possible staggered rotamers around
the C-2/C-3 and C-3/C-4 bonds of 28 and 29. Analysis of
calculated resonances confirmed the presence of a confor-
mational equilibrium found by the investigation of experi-
mental J couplings constants. A combination of the pre-
dicted and experimental coupling constants suggested the
syn configuration for compound 29.

Scheme 21. Molecular structure of polychlorinated dipeptide dysi-
thiazolamide (27) and anti (28) and syn (29) 5,5-dichloroleucine
derivatives.

In this paper, the authors assessed the difficulty to clas-
sify the J values for these types of structural systems. In
particular, it is important to note that the heteronuclear
coupling constant are not only dependent on the dihedral
angles but also on other factors such as the electronegativ-
ity of the substituents and the presence of hydrogen bonds.
Thus, the presence of electronegative atoms could cause
2,3JC,H values to diverge from the values predicted by a sim-
ple Karplus equation. The application of DFT calculations
to this case study highlights the ability of QM calculations
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Table 9. 3JH,H and 2,3JC,H values [Hz] around the C-2/C-3 bond for
epimers 28 (anti) and 29 (syn) and comparison with the predicted
values for the six possible staggered rotamers for each bond.

Table 10. 3JH,H and 2,3JC,H values [Hz] around the C-3/C-4 bond
for epimers 28 (anti) and 29 (syn), and comparison with the pre-
dicted values for the six possible staggered rotamers for each bond.

to predict 2,3JC,H values of nitrogenated acyclic systems,
taking into account all factors affecting the heteronuclear
coupling constants.
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4. Selection of Stereostructures Prior to Their
Total Synthesis

4.1. 14 Years vs. 14 Days: A DFT–NMR Integrated
Approach as a Guide for the Total Synthesis of Chiral
Molecules

In the above-reported examples the QM calculation of
NMR parameters was employed to assign the configuration
of natural products, and here we report a recent application
of the DFT–NMR integrated approach to support the total
synthesis. In this case, it will be shown that an appropriate
quantum chemical approach is a fast and convenient
method to be applied prior to proceeding with the total
synthesis of complex natural compounds. In detail, we re-
port the analysis of the configuration of two natural com-
pounds (kedarcidin chromophore and palu’amine)[68] and
how the use of the quantum chemical approach could avoid
loss of time and loss of resources employed in the total
synthesis of wrong diastereoisomers. The structure of the
kedarcidin chromophore has been revised over the last 14
years: the structure was first proposed by Leet and co-
workers in 1992 (30, Scheme 22),[69] later revised to a β-
amino ester[70] by Hirama et al. in 1997 (31, Scheme 22),
and revised again through a total synthesis outlined by My-
ers et al. in 2007 (32, Scheme 22).[71] In particular, Myers[71]

et al. synthesized the structure proposed by Hirama (i.e.,
31) and found several inconsistencies: (a) 3JH10,H11 ≈ 0 vs.
5.4 Hz in CDCl3 for the authentic kedarcidin chromophore;
(b) the lack of an NOE between the pyridyl H-4� and H-
10, and the presence of an NOE between H-10 and H-12b;
(c) mixture of atropisomers in both [D6]DMSO and in
C6D6, – one with the chlorine atom pointing toward the
central core and the other one resulting from a 180° rota-
tion of the pyridyl ring and with the chlorine atom pointing
in the opposite direction with respect to the enedyine moi-
ety. On the other hand, in accordance with the single atrop-
isomer spectrum displayed by the natural product,[71] they
argued that structure 32 derived by epimerization of the
mycarose-bearing C-10 could not exist in the atropisomeric
form in which the chlorine atom is oriented toward C-10.
In conclusion, the efforts of Myers et al. in the synthesis
of the wrong stereoisomers eventually allowed the correct
structure to be established, but such efforts required a great
amount of money and human resources. In order to suggest
a straightforward method to be used prior to the total syn-
thesis of molecules with complicated structures, we exam-
ined the structure and chemical shifts of the kedarcidine
chromophore at the quantum chemical level by taking into
account the wrong and the revised structures. First of all,
we performed a conformational search, QM optimization
of the energies and the geometries in vacuo, and single-
point calculations by using a polar continuum model
(PCM) for the simulation of the DMSO solvent, at the
DFT level by using the MPW1PW91 functional with the 6-
31G(d,p) basis set[9b] for the lowest-energy atropisomers for
the two possible diastereomers (31a and 31b, 32a and 32b;
Figure 9) Interestingly, the result of our calculations was in
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Scheme 22. Structure of kedarcidin chromophore as α-amino acid derivative 30 proposed by Leet in 1992, as β-amino ester 31 proposed
by Hirama in 1997, and revised structure 32 proposed by Myers in 2007.

accordance with that proposed by Myers et al.:[71] (a) 31
exists in the atropisomeric form (the predicted differences
of 1.8 and 1.3 kJ mol–1 accounting for a 1.8:1 and 1.3:1 ratio
in vacuo and DMSO, respectively, versus the reported 2:1
ratio in [D6]DMSO), and the atropisomer that presents the
chlorine atom directed away from central core 31a is the
lowest in energy; (b) the calculated differences of 5.4 and
2.5 kJmol–1 in vacuo and DMSO, respectively, for 32 con-
firms the presence of a single atropisomer, and as expected,
atropisomer 32a with the chlorine atom away from C-10
was predicted to be the lowest in energy. Moreover, we ex-
amined the results of the DFT calculation of the kedarcidin
core fragment J values between H-10 and H-11 for 31a,
31b, 32a, and 32b by using the MPW1PW91 functional and
the 6-311++G(2df,2p) basis set.[9b] In accordance with the
experimental data collected by Myers et al., such values are
predicted to be 0.1 Hz for 31a and 0.1 Hz for 31b. The val-
ues predicted for 32a and 32b are 6.1 and 4.7 Hz, respec-
tively, and in comparison to the experimental value of
5.4 Hz reported in CDCl3, they strongly support that the
kedarcidin chromophore structure must be revised as 32.
Such results are in good agreement with that observed by
Myers et al.,[71] suggesting that the kedarcidin chromophore
could have in its most stable conformation only one pre-
dominant atropisomer (i.e., 32a) characterized by the chlo-
rine atom of the pyridyl ring oriented away from the core
portion of the molecule (Figure 9).

To further validate the efficiency of our approach, we
also examined the marine natural product palau’amine. In
this case, the problem is associated with a hexacyclic struc-
ture containing eight stereogenic centers, whose relative
configurations have not yet been confirmed by total synthe-
sis. The initial structure proposed by Kinnel et al. (33a,
Scheme 23)[72] had the relative configuration assigned as
6R,10S,11R,12S,16S,17S,18R,20R, and this results in a cis
fusion between the D and E rings and the chlorine atom on
the α-face of the molecule. Very recently, the isolation and
structural elucidation of two additional palau’amine conge-

www.eurjoc.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 1411–14341428

Figure 9. 3D models of possible kedarcidin chromophore atropiso-
mers for 31 and 32.

ners[73–75] prompted revision of the initial assignment of the
relative configuration of palau’amine by NMR, computa-
tional methods,[73,76,77] correlation with related com-
pounds,[74,75,78] and reisolation and characterization of
palau’amine itself.[79] Proposed revised structure 33b
(Scheme 23) has the relative configuration assigned as
6R,10S,11R,12R,16S,17R,18R,20R and so a trans junction
between the D and E rings and the chlorine atom on the β-
face of the molecule. Due to the complexity of the problem,
we tried to apply the quantum chemical approach for pa-
lau’amine. In particular, a conformational search was per-
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formed on possible diastereoisomers 33a and 33b
(Scheme 23), followed by full geometry and energy optimi-
zation at the quantum chemical level. At the DFT level and
on the obtained geometries we calculated (Table 11) the di-
agnostic 3JH,H coupling constants for the D and E rings. As
shown in Table 11, the calculated 3JH,H values are consis-
tent with a trans junction between the D and E rings, and
the suggested configuration at C-17 is R; particularly diag-
nostic is the calculated value of 13.2 Hz for 3JH11,H12 in
compound 33b. The complete analysis of all the calculated
J coupling constants of possible diastereoisomers 33a and
33b, outlined by the MAE (mean absolute error) parameter
(Table 11), demonstrates a better fitting of model 33b with
the experimental NMR spectroscopic data reported in the
literature,[73–78] and so with the proposed revised structure.
Moreover, in this second example we also performed single-
point GIAO calculations by using the MPW1PW91 func-
tional and the 6-31G(d,p) basis set.[9b] Analysis of the
model compounds was carried out by taking into consider-
ation the calculated 13C NMR values in DMSO (Table 12).
In particular and concerning the 13C NMR calculated re-
sults, we considered the ∆δ (differences for experimental vs.
calculated 13C NMR chemical shifts) and MAE parameters.
Through evaluation of the MAE values for models 33a and
33b (4.3 vs. 2.5, respectively), the GIAO calculated 13C
NMR chemical shifts indicated that compound 33b fits bet-
ter with the experimental data, confirming the revised struc-
ture of palau’amine recently proposed with a trans junction
between the D and E rings and the chlorine atom on the β-
face of the molecule (Figure 10).

Scheme 23. Original 33a and revised 33b structure of palau’amine.

Table 11. Comparison between experimental (DMSO)[79] and cal-
culated (in vacuo) 3JH,H values [Hz] for the D and E rings of stereo-
isomers 33a and 33b.

Calcd. Exp.
33a 33b

3JH11,H12 8.8 13.2 14.4
3JH12,H18 9.0 9.6 9.0
3JH18,H17 10.3 9.6 9.0
3JH12,H13α 8.5 9.0 10.2
3JH12,H13β 9.9 7.0 7.2
MAE[a] 2.3 0.7

[a] Mean average error = ∑[|Jexp. – Jcalcd.|]/n.

Eur. J. Org. Chem. 2010, 1411–1434 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 1429

Table 12. Comparison between experimental 13C NMR chemical
shifts in DMSO[79] with calculated 13C NMR chemical shifts in
DMSO [ppm] of diastereoisomers 33a and 33b and their |∆δ|[a] val-
ues.

33a 33b
δexp. δcalcd. |∆δ|[a] δcalcd. |∆δ|[a]

C-6 67.5 73.0 5.5 67.1 0.4
C-10 79.4 84.7 5.3 84.0 4.6
C-11 55.3 54.8 0.5 54.7 0.6
C-12 40.6 42.9 2.3 39.1 1.5
C-13 44.8 51.0 6.2 46.2 1.4
C-16 70.3 77.5 7.2 73.1 2.8
C-17 73.7 69.9 3.8 76.4 2.7
C-18 47.0 41.1 5.9 51.5 4.5
C-19 40.2 43.5 3.3 44.7 4.5
C-20 82.2 85.6 3.4 83.7 1.5
MAE[b] 4.3 2.5

[a] |∆δ| = |δexp. – δcalcd.|, absolute difference of the experimental and
calculated 13C NMR chemical shifts. [b] Mean average error =
Σ[|δexp. – δcalcd.|]/n.

Figure 10. 3D models of diastereoisomers 33a and 33b of
palau’amine.

4.2. Prediction of the Stereostructure of Elatenyne

The work reported by Goodman[80] et al. in 2008 re-
garded the assignment of the relative configuration of the
marine natural product elatenyne. The original structure of
elatenyne[81] (34) was, thanks to following synthetic studies,
reproposed as 2,2�-bifuranyl system[82] 35 (Scheme 24). Af-
ter a brief validation of our DFT–NMR method[8] for its
application to the stereochemical investigation of the bifu-
ranyl system, they used this technique to predict the stereo-
structure of elatenyne. NMR chemical shifts were calcu-
lated for all 32 possible diastereoisomers of 35 as well as
for pyranopyran structure 34 originally proposed. As pre-
viously suggested,[8] the experimental data was compared
by two methods: (1) the linear correlation coefficients r be-
tween all pairs of calculated and experimental chemical
shifts and (2) the sum, or the average, of the absolute differ-
ences between the empirically scaled calculated chemical
shifts and the experimental chemical shifts (∆δ). Besides the
two above-described analysis methods, the authors applied
the approach of Rzepa[83] for carbon substituted with heavy
atoms (C2, C7, and C12), or tried to exclude these carbon
atoms from all analyses, and they obtained consistent re-
sults in all cases. In particular, the most likely candidate for
the structure of elatenyne is 35v, although 35e�, 35z, and
35s remain plausible. Pyranopyran structure 34 gives a par-
ticularly poor match in terms of both correlation coefficient
and mean |∆δ|. The Goodman work represents the begin-
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ning of the elatenyne confirmation structure process, sug-
gesting only four possible candidates (Scheme 25) for the
following synthetic studies.

Scheme 24. Original and revised structure of elatenyne.

Scheme 25. Molecular structure of the most likely candidates for
the stereostructure of elatenyne.

5. Quantum Mechanical Calculation of NMR
Parameters as a Tool for the Characterization of
Ligand–DNA Interactions

(+)-Yatakemycin[84–88] (36, Scheme 26), isolated from the
culture broth of Streptomyces sp. TP-A0356,[89] represents
the newest and most potent member of a class of natural
antitumor compounds.[84–88] Its biological activity is de-
rived from the ability of alkylating specific adenine residues
in the minor groove of AT-rich tracts. In particular, the al-
kylation reaction proceeds by nucleophilic attack by ade-
nine N3 on the reactive cyclopropyl ring of the ligand, upon
binding to the DNA. The covalent complex d(GAC-
TAATTGAC)-(GTCAATTAGTC)–(+)-yatakemycin has
been analyzed by an approach based on NMR spectro-
scopic data integrated by quantum mechanical calculations
of the 1H NMR chemical shifts to get key structural fea-
tures for the development of more powerful and more selec-
tive anticancer drugs.[24] The study of this macromolecular
system shows that the calculation of NMR parameters is
not limited to structure elucidation of molecules with a lim-
ited number of atoms, but it may also be extended to larger
systems to achieve essential information about ligand–mac-
romolecule interactions.[24] In particular, stereostructural
studies of bioactive compounds of natural origin could be
also carried out on the ligand conformation within the
binding site of the biological target. Moreover, the QM-
based approach can be useful in cases where dipolar cou-
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plings between ligand and macromolecule are uncertain or
unavailable; it can also provide useful and additional data
to standard spectroscopic tools applied in the characteriza-
tion of drug–DNA/protein complexes. Firstly, by a well-es-
tablished NMR strategy,[90] the 1H NMR chemical shifts of
the DNA duplex covalently bound to the ligand were as-
signed, and the binding site was mapped out by monitoring
the experimental 1H NMR resonance shifts between the
free and bound state of DNA.[24] The NMR receptor-based
approach did not allow the adenine involved in the covalent
bond to 36 to be distinguished, because candidate residues
A5 and A6 showed comparable chemical shift perturbations
between the free and bound state of DNA. In order to de-
termine which adenine was responsible for nucleophilic at-
tack on the cyclopropane ring of the ligand, a new faster
and easier method was devised as an alternative to the full
collection of experimental restraints necessary to obtain the
3D experimental structure of the covalent complex. In par-
ticular, an approach based on integrated NMR experimen-
tal data with GIAO 1H NMR DFT calculated values was
proposed to study ligand–macromolecule interactions, go-
ing well over the successful application of 1H and 13C NMR
chemical shift calculations in the structure elucidation of
organic molecules,[8a,9b,28] in the interpretation of polymer
spectra[28d] and in the conformational analysis of pep-
tides,[91–93] oligosaccharides,[94] and calixarenes.[95] Thus,
two 3D models were built where 36 was covalently bound
to A5 or A6 (model A or B, respectively; Figure 11a,b),
and starting from the NMR structure of duocarmycin SA
covalently linked to the DNA duplex (PDB[96] archive code
1DSA)[97] 36 was built and docked in the minor groove.[24]

In order to perform quantum mechanical calculations in a
reasonable computation time and with a reliable model,
only six base pairs of the DNA were considered (Figure 11).
For these reduced models, 1H NMR chemical shifts were
calculated at the DFT/MPW1PW91 theoretical level with
the 6-31g(d,p) basis set, as such a combination has provided
satisfactory results with reasonable computational effort for
the calculation of NMR parameters of medium–large or-
ganic molecules.[3,28b,98] Besides the A5 and A6 resonances,
the imino proton of T17 and H-3� of T18 showed a dra-
matic variation upon binding of yatakemicin, –2.08 and
1.5 ppm, respectively (Figure 12), and for this reason their
values were considered diagnostic and compared with the
experimental data. The analysis of the data put in evidence
that only one of the two structural hypotheses presented a
satisfactory agreement with the experimental data set. A
good accordance, in fact, is observed between the calculated
1H NMR chemical shifts of model A (alkylation at A5) and
the experimental data, along with the MAE and the corre-
lation coefficients (Table 13). Residual discrepancies be-
tween experimental and theoretical 1H NMR chemical
shifts for model A could probably be due to the absence of
solvent in the calculations or to the low level of theory that
was chosen according to the complexity of the system. On
the other hand, model B (alkylation at A6) presented large
differences between the calculated and experimental 1H
NMR resonances on almost all protons considered
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(Table 13), allowing this hypothesis to be discarded and
suggesting nucleophilic attack by N3 of adenine 5. Further
corroboration was provided by analysis of key NOE con-
tacts between the DNA duplex and (+)-yatakemycin, con-
firming the reliability of the presented methodology.[24] In
particular, the H-28 resonance of the ligand (δ = 3.83 ppm)
shows dipolar effects with H-1� (δ = 5.03 ppm) of the A5
residue and H-8 (δ = 8.15 ppm) of the A6 residue. The dis-
tances of H-28 from H-1� and H-8 are, respectively, 1.96
and 3.46 Å (Figure 13), whereas in model B they are ex-
pected at 6.15 and 5.02 Å. Thus, model A better reproduces
the experimental values, which validates the results ob-
tained independently through the presented quantum chem-

Scheme 26. Molecular structures of (+)-yatakemycin (36).

Figure 11. 3D models of (+)-yatakemycin (36) covalently bound to
A5 (a) and to A6 (b). For the nucleic acid the two models contain
only the base-pairs C3:G20 to T8:A15. The DNA and ligand are
represented in tube. The DNA chains are depicted in black except
the adenine (in dark grey) covalently bound to ligand and 36 is
colored in light grey. The figure highlights the covalent bond with
adenine N3 and how the ligand assumes a curved conformation in
the minor groove.

Figure 12. Chemical shift differences (∆δ = δbound DNA – δfree DNA) plots for the sugar and base protons of the DNA duplex. The base-
pairs G1–C22 and C11–G12 are not considered because they do not show resonance shifts.
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Table 13. Significant 1H NMR calculated [MPW1PW91/6-
31G(d,p) level] chemical shifts [ppm] for models A and B, and the
corresponding 1H NMR experimental data of DNA bound to 36.
The term ∆(δcalcd. – δexp.) is the difference between calculated and
experimental chemical shifts.

δ(1H)calcd. δexp. ∆(δcalcd. – δexp.)

RES. H A B A B

A5 8 8.68 8.06 8.49 0.19 –0.43
2� 2.63 2.29 2.59 0.04 –0.30
2�� 2.43 1.93 2.89 –0.46 –0.95
1� 5.70 5.78 5.03 0.67 0.74

A6 8 8.26 9.03 8.15 0.10 0.87
2� 1.89 1.79 2.33 –0.44 –0.55
2�� 2.83 2.66 2.44 0.39 0.22
1� 5.87 6.10 5.32 0.55 0.78

T17 N3H 11.43 10.80 11.50 –0.07 –0.70
T18 3� 4.68 4.79 4.50 0.18 0.28
MAE[a] 0.31 0.58
R[b] 0.9932 0.978

[a] Mean absolute error (MAE) found for 1H NMR chemical shifts
of models A and B vs. 1H experimental values: MAE = ∑[|δexp. –
δcalcd.|]/n. [b] Correlation coefficient obtained by linear fitting of
calculated (δcalcd.) vs. experimental (δexp.) 1H NMR chemical shifts.

Figure 13. 3D model (duplex DNA base-pair region C3:G20 to
T8:A15) of (+)-yatakemycin (36) covalently bound to A5. The
black broken lines show the NOE contacts experimentally observed
and well reproduced by model A.
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ical methodology.[24] It is noteworthy that, due to the size
of the system analyzed, the tradeoff between computation
time and reliability of calculated values to reproduce experi-
mental data justifies the use of a limited theoretical model,
but the application of higher levels of theory is encouraged.

6. Conclusions

In the present contribution, diverse case studies are re-
ported that use calculations of chemical shifts and J cou-
pling constants at the QM theoretical level for conforma-
tional and configurational analysis of natural products. In
particular, the described cases highlight how QM calculated
NMR properties can be tailored and combined depending
on the organic compound under examination.

Besides the use of QM calculation of NMR parameters
in the structural studies, the fast and convenient quantum
chemical approach could be applied to lead the total syn-
thesis of complex natural compounds towards the correct
diastereoisomers, saving time and employed resources.

Recently, the authors analyzed the covalent complex
formed between d(GACTAATTGAC)-(GTCAATTAGTC)
and (+)-yatakemycin by an approach based on NMR spec-
troscopic data integrated by quantum mechanical calcula-
tions of 1H NMR chemical shifts. This new approach in-
volving the QM calculation of NMR parameters could rep-
resent a faster and easier strategy for the study of drug–
macromolecule interactions and could be considered an al-
ternative or a complementary tool of the most commonly
employed spectroscopic techniques.
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