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Abstract—In this work the prediction of 'H NMR chemical shifts of CH,, protons of sesquiterpene lactones by means of neural
networks is described. This method is based on the incorporation of experimental chemical shifts of protons of sesquiterpene lac-
tones as additional memory of an associative neural network system previously trained with chemical shifts of other organic com-
pounds. One advantage of this method is its ability to distinguish between CH, diastereotopic protons belonging to rigid
substructures since stereochemistry is considered. This is achieved via the automatic conversion of the 2D structure diagram into
a 3D molecular structure. The predicted '"H NMR chemical shifts of the sesquiterpene lactones showed a high level of accuracy.
This is the first report on a fully automatic proton assignment of structures of sesquiterpene lactones of an accuracy that allows

its use in structure elucidation.
© 2004 Published by Elsevier Ltd.

Nowadays there is an urgent need in innovative compu-
ter-based procedures that can assist the natural product
chemist (phytochemist) in the process of structure deter-
mination of natural compounds. For several reasons, in
many cases this process is the most time-consuming step
in the entire course of the study of compounds from liv-
ing organisms. The currently available computer-based
procedures that can serve as useful tools in the structure
determination of organic compounds are focused on
spectra prediction, spectra interpretation, structure gen-
eration and NMR chemical shift prediction.!> The
methods on which they are based usually involve artifi-
cial intelligence in its broad sense.? Nevertheless, as only
few of these procedures are exclusively focused on spe-
cial classes of organic molecules one may say that the
great majority can be classified as ‘generalists’. So, the
risk of inaccuracy is high and sometimes the phytochem-
ists have no confidence in the ability of such computer-

Keywords: Chemical shift prediction; '"H NMR spectroscopy; Neural

networks; Sesquiterpene lactones; Structure-based prediction.

*Corresponding author. Tel.: +351-21-2948300; fax: +351-21-
2948550; e-mail: jas@fct.unl.pt

0040-4039/$ - see front matter © 2004 Published by Elsevier Ltd.
doi:10.1016/j.tetlet.2004.07.082

based procedures to succeed and doubt that they are
really useful to solve their specific problems.

In this work, we describe for the first time the use of neu-
ral networks to estimate 'H NMR chemical shifts of a
special class of natural products, the sesquiterpene lac-
tones (STLs). This tool is a combination of two different
neural network approaches and comprises a new aid to
help the phytochemist in the process of structure eluci-
dation of STLs by providing highly accurate '"H NMR
data for 3D-structures taking into account stereochemis-
try as well as diastereotopic CH, protons. In the course
of the conventional process of structure determination
of natural compounds like the STLs, there is a step
where it is important to the phytochemist to compare
the '"H NMR data of an unknown with those of refer-
ence structures. This step involves structure verification
and structure confirmation and in many cases it may be
time consuming. At this point the computer methods
can play an important role, since they can provide the
phytochemist with a large amount of spectral data in a
short period of time. An important aspect in this partic-
ular situation is the quality of such data, which
undoubtedly must reflect the level of its accuracy.
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Although it can be easier with '*C NMR data, it is
extremely difficult to achieve a high level of accuracy
with "H NMR spectra due to the problems inherent in
this technique.? Especially when STLs are involved, to
gain accuracy is a challenge because of the relatively
great complexity of these structures.

The STLs are a special class of terpenoids comprising
about 4000 structures with more than 30 skeleton sub-
types and several substitutional features.>* They are
the typical metabolites from the large plant family As-
teraceae, but are also present in species from Lauraceae,
Apiaceae, Burseraceae and Magnoliaceae as well as in
liverworts (Hepaticae).* Since the STLs show a vast
array of biological activities,>> have ecological impor-
tance*> and are used as taxonomic markers in the family
Asteraceae,* they have chemical, biological, medicinal
and commercial interest. Thus, structure elucidation
plays an important role in all of the studies concerning
this class of compounds. The most widely used method
in the structure elucidation of STLs is NMR spectro-
scopy and "H NMR spectral data analysis is usually
the starting point, since it is one of the most informative
techniques for this purpose. Several scientific publica-
tions including books,®’ journal articles® and reviews’
have appeared during the last 30years with regard to
this subject. Furthermore, conformational studies based
on minimizations of 3D structures as well as analysis of
X-ray diffraction data are also accessible as supporting
information.”-'%!" Finally, an expert system has been
developed to perform structure elucidation of STLs
based on '*C NMR data.'2 So far, there is not any work
concerning the use of neural networks as a tool for
structure elucidation of STLs based on NMR spectro-

scopy.

In this study, we used ensembles of previously trained
feed-forward neural networks (FFNNs) for '"H NMR
chemical shift prediction.'>'* The neural networks had
been trained with experimental chemical shifts of hun-
dreds of structures,' containing only one STL of the
eudesmanolide subtype.>? In that system, hydrogen
atoms of the structures are represented by physicochem-
ical, geometric and topological descriptors.'3 The method
has been previously tested for general application to
organic compounds and showed good results,'* even
in comparison to other methods for '"H NMR chemical
shift predictions.'* Furthermore, it was demonstrated
that predictions for a given group of compounds could
be significantly improved if the FFNNs were bound to
an additional memory of related compounds.'* This
memory is simply a list of protons represented by their
descriptors together with the experimental chemical
shifts. The result—an ensemble of neural networks to-
gether with the memory—is called an associative neural
network (ASNN).!5 In this work, additional data com-
prising 392 experimental chemical shifts of 20 STLs have
been added to the ASNNs as additional memory. It
means that specific user-defined data were incorporated
to an initial memory containing data of other classes of
organic compounds.!'#!® This data set of STLs was elab-
orated based on published data and comprises several
subtypes of skeletons as well as different substitutional

features, like side chain esters and other functionalities.
This procedure is necessary to improve the accuracy of
the predictions in comparison to the original networks
without the additional memory.'>!* Certainly, this is
the most important step in the way to improve the pre-
dictions with respect to a specific class of natural com-
pound like the STLs.

In order to test the ability of the neural networks to pre-
dict "H NMR chemical shifts of STLs, two of them were
selected from published data. The first is an eremantho-
lide (15-hydroxyeremantholide B) (1)'® and the second is
a guaianolide (2).!” Both compounds are not present in
the memory. They were selected because of their struc-
tural complexity, the presence of chiral centers and dia-
stereotopic CH, protons as well as the availability of the
"H NMR data of all hydrogen atoms.'®!” Furthermore,
1 and 2 as well as their closely related derivatives show
biological activities and are challenging targets for total
synthesis.!” ' The 'H NMR data of 1 and 2 were
obtained in CDCl; at room temperature. In this study,
protons of hydroxyl groups were not considered, since
their chemical shifts are strongly affected by experimen-
tal conditions.

The predicted '"H NMR chemical shifts obtained by
neural networks for 1 and 2 with and without the
memory, their '"H NMR experimental data as well as
the differences (A) between the experimental and the
predicted values are listed in Table 1. The mean absolute
errors for the predictions of the chemical shifts of all
protons of 1 and 2 without the memory (Pred-FF)
were 0.24 and 0.36 ppm, while the errors using the mem-
ory (Pred-Mem) were 0.14 and 0.23 ppm, respectively.
These results show a high degree of improvement in
the predictions using the memory and will be discussed
below.

In the predicted values for 1 (Table 1), an interesting
observation is with respect to H-9a and H-9f, because
they are CH, diastereotopic protons and their different
chemical shifts have been distinguished. The predictions
for these protons after the memory has been employed
(1.95 and 2.46 ppm, respectively) showed excellent agree-
ment with the experimental data (2.02 and 2.31ppm,
respectively) and the observed differences (A) are small
(Table 1). The prediction of the two olefinic protons
H-2 and H-5 also showed good agreement with the
experimental data. The difference (A) of the chemical
shift of H-15 is 0.14ppm, while other seven ones are
0.04ppm or below (Table 1). These results are of high
accuracy, since they are in the range of accepted experi-
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Table 1. Experimental (Exp) 'H NMR chemical shift values of the sesquiterpene lactones 1* and the 2P, their predicted values without the enhanced
memory (Pred-FF) and their predicted values using the enhanced memory (Pred-Mem) as well as the respective differences (A) between the

experimental and the predicted values (all values are given in ppm)

H 1 2

Exp Pred-FF A Pred-Mem A Exp Pred-FF A Pred-Mem A
2 5.72 5.77 0.05 5.74 0.02 — — — — —
3 — — — — — 6.23 5.62 —0.61 5.56 —0.67
5 6.32 6.19 —-0.13 6.19 —-0.13 3.54 3.50 —0.04 3.50 —0.04
6 5.01 4.59 —0.42 4.99 —0.02 4.09 4.11 0.02 4.33 0.24
7 2.86 3.48 0.62 3.55 0.69 3.15 2.96 —-0.19 3.18 0.03
8 4.03 3.76 —0.27 3.99 —0.04 5.75 4.83 —0.92 5.15 —0.60
9o 2.02 2.43 0.41 1.95 —-0.07 2.86 2.50 —0.36 3.18 0.32
9B 2.31 2.45 0.14 2.46 0.15 2.74 2.57 —0.17 2.50 —0.24
13a 1.31 1.46 0.15 1.34 0.03 6.24 6.32 0.08 6.33 0.09
13b — — — — — 5.55 6.21 0.66 6.13 0.58
14 1.47 1.74 0.27 1.51 0.04 2.35 1.86 —0.49 2.25 —0.10
15 4.34 4.43 0.09 4.48 0.14 2.35 1.79 —0.56 2.17 —0.18
U 2.02 1.78 0.24 2.03 0.01 — — — — —
2'a 1.71 1.45 —0.26 1.30 —0.41 — — — — —
2'p 0.96 1.45 0.49 1.30 0.34 — — — — —
3'a 0.95 1.00 0.05 0.91 —0.04 5.97 5.69 —0.28 6.03 0.06
3'b — — — — — 5.57 6.12 0.55 5.56 —0.01
4 1.04 1.11 0.07 1.01 —-0.03 1.86 1.97 0.11 1.87 0.01

% Mean absolute error with Pred-FF = 0.24 and with Pred-Mem = 0.14
®Mean absolute error with Pred-FF = 0.36 and with Pred-Mem = 0.23

mental variations of the '"H NMR technique. There are
examples in the literature with natural compounds
exhibiting such a variation in the chemical shift values
of their protons when the spectra are run in different
spectrometers. Only three differences (A) in the predic-
tion of the chemical shifts of 1 using the memory are lar-
ger than 0.30ppm. The first is related to the chemical
shift of H-7 (A = 0.69ppm), being the largest value in
both compounds. However, in the '"H NMR spectrum
of 1, H-7 is coupled to H-6 and H-8, giving rise to a typ-
ical double doublet that is easily assigned by the phyto-
chemist.!'® The other two predicted chemical shifts in
which large differences were observed are those of the
two H-2' of the butyl side chain (A=041 and
0.34ppm). In the 'H NMR spectrum of 1, the signals
of H-2" are the only two multiplets, which show cou-
pling between each other and also with H-1’ and H-3’
and they can be inferred by spectral analysis.!® These
diastereotopic CH, protons were not distinguished by
the system (Table 1) because stereochemistry is only
considered for protons belonging to rigid substruc-
tures.>!>14 It should be mentioned that these two H-2’
protons have not been experimentally assigned in the
structure.!® As already mentioned, the comparison of
the "H NMR data of an unknown compound with those
of reference structures is an approach that is done at a
certain point in the entire course of structure determina-
tion of the unknown. It is important to keep in mind
that it is only in this step that structure verification
and structure confirmation are necessary, since the phyto-
chemist has proposals for the possible candidates.
According to the purpose of this work, it is exactly at
this point that the prediction of "H NMR chemical shifts
is a valid and helpful tool. If we consider these facts and
analyze the complexity of the structure of 1 and the
obtained results, it can be stated that large differences
in the prediction of only three chemical shifts are not

able to cause any problem related to misinterpretation
of the entire set of data.

The predicted values for 2 (Table 1) have also a high de-
gree of accuracy. In the structure of 2 there is a pair of
diastereotopic CH, protons at C-9 that have been distin-
guished by the networks and the predictions of their
chemical shifts using the memory are in accordance with
the experimental data (Table 1). This case illustrates
how the information contained in the enhanced memory
could improve the prediction of stereochemical effects.
As observed in the diastereotopic protons of 1, in those
of 2 the high and the low field experimental values of the
CH, protons have the correspondent predicted values in
the same order. Other positive aspects should be men-
tioned. First, is the distinction of the chemical shifts of
the olefinic gem-protons at C-13, a key point in the
structure elucidation of all o,p-unsaturated STLs with
an exocyclic methylene group. This difference in the
chemical shifts of H-13a and H-13b in 6,7-lactonized
compounds is due to the deshielding effect of the carbon-
yl group at C-12 on H-13a, which has low field absorp-
tion. A second aspect is related to the methacrylate
moiety, the side chain ester attached to C-8. All the pre-
dictions for the hydrogen atoms of this ester were quite
accurate and the olefinic gem-protons at C-3’ have also
been distinguished. Finally, the H-5 and H-7 signals,
which have close experimental chemical shift values
(3.54 and 3.15ppm, respectively), were predicted with
a high level of accuracy according to the experimental
data. The largest difference (A = 0.67 ppm) in the predic-
tion of the chemical shifts of 2 is related to H-3, the olef-
inic proton located on a carbon atom between a
carbonyl group and an sp” carbon atom. Nevertheless,
this assignment is also easy to be performed by the phyto-
chemist, since the signal of H-3 is the remaining olefinic
signal that appears in the spectrum after both H-13 and
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the two H-3’ protons, which can be simply assigned by
exclusion.

These results were obtained either by an ensemble of
FFNNs,?° or by an ASNN system with a memory of
ca. 4000 chemical shifts of general organic compounds
(including the chemical shifts that had been used to train
the FFNNs) enhanced with 392 chemical shifts of STLs.
Additional experiments were performed with a memory
consisting exclusively of the STLs (and the chemical
shifts that had been used for training the FFNNs). In
this case, the errors observed were 0.18 and 0.22 ppm,
respectively for 1 and 2, which are generally better than
those obtained by the FFNNs (0.24 and 0.36 ppm), but
slightly inferior to those with the larger memory. When
the FFNNs were retrained with the data from the 20
STLs (and the data that had been used for the initial
training) errors of 0.19 and 0.31ppm were obtained
for 1 and 2. These results are better than those obtained
by the initial FFNNs, but worse than those
obtained using ASNNGs. As in previous work, !4 re-train-
ing has not started with the individual FFNNs taking
random weights, but with the weights of the previously
trained FFNNs.

These results show that the use of FFNN ensembles in
combination with the memory of an ASNN system cen-
tered on a special class of natural compound, as the
STLs, yields highly accurate results for the '"H NMR
chemical shift prediction of protons of individual struc-
tures. In this case, the combination of a general with a
specific memory was very helpful to achieve more accu-
rate results. The level of improvement of the errors for
both structures is around 60%. Another aspect to be ana-
lyzed is that the speed of the overall process is very high.
In this work, the predictions for each structure were
achieved in less than 3s using a common PC (Pentium
111 600 MHz, 256 MB RAM). Such performance is very
important when assignments of protons of several
compounds are considered. The percentage of large
differences (A = 0.30ppm) that were observed between
the experimental and the predicted chemical shifts
(Pred-Mem) of the protons of 1 and 2 is very low. The
interpretation of such differences can be achieved
through the analysis of the individual spectra and they
are not capable of hindering the correct assignment of
all protons of both compounds by the phytochemist.
The great majority of the differences (A) is very small,
being in the range of the normal experimental variations
of the '"H NMR technique. The 3D representation of the
structures together with the assignment of diastereotopic
CH, protons is a mandatory requirement to achieve
good results as those in this study, since such protons
are highly influenced by their 3D environment.

The addition of data to the memory of ASNNs is a
strategy used in different areas of research, such as
chemoinformatics, medicinal and physical chemistry.'>
For example, it has been successfully used for the predic-
tion of physicochemical properties of several chemical
compounds, like lipophilicity and aqueous solubility.>!
It was shown that the incorporation of user-defined
additional data is helpful to achieve better performance

for predictions, being also an important tool for fast
development and updating new models by nonexperts.
In this work, the obtained results corroborate those
observations.
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