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Abstract. This essay describes another improvement to the expert system named SISTEMAT. The purpose of such im-
provement is to help chemists who work with natural products to figure out chemical structures. SISTEMAT uses Nuclear
Magnetic Resonance (NMR) 13C data to ensemble compatible substructures according to related spectra. The system also is
able to suggest a list of probable carbon skeletons. Those will work as models to structure generating programs, reducing
the combinatorial explosion problem. This is the first essay from our research group which shows our system applications
to aromatic compounds. A database with 700 NMR 13C spectra of flavonoids obtained from the literature was used. We
applied heuristic SISTEMAT in order to discover ranges of chemical shifts that characterise several skeleton types. The
diversity of flavonoid structures is due to several oxidation patterns at rings A and B. This phenomenon causes a great
complexity in the absorptions at the aromatic region. Heuristic SISTEMAT was able to discover more accurate rules that
differentiate specific patterns of oxidation for some skeleton types. The performance of the software was checked against a
higher complex structure of a dimeric flavonoid recently isolated. The system gives only two possibilities of skeleton types
(among 70 others). Both substructures found by the program showed correct linkages between carbons 2 and 7′′ and 4 and
8′′ of the monomers.

1. Introduction

The recognition of 13C-NMR patterns is one of the main objectives of their spectral analysis, in
spite of the difficulties encountered due to the diversity of structures. This is particularly true in
natural product chemistry.

Flavonoids constitute one of the most important classes of natural products. They are largely present
in the plant kingdom. These substances have an important ecological role [3,7] and are also used as
markers in taxonomic chemistry.

∗Reference [9] is part XVIII of this series.
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Fig. 1. Three types of skeleton for flavones.

Their structural determination is done using spectroscopic techniques such as ultra-violet (UV),
infra-red (IR), 1H and 13C-NMR. 13C-NMR reviews have been published [1]. Those date have been
updated in order to obtain the spectra necessary to the construction of the database. Generally, the
researcher involved in natural product chemistry uses a particular classification of the skeletons. For
example, the three structures of Fig. 1 are recognised by the chemist as being flavones. Our system
will nevertheless consider them as different skeletons, because they are formed by the addition of a
carbon chain (the prenyl group) giving rise to a new carbon–carbon bond. Also, since our system
is primarily aimed at the natural product chemist we have to follow the classical nomenclature for
the main skeletons (Fig. 2), even though the difference between them does not always involve the
formation of a carbon–carbon bond. In the literature a special numbering for carbons of rings A, B
and C is also found. This is shown in Fig. 2.

Our primary objective is to demonstrate that, using computer programs described previously, it is
possible to obtain rules that allow to deduce the flavonoid skeletons using 13C-NMR spectra. It is
also possible to detect certain types of substitution using the spectra. From these empirical rules, the
chemist will be able to deduce the skeleton of a compound by using the data provided by 13C-NMR
spectra.

2. Experimental

In order to achieve this work, we have studied our database from the point of view of the types
of skeletons as well as the most frequent substitutions. Some structural characteristics are common
to various types of skeletons. This observation is fundamental to obtain the rules that we will be
describing later.

We have used the same working method as the one used for sesquiterpenes. For each compound,
the database contains its representation under a coded form and the whole set of signals from its
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Fig. 2. Major skeletons of flavonoids.

spectrum. The representation of each compound is contained in a vector that contains the topological
information necessary to construct connectivity tables and in a second vector that allows the program
to draw the molecule. These codes have been published in detail [2] during the course of elaboration
of the classification rules for sesquiterpenes. Besides the topological representation, the code also
contains stereochemical information.

The expert system PICKUP [6] that we have described elsewhere, is constituted of three computer
programs: PICKCR2, SISPICK2 and PICKRVSF. These programs are able to recognise substructures
with their stereochemistry. We can also use the conventional numbering system used by the chemist,
which simplifies the search for empirical laws.
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The expert system SISTEMAT has been recently revised [4]. It is based on a system of codes
for molecules, of its spectral and botanical data. These are used in structural determination and in
chemotaxonomy. The system PICKUP is part of the SISTEMAT system. It is divided into three
principal programs: the first one PICKCR2 retrieves from the database the compounds for which the
13C-NMR spectra will be studied. Each spectral signal is associated to a carbon atom as well at to
the usual numbering used by the chemist; this will be called biogenetic numbering.

The second program: SISPICK2 is a new version of the software PICKUP [6]. Using a heuristic
approach, this software can discover patterns of spectral behaviour and determine the 13C-NMR
intervals. Another piece of software from this system is named TIPCARB [8], it allows to obtain the
substitution types most frequently found on a skeleton.

The last software program is the PICKRVSF. It compares the intervals obtained using SISPICK2
with the spectra of 700 flavonoids contained in the database and verifies if these intervals are really
specific to this skeleton or if they are also valuable for other types of skeletons. This way it is possible
to calculate a percentage of confidence in the results obtained.

3. Results and discussion

3.1. Pattern recognition

The most frequently encountered types of substitution in flavonoids and their vast number in the
database have been extensively studied by the computer programs that we have just described. The
results obtained are presented in Tables 1 and 2.

In 13C-NMR spectra the chemical shifts of flavonoids are in an interval that varies between 25 and
200 ppm. They can be divided into four large regions:

(a) 40–85 ppm: In this first group we find the absorptions of C2 and C3 of flavones, isoflavones,
dihydroflavonols and the methoxyles.

(b) 90–135 ppm: We find here the C6, C8 and the non-substituted carbons of ring B of flavones,
isoflavones, dehydroflavonols, and the C3 of flavones.

(c) 110–140 ppm: These are the absorptions of mono and disubstituted carbons of ring B.
(d) 135–200 ppm: These signals are from oxyarylic carbons and carbonyl substituents.

Table 1
Chemical shifts for C2, C3 and C4 of flavonoids having simple patterns of oxygenation (5, 7,
4′) and the respective percentages of success

Skeletons C2 C3 C4 Success
5,7,4′OR Cyanidine 77.0–84.1(d) 64.0–78.1(d) 23.2–30.1(t) 96%
5,7,4′OR Flavanone 71.0–80.1(d) 39.5–44.2(t) 188.8–199.8(s) 92%
5,7,4′OR Homoisoflavone 67.8–71.5(t) 44.4–49.4(d) 29.7–34.0(t) 100%
5,7,4′OR Dehydroflavonol 77.3–86.1(d) 69.9–74.8(d) 188.6–200.5(s) 97%
5,7,4′OR Flavone 160.3–165.3(s) 102.5–107.0(d) 175.6–183.1(s) 94%
5,7,4′OR Isoflavone 150.3–155.3(d) 120.5–125.5(s) 174.5–181.8(s) 95%
5,7,4′OR Flavonol 155.3–159.3(s) 132.6–138.1(s) 176.7–179.6(s) 100%
5,7,4′OR Chalcone 190.1–193.8(s) 116.5–128.8(d) 137.5–144.8(d) 73%
5,7,4′OR Neoflavonoide 158.1–160.8(s) 108.5–112.8(d) 153.3–157.0(s) 75%
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Table 2
Chemical shift intervals (13C-NMR) obtained with SISPICK2 Flavonoids with different substitution types. Intervals
obtained by SISPICK2 (maximum–minimum)

Flavonoids with different substitution types Intervals obtained with SISPICK2 (maximum–minimum)

C2 = 164.8–162.3 s, C3 = 105.7–103.0 d,
C4 = 182.1–176.6 s, C5 = 161.5–157.3 s,
C6 = 104.3–98.8 d, C7 = 164.6–161.3 s,
C8 = 98.1–94.0 d, C2′ = 115.3–110.1 d,
C3′ = 150.8–145.6 s, C4′ = 151.1–148.0 s,
C5′ = 116.6–112.0 d, C6′ = 123.3–118.3 d

1

C2 = 161.6–156.1 s, C3 = 122.8–115.6 s,
C4 = 184.6–178.8 s, C16 or C21 = 25.8–18.5 t,
C17 or C22 = 132.8–119.5 d,
C18 or C23 = 133.1–129.0 s

2

C2 = 164.1–158.6 s, C3 = 109.0–104.5 d,
C4 = 182.8–175.6 s, C5 = 156.3–150.0 s,
C6 = 112.4–103.6 s, C16 = 117.1–113.1 d,
C17 = 130.8–127.8 d, C18 = 78.8–75.1 s

3

C2 = 159.3–145.3 s, C3 = 140.1–133.0 s,
C4 = 179.8–172.3 s, C5 = 163.1–156.6 s,
C6 = 100.0–97.0 d, C7 = 166.3–161.5 s,
C8 = 95.8–93.1 d, C2′ = 117.0–106.5 d,
C3′ = 149.5–144.6 s, C4′ = 152.6–138.3 s,
C5′ = 147.3–115.1 d

9

C2 = 154.3–148.6 d, C3 = 124.6–110.9 s,
C4 = 178.5–163.5 s, C5 = 127.5–104.3 d,
C7 = 164.0–148.3 s, C8 = 103.9–56.0 d,
C4′ = 159.1–146.9 s

5
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Table 2
(Continued)

Flavonoids with different substitution types Intervals obtained with SISPICK2 (maximum–minimum)

C2 = 156.1–150.7 d, C3 = 125.2–119.5 s,
C4 = 181.6–174.3 s, C5 = 160.0–157.8 s,
C6 = 112.1–110.1 s, C16 = 22.2–20.2 t,
C17 = 123.4–121.3 d, C18 = 131.8–129.6 s

6

C2 = 157.6–150.1 d, C3 = 127.6–123.1 s,
C4 = 177.1–173.8 s, C2′ = 130.3–126.3 d,
C3′ = 127.0–123.0 s, C16 = 27.0–23.0 t,
C17 = 125.8–121.8 d, C18 = 134.1–130.1 s

7

C2 = 76.3–70.6 d, C3 = 43.7–39.7 t,
C4 = 200.3–197.3 s, C7 = 167.3–164.6 s,
C8 = 110.1–108.1 s, C16 = 23.2–21.1 t,
C17 = 124.5–122.1 d, C18 = 132.3–130.1 s,
C4′ = 163.3–158.3 s

8

C2 = 84.1–77.0 d, C3 = 78.1–64.0 d,
C4 = 30.1–23.2 t, C5 = 160.8–145.3 s,
C7 = 162.3–149.5 s, C4′ = 151.8–134.5 s

9

C2 = 160.8–158.1 s, C3 = 112.8–108.5 d,
C4 = 157.0–153.3 s, C5 = 159.3–155.6 s,
C7 = 164.1–160.1 s, C1′ = 140.5–128.6 s

10

Observation: The positions identified with an * are the atoms for which the signals have been studied by SISPICK2.

The signals below 40 ppm are usually from the substituants on the alkyl chains [1]. This demon-
strates the importance of the absorption intervals of ring C (carbons 2, 3 and 4) to characterise many
skeletons. By using uniquely the chemical shift intervals of these three carbons, we were able to
characterise nine skeletons with an average percentage of success equal to 92%. The NMR signals of
13C for the aromatic rings of flavonoids are not as specific as the ones for positions 2, 3 and 4. They
will however have more importance to detect the types of substitutions.



V.P. Emerenciano et al. / Application of artificial intelligence in organic chemistry 187

Table 3
Results obtained with PICKRVSF using the chemical shift intervals from Table 2

Pattern no. Number of compounds Number of compounds % of success for % of success for
in the database that studied pattern forecast skeleton forecast

have that pattern
1 104 11 83.3 100.0
2 5 3 12.5 12.5
3 3 3 33.3 33.3
4 95 16 91.3 100.0
5 54 18 65.5 93.1
6 3 3 50.0 50.0
7 3 3 100.0 100.0
8 4 4 100.0 100.0
9 25 22 96.5 96.5

10 15 15 75.0 75.0

Table 4
13C-NMR spectra [10]

Value carbon number Value carbon number Value carbon number
98.4 (2) 65.9 (3) 29.4 (4)

154.9 (5) 96.7 (6) 155.7 (7)
95.2 (8) 152.5 (9) 101.7 (10)

130.5 (1′) 114.6 (2′) 143.5 (3′)
143.2 (4′) 115.1 (5′) 119.0 (6′)
79.4 (2′′) 64.7 (3′′) 28.1 (4′′)

154.2 (5′′) 95.2 (6′′) 150.6 (7′′)
105.7 (8′′) 150.3 (9′′) 102.8 (10′′)

1129.7 (1′′′) 114.2 (2′′′) 143.7 (3′′′)
144.6 (4′′′) 114.7 (5′′′) 118.5 (6′′′)

The intervals obtained with these software allow to identify nine skeletons with a percentage of
success of more than 90% (Table 1).

The intervals presented in Table 2 have been analysed with PICKRVSF. The results are presented
in Table 3.

3.2. Analysis of the quality of the results obtained using SISCONST with flavonoids

The software SISCONST has been recently published [5]. This software is able to find the large
substructures of a compound for which other software of the SISTEMAT system are found.

This software algorithm has been developed mainly for terpenoids. Since flavonoids are aromatic
compounds for which a large number of signals are between 100 and 160 ppm, we could not expect
good results.

The sofware has nevertheless been tested on the 13C-NMR spectra (Table 4) of a proantho-
cyanidine recently isolated in Brazil [10] from the species Magonia glabrata, Sapindaceae family
(Fig. 3).

The computer program indicated as probabilities the skeletons which we had named flavonoid 21
and flavonoid 25 (Fig. 4) with percentages of probability of 53.5 and 46.5%, respectively.

The major substructures as proposed by the software, and in agreement with the spectral data are
presented in Figs 5 and 6. Both belong to the skeleton named flavonoide 21 (Fig. 4) and indicate
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Fig. 3. A proantocyanidine isolated from Magonia glabrata [10].

Fig. 4. Two skeletons proposed by the SISCOSNT software following analysis of the spectra of the unknown compound.

correctly the bonds between the two monomeric units: i.e., carbon 2 with 7′′ and 4 with 8′′. The
signals of a few carbons labelled with a # in the figure were not designated by the program. However,
the superimpositon of the two substructures leads us to a structure very close to the one deduced by
the chemists.

It is interesting to note that the substitution types (hydroxyl groups) are correct in the two sub-
structures but the stereochemistry of the centre at C3 is inverted.

4. Conclusion

In the case of a same skeleton, but having different substitution types, the results were better when
these were present in a larger number in the database.
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Fig. 5. A substructure provided by the SISCONST program following analysis of the 13C-NMR spectra of the unknown
substance.

Fig. 6. The other substructure provided by the SISCONST program after the analysis of the 13C-NMR spectra of the unknown
compound.

When PICKRVSF chose dimers in which at least one of the skeletons was correct, we considered
this result as positive.

This flavonoid study has gathered close to 700 compounds and their respective spectra. It is the first
class of aromatic compounds to be studied by SISTEMAT. The database can be used by the scientific
community.
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