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ABSTRACT This paper reports an expert system (SISTEMAT) developed for

structural determination of diverse chemical classes of natural products,

including lignans, based mainly on 13C NMR and 1H NMR data of these

compounds. The system is composed of five programs that analyze specific

data of a lignan and shows a skeleton probability for the compound. At the

end of analyses, the results are grouped, the global probability is computed,

and the most probable skeleton is exhibited to the user. SISTEMAT was able

to properly predict the skeletons of 80% of the 30 lignans tested, demon-

strating its advantage during the structural elucidation course in a short

period of time.

KEYWORDS computer-aided analyses, lignans, NMR, structure elucidation

INTRODUCTION

Lignans comprise an important class of natural products derived from two

phenylpropanoid units bonded between C-8 and C-80.[1] Lignoids attract

attention of researchers due to their large occurrence in nature and the vari-

ety of skeletons and biological activities.[2–4] Lignans, like podophyllotoxin,

often have interesting pharmacological properties. In the 1940s, the investi-

gation of the chemistry and pharmacology of Podophyllum peltatum root

extracts led to the isolation of this lignan and the demonstration that it

was a powerful inhibitor of mitosis. Inhibitors of cell division have utility

in the treatment of cancer. Therefore, various semi-synthetic derivatives of

podophyllotoxin were produced and tested. However, up to now, the struc-

tural elucidation of new lignans still remains a huge task for experienced

spectroscopists. Thus, the expert system SISTEMAT was developed in order

to aid the specialists in this task and in structural elucidation of other

chemical classes of natural compounds.

SISTEMAT[5,6] is an expert system developed for predicting the probable

skeleton and substructures of natural products. It uses 1H and 13C nuclear

magnetic resonance (1H NMR and 13C NMR) data and their bidimensional

variants obtained from literature, in conjunction with data from source ori-

gin, to predict the chemical class and the type of carbonic skeleton of new

compounds, which are fundamental data in the structural elucidation pro-

cess. The SISTEMAT methodology also allows researchers to find out chemi-

cal information such as functional groups, mass and molecular formula, and
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oxidation number from the codified structures of

compounds present in the database.

Various examples of expert systems in the structural

determination area can be cited. Among them one can

point out theDENDRAL,[7] ACCESS,[8] DARC=EPIOS,[9–13]

SpecInfo,[14] and, more recently, the Assemble 2.0 and

SENECA systems.[15–17] However, one of the greatest

advantages of SISTEMAT in relation to the other

systems is that structural codification system works

very efficiently with data compression, thus enabling

its use in microcomputers and its development

specifically addressed to natural products chemistry.

The SISTEMAT database is being expanded by

adding to it spectroscopic and source origin data of

each new chemical class studied. Thus, through this

system, several chemical classes were employed

for structural elucidation like monoterpenes and

iridoids,[18] lactonic and non-lactonic sesquiter-

penes,[19] diterpenes,[20] and triterpenes.[21] These

classes were also successfully analyzed using mainly

data from 13C NMR spectra and botanical origin.

As a part of our constant attempt toward natural

product skeleton prediction through SISTEMAT, we

have been worked with the lignan class for structural

determination and skeleton elucidation. Therefore,

the aim of this paper is to show the performance of

the computer-aided structural elucidation of lignans

and their skeleton prediction from the expert system

SISTEMAT.

MATERIALS AND METHODS

The Lignan Database

The database built for this study contains 810

lignans with 490 13C NMR and 760 1H NMR spectra

data collected from the literature (1975–2001). For

the 13C NMR data, chemical shifts and multiplicities

were inserted in the database, however for the 1H

NMR data, only chemical shifts were stored. In both

cases, the solvent used in the spectra acquisition was

considered in the analysis. The lignans are distribu-

ted in 40 different skeletons, 1000 occurrences in

60 plant families, and were automatically coded by

our DATASIS program.[22]

The SISTEMAT Programs

The programs MACRONO, SISCONST, C13MACH,

H1MACH, and SISOCBOT were used for the lignan

skeleton prediction. These programs propose, at

the end of analysis, the probable skeleton compati-

ble with the entered data. They were described in

detail in previous papers,[18,23–25] however their main

characteristics are described below.

Program MACRONO: This program is used for

identification of common substituent groups such

as acetate, angelate, tiglate, and so forth, bonded to

the carbonic skeleton of natural products. From 13C

NMR data (chemical shifts and respective multiplici-

ties) of the compound in question, the program

searches in the database for the most probable sub-

stituent groups present in this compound and shows

the user the selected substituent groups together

with their average error range of chemical shifts.

The average error range is the average deviation cal-

culated from the chemical shifts of the sample in

question and then matched with the chemical shifts

values stored in the database. Therefore, the result

will be more reliable as this range is minor. The

MACRONO procedure is done because it removes

all the 13C NMR signals referring to the substituent

groups. Thus, the chemical shift signals already

removed from the substituent groups will not inter-

fere with the skeleton analysis of the other programs

of the SISTEMAT system, which carry out analysis

and prediction of skeletons from 13C NMR data.

The database especially elaborated for this program

contains 161 substituent groups more frequently

encountered in natural product compounds.[24]

Program SISCONST: This program carries out 13C

NMR data analysis. From the chemical shifts and mul-

tiplicities of a compound, the program predicts its

probable skeleton and identifies the substructures

with their suitable attributed signals compatible with

the experimental 13C NMR data and shows them to

the user. The program only selects substructures

that have a minimum number of carbon atoms,

demanded by the user, and their respective inter-

linked chemical shifts. This minimum number is sug-

gested to deal with around half of the total carbon

number of the chemical class in question. Hence,

the minimum number for lignans is always nine

carbon atoms.

The SISCONST program works matching the

signals of the experimental spectrum with those of

all spectra stored in the database. If a spectrum signal

and its respective multiplicity are present in a deter-

mined carbon atom, the signals of the interlinked
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carbons are matched with those from the experimen-

tal data. This searching process is repeated in order

to obtain the largest substructures. All selected

substructures will show a minimum number of the

carbon atoms requested by the user as well as the

chemical shifts compatible with the experimental
13C NMR data. The skeleton probability of the sub-

stance is computed from the compounds that have

a substructure containing at least half of the total car-

bon number. So, from each chosen compound and

for its skeleton, the program calculates the skeleton

probability as previously described.[26]

Programs C13MACH and H1MACH: These

programs execute 13C NMR and 1H NMR data

analysis, respectively. From the experimental data,

chemical shifts and multiplicities from 13C NMR

and chemical shifts from 1H NMR, the programs

select x-compounds (x may change from 1 to 50) that

display higher similarity index (SI) with the experi-

mental data according to Bremser’s system.[27] In this

methodology, the chemical shifts do not need to be

necessarily interlinked like those in the SISCONST

program. Thus, from the selected compounds, the

programs compute the skeleton probability.

The SISCONST, C13MACH, and H1MACH pro-

grams were able to differentiate among various

stereoisomers furnishing correctly the relative con-

figuration for many compounds. However, the sys-

tem does not contain the 1H NMR coupling

constants data. Thus, the structures and substructures

proposed by the system should be verified by the

user through the analysis of the respective coupling

constants.

Program SISOCBOT: This program was developed

mostly to analyze source origin data based on che-

mosystematics. From the family and genus names

of plants, marine organisms, and so forth, the pro-

gram searches in the database for the number of

occurrences of a specific skeleton exhibited in the

family and genus of the species in question, and

then, it predicts and shows the user the proba-

bility of finding a specific carbonic skeleton in the

selected taxon.[25]

To exemplify the use of SISTEMAT programs, was

selected a lignan (Fig. 1) isolated from Cynomorium

songaricum (Cynomoriaceae), pertaining to arylte-

tralin skeleton.[28] The first step during the structural

determination process, after the total insertion of 1H

and 13C NMR chemical shifts and multiplicities of the

lignan in question, is the use of the MACRONO

FIGURE 1 Lignan used to exemplify the performance of the SISTEMAT program.

TABLE 1 Skeleton Probability Showed by the SISTEMAT

Programs and the Global Results

Skeletons SISCONST C13MACH H1MACH Global results

02 84.1 62.8 52.23 55.3

03 4.1 — — —

19 3.3 — — —

01 — 18.5 35.6 18.8

11 — 18.5 11.9 10.0

15 — 18.5 — —
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program.[24] This program was selected as being

capable of proposing the right substituent groups

present. For example, in the lignan structure (Fig. 1)

the groups selected were glucose (dC 101.8, 78.5,

78.2, 74.7, 70.3, 61.8) and two methoxyl (dC 56.2,

55.8) with a mean error of 0.73, 1.80, and 1.80,

respectively.

Second, the program SISCONST[26] performs the
13C NMR data analyses with the remaining chemical

shifts and multiplicities that belong to the rest of

the structure, predicting its probable skeleton and

identifying the lignan substructures. In this test

(Fig. 1), the program showed the skeleton probabil-

ities (Table 1) and a substructure with 13C NMR signal

attributions (Fig. 2) at a chemical shift range of 2.0d
and gradient for substructure of 1.0d.

The programs C13MACH and H1MACH[23]

perform the 13C and 1H NMR data analyses, respec-

tively. Both programs predict the probable skeleton

of the test compound (Table 1). The programs also

provide the compound structure with the highest SI

in relation to the lignan tested. Figure 3 shows the

structures I and II selected by programs C13MACH

and H1MACH, respectively.

Finally, for the lignan test (Fig. 1) was used the

program SISOCBOT,[25] which analyzes natural

source data based on organism chemosystematics.

However, the skeleton probability was not displayed

because the family Cynomoriaceae is not inserted yet

in our database. The sum of the results from these

programs generates the global probability, which is

computed from the weighted mean of the results of

each program, at the end of all analyses. Thus, the

following weights 0.9, 0.7, 0.9, and 0.3 were

attributed for the programs SISCONST, C13MACH,

H1MACH, and SISOCBOT, respectively. The weights

attributed for each program vary from 0 to 1, and

they were obtained through tests accomplished with

a sampling of 30 compounds wherein was assessed

the hit percent of each program. The global probabil-

ity calculated for the lignan (Fig. 1) is shown in the

global results column in Table 1.

RESULTS AND DISCUSSION

To test the performance and efficiency of the

SISTEMAT programs, the data of 30 new lignans

(Fig. 4) were collected randomly from litera-

ture.[29–51] It is important to notice that these lignans

FIGURE 2 Substructure with signal attribution exhibited by the

program SISCONST. �The atoms designated by ‘‘A’’ represent the

aromatic catbon atoms.

FIGURE 3 Lignan structures proposed by C13MACH and HIMACH programs and their respectively similarly index (SI).
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FIGURE 4 Lignans (LT) used to test the SISTEMAT programs.
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were not stored in our database. Table 2 shows the
13C NMR and 1H NMR spectra data, the botanical

data, and also exhibits the first three lignan

skeletons (Fig. 5) proposed by the programs jointly

with the global skeleton probability and respective

references.

From the global results obtained and exhibited in

Table 2, one can verify that the SISTEMAT programs

showed the correct skeleton of the compounds in

80.0% of the cases (LT1-2, LT6-13, LT17–30).

By analyzing each program separately, the pro-

gram MACRONO was applied for every lignan that

exhibited substituent groups and was able to pre-

dict properly all of them. The program SISCONST

showed the correct skeleton of the lignans in

66.7% of the cases (LT1-2, LT6-10, LT12, LT18–

29) and incorrect skeleton of the compounds in

13.3% of the cases (LT3-5, LT15). In the remaining

lignans tested (LT11, LT13–14, LT16–17, LT30), cor-

responding with 20.0% of the cases, the correct

skeleton appeared at least in the first three

skeletons analyzed by SISCONST, however this

result may not be considered correct for skeleton

predictions.

Although the program SISCONST has generated

some wrong skeleton probabilities, it showed correct

substructures for LT3, LT4, LT17, and LT30. SIS-

CONST did not present correct substructures for

LT5 because the number of lignans representing

the same skeleton in the database is not significant

(the skeleton 14 only has two compounds in the

database). The program also did not provide correct

substructures for LT15 (the skeleton 04 has 25 com-

pounds in the database) and LT13 (the skeleton 03

has 58 compounds in the database) probably due

to the similarity between the skeletons 04 and 15,

and the skeletons 01 and 03, respectively. Finally,

SISCONST failed to predict correct substructure for

LT11 and LT16 (the skeleton 15 has 58 compounds

in the database) and LT14 (the skeleton 01 has 108

compounds in the database) due to the substitu-

tion pattern in these cases being very related to the

structures pertaining to the proposed skeletons.

Therefore, for the least cases, the skeleton probabil-

ity showed was wrong, too, because this probability

is computed from the compounds that have a

substructure containing at least half of the total car-

bon number, as previously described.[18]

FIGURE 4 (Continued)
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FIGURE 5 Skeletons (Ske) proposed by the programs.
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The program C13MACH showed the correct

skeleton of the compounds in 63.3% of the cases

(LT1-2, LT6, LT8-12, LT14, LT16–19, LT21, LT23–24,

LT27–28, LT30), a little less percent value obtained

by the SISCONST (66.7%). Generally, the program

C13MACH is not as accurate as the SISCONST[18,21]

because the latter predicts the skeletons by selecting

only lignans that contain a minimum number of

carbon atoms interlinked, relating the chemical

shifts and multiplicities of the carbons inserted in

the database with each lignan’s carbon tested.

Hence the program also furnishes the structures or

substructures corresponding with the correct skele-

ton. In contrast, the program C13MACH recognizes

the skeletons, matching the chemical shifts and

multiplicities of the lignan test against the stored

spectral data in the database showing the most likely

skeletons.

According to the Table 2, C13MACH exhibited

incorrect skeleton of the lignans in 16.7% of the cases

(LT3-5, LT15, LT29). In 20.0% of the cases (LT7, LT13,

LT20, LT22, LT25–26), the correct skeletons were

encountered at least in the first three skeletons

proposed by C13MACH.

During these analyses, the program H1MACH was

the most accurate one for lignan skeleton predic-

tions, probably due to the greater number of 1H

NMR spectra data inserted in the database compared

with 13C NMR spectra data. This program showed the

correct skeleton of the lignans in 73.3% of the cases

(LT1-2, LT6-13, LT17–20, LT22–23, LT25–30). The

lignans LT5 and LT15 were not correctly identified

by H1MACH representing 6.7% of the wrong ana-

lyses. Moreover, the program was not able to predict

correct skeletons for LT3-4, LT14, LT16, LT21, and

LT24 as the most probable, but the correct skeleton

was presented as one of the first three options in

20.0% of the cases.

On the contrary, the program SISOCBOT showed

the correct skeleton of the lignans only in 40.0% of

the cases (LT1-2, LT5, LT7, LT10, LT20, LT29–LT30).

The search was only done at the genus level present

in the database. The analysis carried out by this pro-

gram was prejudiced because only in 66.7% of the

cases could the program be evaluated, because the

systematic data were not yet completed in the data-

base. The incorrect skeleton was predicted in

60.0% of the cases where in 20.0% of them (LT9,

LT13, LT16, and LT28) the correct skeleton was

predicted among the three first skeletons proposed

by the program.

CONCLUSIONS

The results of the analyses of lignans carried out in

this work show a good performance of the programs

composing the system SISTEMAT for identification

and skeleton prediction with 80.0% hits. From the

global results or individual results obtained with each

program, it can be concluded that this system may be

introduced as a valuable tool for the process of lignan

skeleton determination, therefore increasing the

spectral interpretation capacity of the researchers

and, consequently, reducing the spent time for them

during the structural determination process.

It is noteworthy that the program H1MACH will be

introduced like a helpful tool to investigate possible

skeletons of new lignans or other aromatic classes

isolated once it exhibits better performance among

the programs tested in this work. On the other hand,

the analysis of aliphatic natural products, such as

terpenoids, shows a high complexity when com-

pared with that of the aromatic compounds, due to

the high number of chemical shifts and the various

proton couplings, which makes less accurate the

program analysis.

From information such as substituent groups, ske-

leton type, substructures, and so forth, obtained by

the SISTEMAT programs, the structural elucidation

carried out by the structure generator should be pro-

cessed more efficiently and quickly, once those data

are used as a restriction module for the structure gen-

erator that is being developed for the expert system

SISTEMAT. In the last months, the expert system SIS-

TEMAT and the structure generator have been rewrit-

ten in JAVA interface and the system presentation

will be carried out, in the future, at a specific website.

The restriction module procedure was applied with

success in the MOLGEN and LSD generators[52–54]

and should be followed by our system avoiding the

combinatorial explosion problem observed in other

expert systems developed up to now.[7,11–12,55–56]
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