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Abstract: Natural product chemistry began in Reims, France, 

in a pharmacognosy research laboratory whose main 

emphasis was the isolation and identification of bioactive 

molecules, following the guidelines of chemotaxonomy. The 

structure elucidation of new compounds of steadily increasing 

complexity favored the emergence of methodological work in 

nuclear magnetic resonance. As a result, our group was the 

first to report the use of proton-detected heteronuclear 

chemical shift correlation spectra for the computer-assisted 

structure elucidation of small organic molecules driven by 

atom proximity relationships and without relying on 

databases. The early detection of known compounds 

appeared as a necessity in order to deal more efficiently with 

complex plant extracts. This goal was reached by an original 

combination of mixture fractionation by centrifugal partition 

chromatography, analysis by 13C NMR, digital data reduction 

and alignment, hierarchical data clustering, and computer 

database search. 
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1 Introduction 

The chemistry research teams at the University of Reims have 

developed analytical skills for the structure identification of 

small synthetic and natural organic molecules during the last 

four decades. Natural product chemistry has evolved from the 

study of indole alkaloid-containing plants,[1] following the 

discovery of the bis-indole anti-cancer drugs such as 

vinblastine. In the '80s, the isolation, purification and structure 

analysis of saponins encouraged the acquisition of higher-

performance NMR instrumentation as well as the 

implementation of the then most recent NMR spectroscopy 

methods.[2,3] At the same time, the investigation of other 

natural product classes such as terpenes and phenolic 

compounds took a growing importance in our laboratory. 

The general approach to the structure elucidation of 

plant secondary metabolites involved the determination of 

a gross molecular formula using mass spectrometry (MS) 

and the atom assembly under constraint of NMR, UV, IR 

spectral features as well as MS fragmentation. Working in 

compound series such as indolomonoterpenic alkaloids 

offered the availability of a vast corpus of physico-

chemical data, including the coloration of compounds 

upon spraying of specific reagents on Thin Layer 

Chromatography (TLC) plates. The quick identification of 

the compounds that were already reported in the literature 

was carried out with great reliability by the comparison 

with archived data of TLC chromatographic Rf values, 

coloration on TLC plates and low-resolution electron 

impact mass spectra. A 1H NMR spectrum could help to 

secure the certainty of an identification, especially when 

alternative structures existed due to position isomerism. 

The structure of the few isolated compounds that were not 

readily identified by these means was determined by de 

novo structure determination. 

Structure elucidation by NMR underwent a radical 

change in the 1980’s with the availability of 1H-detected 

2D heteronuclear (meaning 1H-13C or 1H-15N) chemical 

shift correlation spectra, namely HMQC (and later HSQC) 

for directly bound nuclei pairs and HMBC for remotely 

bound nuclei pairs.[4] Pulsed static field gradient 

enhancement of these techniques delivered high-quality 

2D NMR spectra that were well suited to the de novo 

computer-assisted structure elucidation. [5] 

The use of computers to deal with molecular structures 

and NMR spectra was initiated at the University of Reims 

in 1988 by the corresponding author of this article. As an 

occasional teacher of computer programming at the 

Reims Institute of Technology, he attended an 

introductory course on Artificial Intelligence (AI) and on 

the Prolog (Programmation en Logique) AI language. The 

newly acquired knowledge was quickly put into action for 

the design of CASA, an automated system for 13C NMR 

spectra assignment whose goal was to pair spectral 

resonances with the atoms of a known or postulated 

structure.[6] 

The conceptual gap between spectral assignment and 

structure generation was then quickly bridged, still using 

the Prolog AI language as programming tool, and led to 

the LSD (Logic for Structure Determination) software. [7] 
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The computer code was later rewritten in the C language 

for speed and portability reasons and is available as free 

software (www.univ-reims.fr/LSD). 

CASA and LSD were designed for the analysis of pure 

compounds. Purification is a mandatory step for organic 

chemists. It is nearly impossible to publish the structure 

of a new compound without its isolation at the highest 

possible purity level. The thorough purification of the 

compounds of an extract requires an important 

investment in equipment and human time. Therefore, the 

early identification of known compounds, a task also 

known as dereplication, when carried out in mixtures, is a 

way to save time and to concentrate on the structure 

elucidation of new compounds. Recent developments in 

this field led to the creation of the workflow called 

CARAMEL (after CARActérisation de MÉLanges, in 

French, meaning mixture characterization), which 

combines spectroscopic, data classification, and 

databasing tools.[8] 

2 Dereplication 

Natural product (NP) chemists often feel the unpleasant 

feeling of rediscovering compounds that have already been 

discovered. However, the study of the chemical content of an 

extract (from plant, bacteria, mycete, insect...) generally starts 

with the exact determination of the species of the studied 

organism and with bibliographic work on what has been 

already published about the same species or the same genus 

or even the same family, depending on the number of related 

species. The exploitation of such chemical studies allows one 

to define a list of compounds that could be present in the 

extract under investigation because a taxonomic proximity is 

presumably correlated with a chemical proximity. In a formal 

way, bibliography established a relationship between the 

species space and the molecular structure space (Figure 1). 

A given species is related to a set of molecular structures 

(pharmacognosy) and a given molecular structure is related to 

a set of species (reverse pharmacognosy).[9] 

The commonly adopted workflow in NP chemistry 

involves the isolation of the compounds from organism 

extracts. Extraction might be more or less selective and/or 

carried out on particular parts of organisms (such as barks 

or flowers in plants), when possible, in order to simplify 

compound isolation and possibly to relate organs and 

their function. A compound is generally purified by a NP 

chemist in order to study its biological activity. In the same 

way that a plant specimen needs to be related to the name 

of a living species, an isolated compound needs to be 

related to a molecular structure in order to give value to a 

biological test.  

Dereplication, in one of the acceptations of the term, 

consists in finding the molecular structure of an isolated 

compound, pure or in mixture, among those already 

reported. With this meaning, dereplication is the way to 

assign a chemical structure to a compound using the 

knowledge that accumulated during decades of NP 

research. The main difficulty here is to declare that a 

sample that has just been isolated in the lab next door is 

made of the same molecules as the one isolated thirty 

years ago in a lab on another continent. Physico-chemical 

analysis is the way to do it, by connecting the space of 

physical samples and that of analytical data. A 

relationship between the latter and the space of molecular 

structures is needed in order to connect isolated 

compounds with their molecular structure (Figure 1). 

Two samples with identical analytical data are 

presumed to be identical, assuming that identical 

compounds present identical analytical data. The last part 

of this assertion is subjected to the repeatability of the 

analytical process and on the identity of the samples, 

while the first part really depends on the concept of 

analytical data. Leaving this question aside for the 

moment, dereplication boils down to acquisition of 

analytical data and to comparison between actual and 

published analytical data, a task that seems easy and 

instantaneously feasible across time and continents in the 

era of the Internet.[10] 

Figure 1. Relationships between different spaces involved in 

natural product chemistry. The three boxes enclosed by the 

dotted contour line correspond to physical objects and the others 

to intellectual objects. Relationship A connects species and 

molecule structures and is reported in publications whose t itles 

are like “New sesquiterpene lactones from the flowers of Genus-

name species-name”. Relationship B connects species and 

biological data as reported in publications with titles like 

“Biological Activities of Aerial Parts Extracts of Genus-name 

species-name”. Many NP publications belong to the A and to the 

B type simultaneously, reporting structure and activity of plant 
parts. 

Chemistry journals and publishers require authors to 

deposit analytical data as Supplementary Information (SI) 

documents attached to articles, while the visible part of 

analytical studies most often reduces to lists of analytical 

parameters. For example, a UV-visible spectrum, 

acquired through the measurement of hundreds of light 

absorption values (the analytical data) ends up in a 

publication as a list of a few maximum absorbance 

positions (the analytical parameters). Therefore, effective 

dereplication is carried out by comparison between actual 

and published analytical parameters. Comparison 

between spectra is sometimes possible but the plots in 

most SI documents are of too poor quality to be really 

useful, a situation that could change with the development 
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of infrastructures for public storage of spectral data and 

spectral parameters. 

Dereplication clearly depends on analytical methods. 

Fusion temperature might be useful to declare that two 

samples are made of different molecules (not considering 

sample purity and the role of molecular packing in 

crystals), but is hardly convincing as a validation tool for 

structure identity. Intuitively, combining analytical 

methods that rely on unrelated physico-chemical 

processes increases the probability of being sure that two 

substances are identical. From a practical point of view, it 

is not possible for a laboratory to invoke all existing 

methods, and a single method is often selected.  

Mass spectrometry (MS) and Nuclear Magnetic 

Resonance (NMR) are the two main analytical methods 

that come into play for dereplication purposes, either in 

NP chemistry or in metabolomics studies. [11] The pros and 

cons of each technique are known and, to summarize, 

NMR is poorly sensitive but is quantitative, reproducible 

and reveals the finest structural details, while MS is utterly 

sensitive, but hardly reproducible and gives limited 

access to structural features. No single technique 

presently combines the advantages of NMR and MS, even 

though each of them is still the object of steady 

improvement efforts in order to reach the advantages of 

the other. 

Dereplication of NPs is commonly carried out all over 

the world using a combination of High-Performance Liquid 

Chromatography (HPLC, briefly LC) and MS, thus 

allowing in one LC-MS sequence the isolation of tiny 

amounts of pure compounds (nanograms, if not 

picograms) and measurement of their mass spectra. In 

particular research fields such as marine products and 

micro-organism chemistry, specialized databases exist 

and make it possible to propose molecular structures from 

mass spectral data. The concept of molecular networking 

in MS tends to increase its analytical power toward 

structure elucidation, beyond simple structure recognition. 

The emergence of our original approach toward 

dereplication in Reims is the result of many factors. i) A 

long tradition of NP studies exists there, in which NMR 

played a decisive role and was the subject of 

methodological research in the fields of data acquisition 

and processing (JMN). ii) LC-MS have become available 

and open to NP research only recently. iii) Preparative 

separation methods based on centrifugal partition 

chromatography (CPC) has undergone tremendous 

development during the last 25 years (JHR). CPC offers 

the means to isolate pure compounds or simplified 

fractions in amounts that are compatible with analysis by 
13C NMR spectroscopy and biological activity research 

(milligrams to tens of grams on a laboratory scale CPC 

system). iv) An assistant professor (JH) with a 

background in metabolomics and statistical data analysis 

was recruited about six years ago. v) Our university and 

an international company found good reasons to support 

our research efforts (RR). vi) People there decided to 

work together. 

The CARAMEL dereplication workflow deals with 

complex mixtures such as plant or microbial extracts (but 

not limited to these) and starts with extract fractionation 

by CPC. About 20 simplified fractions are obtained and 

analysed by 13C NMR (discussion hereafter). The spectra, 

recorded over a 240 ppm wide chemical shift window, are 

submitted to an automatic peak search and therefore 

reduced to a list of peak coordinates. The peak intensity 

values are stored in 0.2 ppm wide, initially empty, 

chemical shift intervals called bins, so that each one 

corresponds to a chemical shift value. The bins that are 

empty over the whole series of spectra are left aside. The 

content of the bins is stored in a table: bin index in rows, 

fraction index in columns, peak intensities for values in 

table. The table is then converted into a human-readable 

text format. 

 

Figure 2. Principle of data handling in the CARAMEL 

dereplication workflow. The 13C NMR spectra of the fractions 

contain seven peaks. The evolution of intensity for the different 

peaks characterized by their bin index (line index in data table, 

see text) is reported as a function of retention time or fraction 

index (column index in data table). a) original data, b) rearranged 

data that permit the appearance of the grouping of the 

resonances arising from two compounds with different 
chromatographic behaviours. 

Considering two molecules A and B with non-

overlapping peaks and for which the CPC emergence 

profiles are different, for example with A less retained in 

the CPC column than B. Considering all the bins of 

compounds A and B, the content of some of them will have 

non zero values only for low-index fractions, others for 

high-index fractions only. The former will correspond to 

compound A and the latter to compound B. In this simple 

trivial context, the bins that correspond to compounds A 

and B are easily differentiated (see Figure 2). A way to 

automate this process in real-life situations is to group the 

lines of the table according to similarity. The classification 

of rows by hierarchical clustering achieves this goal and 

is implemented using the freely available PermutMatrix 

software.[12] The textual table of peak intensities is used 

as software input. The resulting rearranged table is 

organized into contiguous blocks (or clusters) of bins 

whose associated chemical shift values correspond to the 

different compounds that constitute the initial complex 

mixture. 
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Figure 3. Dereplication of an extract of Tephrosia purpurea, as 

reported in reference 14a. The PermutMatrix software 

represents data as heat maps, the brightest colors 

corresponding to the highest spectral peak intensities. (left) Data 

before hierarchical clustering. (right) Result of peak clustering 

according to similarity of fractionation profiles. Each cluster 

(green ellipses) corresponds to a chemical shift list that serves 

as key for database search. The structure elucidation of 

compounds D, H and J, unknown to the database, was assisted 
by the LSD software. 

The association between chemical shift lists and 

molecular structures is achieved by database search. We 

filled our own database (approximatively 2100 entries at 

manuscript submission time) with molecular structures 

collected through the bibliographic work carried out at the 

beginning of each new extract analysis project. Initially, 

molecular structures were associated in our database 

with published experimental chemical shift values. It 

turned out then that it was equally efficient to store the 

values calculated by the ACD 13C NMR predictor.[13] 

The ACD databasing system also allows one to 

retrieve compounds from an incomplete list of chemical 

shift values. The discrepancy between ACD-calculated 

and experimental values and the search for a compound 

in an incomplete list of values results in a series of 

candidate structures that has to be checked manually. 

Checking is carried out by inspection of 1D 1H,  1H-13C, 

2D 1H-1H COSY, 2D 1H-13C HSQC and HMBC spectra of 

the fraction(s) in which the 13C NMR peaks are the most 

intense and provides a molecular structure that is the 

most likely. Even though checking is still a mandatory step, 

the whole process greatly speeds up the search for the 

structure of known molecules. Additionally, the initial 

fractionation step delivers samples that may be involved 

in biological activity tests and further purified when a 

fraction shows some interesting activity. 

The present version of the CARAMEL workflow is 

based on 1D 13C NMR spectroscopy. This choice results 

from practical considerations. i) Even extremely 

hydrogen-poor compounds (such as ellagic acid and its 

derivatives) contain carbon atoms. Apart from 13C NMR 

spectroscopy, the only practical way to obtain information 

on quaternary carbons is the recording of 2D HMBC 

spectra. ii) The 13C resonances appear in our standard 1H 

decoupled spectra as sharp singlets (typically 1 Hz width 

at half height) within a 36 kHz spectral window (240 ppm 

from a base frequency of 150 MHz), thus minimizing the 

probability of peak superimposition. iii) Spectral 

parameter extraction is easily carried out by automatic 

peak peaking using the spectrometer software and the 

result is easily exported as a text file. iv) Apart from (rare) 

symmetrical molecular structures and (rare) coincidences, 

there is a one-to-one relationship between carbon 

positions in molecular structures and chemical shift 

values revealed as peak positions. v) We compensate the 

commonly mentioned lack of sensitivity of 13C NMR by the 

use of a high static magnetic field (14.1 T, resonance of 
1H nuclei at 600 MHz) and of a Helium-cooled cryo-probe. 

Spectrum acquisition time is kept under these conditions 

around one hour for each fraction, during which 1024 

transients are co-added, with a 3.6 s repetition time. vi) 

Prediction of 13C NMR chemical shifts is more reliable 

than the one of 1H, for which variations of experimental 

conditions may induce chemical shift variations greater 

than the expected uncertainty on predicted values. 

At this stage, one can see that the CARAMEL workflow 

has some obvious limitations. Two compounds with 

identical emergence profiles are of course not 

distinguishable, but this situation is not likely. Compounds 

in small amounts for which spectral peaks do not 

significantly emerge from noise are not visible, so 

CARAMEL misses the minor components of a mixture. 

Compounds for which 13C NMR spectra are partly 

superimposed (collected in the same bin) may be left 

classified together but not with the other non-

superimposed peaks, resulting in incomplete chemical 

shift lists for the concerned compounds. Figure 3 

illustrates the CARAMEL procedure on a published 

example. [14a] 

Possible improvements of the analytical part of the 

CARAMEL workflow may include the spectral edition of 
13C resonances according to the parity of the number of 

attached 1H nuclei (DEPT spectra), 1H pure shift spectra, 

2D HSQC (pure shift or not) and HMBC spectra. 

Numerous applications of the CARAMEL workflow have 

already been reported. [14] A manuscript reporting the 

direct search for the compounds stored in our database 

within a crude extract, without fractionation, and on the 

sole basis of 13C NMR data, is currently under review. 

3 Structure elucidation by the LSD software 

First, and as a rule of thumb: "dereplication precedes structure 

elucidation". Structure elucidation of new or presumably new 

compounds is at best performed on pure compounds because 
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this is the best way to avoid spectral data misinterpretation 

due to confusion between data arising from different 

compounds. The following lines will assume compound purity. 

Computer-assisted structure elucidation (CASE) has 

been one of the first playgrounds of artificial intelligence. 

CASE concepts, software and their application have been 

reviewed in articles, book chapters and a recent book. [15] 

Structure elucidation is the process of establishing 

bonds between atoms whose number and individual 

chemical elements are obtained as a gross formula by 

high resolution mass spectrometry. Hydrogen atoms play 

a particular role in molecular structures because they are 

all the same and always share a single bond with any 

other atom. As a consequence, chemical structure 

drawings of organic molecules omit them when they are 

bound to carbon atoms unless some particular 

stereochemical feature needs to be displayed. The LSD 

software (in short: LSD) differentiates between l ight 

atoms (all the hydrogens) and heavy atoms (all the others) 

by describing only the latter by an explicit atom status. 

 

An atom status consists of an atom index, a chemical 

element symbol, a multiplicity, a hybridization state, and 

an electric charge. Carbon indexes are, by tradition, 

assigned to atoms in the decreasing order of the 

corresponding 13C chemical shift values. Atoms other 

than hydrogens and carbons, referred to as heteroatoms, 

receive arbitrarily given atom indexes. All parts of the 

status of all atoms must be completely defined at the 

beginning of the resolution of a problem by LSD. The 

status defines for each heavy atom the number of directly 

attached heavy atoms and this number must be 

accurately known in order to efficiently carry out structure 

generation. A chemical element symbol may include a 

valence suffix for non-usual valence values such as S4 

for tetravalent sulfur, while S is sufficient for divalent 

sulfur. The multiplicity of a heavy atom is the number of 

directly attached hydrogen atoms; this is easily 

determined for carbons and for heteroatoms when only a 

single kind of the latter is present. Hybridization states are 

only sp3, sp2 and sp. For commodity, the sulfur atom of a 

sulfoxide is declared as sp2, even though this does not 

correspond to the actual bond electronic structure. This 

example touches the border of the usual "atom and bond" 

representation of organic molecules that excludes bonds 

over more than two atoms. Hybridization state of carbons 

may be unambiguously deduced as being sp2 or sp3 from 
13C chemical shift values when they fall in high-value or 

low-value ranges. 

In some cases, different atom status sets are 

compatible with the available data and more than one 

data set must be prepared for LSD in order to solve a 

single problem. This inconvenience is eliminated in 

pyLSD, but computer system compatibility issues still 

must be solved in order to make its use of general interest. 

PyLSD is a driver software for LSD written in the Python 

programming language that expands all alternatives on 

individual atom status and retains the status sets 

compatible with the molecular formula. PyLSD also allows 

the user to introduce some flexibility in the gross 

molecular formula of the unknown molecule. [16] 

Ideally, 13C-13C INADEQUATE spectra should be able 

to delineate the carbon skeleton of an organic molecule, 

thus simplifying a big part of structure elucidation 

problems.[17] This approach was considered in the first 

Computer-Aided Structure Elucidation programs in which 

2D NMR was taken into account. [18] The insensitivity of 

INADEQUATE, that requires neighbouring pairs of 13C 

nuclei while the natural abundance of the nuclei is only 

about 1%, makes it rarely applicable, even though this is 

the only way to directly prove by NMR that two quaternary 

carbon atoms are bound together. LSD accepts 

INADEQUATE data as predefined bonds between atoms. 

All other forms of atom connectivity involve hydrogen 

atoms and their 1H NMR resonances. 

Hydrogen atom indexing is preferentially related to 

heavy atom indexing, according to the HSQC spectrum 

that correlates the chemical shifts of 1H and 13C (or 15N) 

nuclei that are directly bound, thus defining with a single 

index what chemists call a chemical position (C-1 is bound 

to H-1 at position 1). Inequivalent hydrogens in methylene 

groups are therefore identically indexed. The COSY and 

HMBC spectra provide proximity relationships that LSD 

exploits in order to set bonds between atoms. In the 

simplest vision, a 1H-1H COSY spectrum reveals magnetic 

couplings between 1H nuclei through 2 or 3 bonds. Two-

bond (or 2J) couplings only occur within methylene groups 

with inequivalent hydrogen atoms. The 2J COSY 

couplings are quickly identified because they happen 

between identically indexed atoms; they do not bring any 

information about heavy atom connectivity. A 3J H-a/H-b 

coupling arises through the H-a/C-a/C-b/H-b coupling 

path and therefore proves the existence of the C-a/C-b 

bond that is translated by LSD into the setting of a firmly 

established, predefined bond (Figure 4). 

 

Figure 4. Deduction of bonds and of alternative proximity 

relationships from 2D HSQC, COSY, and HMBC NMR data. In 

the case of a 3J (H-X) coupling, the intermediate atom noted as 
a question mark may be any atom of the studied molecule.  

A HMBC spectrum reveals 2J or 3J couplings between 
1H and 13C (or 15N) nuclei, thus proving that the 

corresponding heavy atoms are either directly bound or 

two bonds away, as if a 1J or 2J 13C-13C INADEQUATE 

spectrum were recorded.[7] There is no general and 

reliable method to decide upon which alternative is 

correct.[19] The intermediate heavy atom, see Figure 4, in 
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the 3J hypothesis can be any atom in the molecule, either 

a carbon or a heteroatom. 

Low resolution along the 13C chemical shift axis adds 

a supplementary indeterminacy level in the interpretation 

of an HMBC spectral peak because more than a single 

carbon atom may be responsible for it. LSD offers the 

possibility of handling such alternatives on close 

resonance groups. Resolution enhancement in HMBC 

may be obtained without increasing recording times by 

means of strategies such as folding or non-uniform 

sampling. [20] Groups of poorly distinguishable 1H 

resonances may also be exploited by LSD. 

Writing datasets for LSD implies that 2D spectra may 

adequately be reduced, a problem that remains difficult to 

automate. Results, as chemical shift pair lists, still need 

to be edited by hand in order to avoid the introduction of 

contradictory input data in LSD input files that would lead 

to empty solution lists. Efforts for effective reduction of 2D 

NMR data have been carried out and were integrated into 

the CMC-se module of the commercial Bruker TopSpin 

software. CMC-se integrates a company-developed 

structure elucidation algorithm as well as that of LSD. [21] 

The length of the coupling paths revealed by COSY 

and HMBC spectra is not limited to 2 and 3, even though 

the initial algorithm was designed as if it were the case. 

Longer length COSY and HMBC data caused LSD to fail. 

They originate from coupling constants of low magnitude 

and give rise to low intensity peaks. A good practice 

consists in considering first only the most intense 2D 

peaks. LSD was later modified so that a limited user-

defined number of long range couplings may be handled. 

Additionally, each individual HMBC may be associated 

with a minimum and a maximum coupling path length. 

LSD was designed to mimic the way chemists build 

structures from spectra. Chemical shift values and 1H 

NMR line splitting patterns are related to immediate 

environments of atoms and therefore LSD accepts 

constraints, called "atom properties", on the nature of the 

neighbouring atoms a given heavy atom may have. Atom 

properties are taken into account by the LSD algorithm 

during structure generation. Of course, invalid constraints 

may result in incorrect structures or in no structure at all. 

User-provided substructure elements may also be given 

and are used for the solution filtering step that takes place 

after structure generation. 

Natural products may be categorized in classes that 

correspond to various skeletons, another word for 

substructures. Their identification was one of the 

motivations for starting a collection that is included in LSD. 

The present collection was drawn from the SISTEMAT 

knowledge base and was established for mono-, sesqui-, 

and diterpenes. SISTEMAT contains databases (50000 

compounds, overall) for various natural product classes 

and software dedicated to their management and 

exploitation. A SISTEMAT database contains records for 

natural products as reported in literature. A record 

connects the molecular structure of a compound with its 

spectroscopic data, including those of 13C NMR, and with 

botanical data on the plant from which it originates. In this 

way a species may be immediately related to the 

probability of the presence of the skeletons of the 

compounds that were isolated in plants of this species.[22] 

SISTEMAT may be used for dereplication from 13C NMR 

data of mixture.[23] It can also assist elucidation by 

proposing fragments of known molecules as possible 

fragments of an unknown molecule.[24] Structure 

generation by LSD has been successfully guided by 

SISTEMAT proposals for natural compounds from various 

classes.[25] 

The structure generation process in LSD starts (phase 

1) with a set of well-defined status atoms connected by 

explicitly user-supplied bonds and by those arising for 3J 

COSY data (2J COSY data is automatically discarded). 

Atom proximity information from HMBC is then selected 

and exploited in order to build bonds. The selection-

exploitation process (phase 2) is repeated until all the 

proximity information is processed. The order in which 

proximity data are taken into account greatly impacts the 

computation times. A heuristic criterion was implemented, 

stating that the heavy atoms for which the number of 

missing bonds is the lowest must have their proximity data 

exploited first. Atoms for which bonds are missing at the 

end of phase 2 are systematically paired to produce a 

meaningful molecular structure during phase 3. Phase 4 

includes a set of acceptance tests comprising the 

determination of the order of bonds, the compliance of 

structures to Bredt's rule, [26] and the validation of 

substructure constraints, if any. 

The exploitation of proximity data in step 2 involves 

the selection of a hypothesis in the case of close 

resonance groups, the choice between a one-bond and a 

two-bond distance between heavy atoms, and, in the last 

case, the choice of the index of the intermediate atom. 

The solution search process has therefore been 

organized as a depth-first tree exploration algorithm 

(Figure 5).[27] 

The resulting solutions are stored in a text file, from 

which conversion to various standard formats is carried 

out by a program named outlsd. The depictions in 2D SD 

files are most often very crude and can be manually 

improved using the m_edit utility program or any other 

multi-structure 2D structure editor, or regenerated from 

scratch using any available structure drawing generator 

and depictors, like those from the RDKit, [28] 

OpenBabel,[29] and CDK[30] chemoinformatic toolkits. 

 

Figure 5. Solution search by depth-first tree exploration. The 

analysis of a correlation potentially opens a range of 

interpretation choices. An invalid interpretation may lead to the 

impossibility of interpreting a still -unexploited correlation 

(failure). 
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The final goal of the structure elucidation process is to 

find the structure of a molecule. The generation of more 

than one solution, all compatible with input data, sets the 

problem of solution ranking. Ranking is provided in pyLSD 

by a score calculated as a distance between the set of the 

experimental 13C NMR chemical shifts and those 

predicted for each solution structure. The reliability of this 

approach naturally depends on the quality of the 

prediction algorithm. The only standalone predictor we 

had at hand was the one provided by the nmrshiftdb2 free 

software project.[31] 

The LSD software played an important role in the 

structure of natural and sometimes synthetic compounds, 

as exemplified by published articles (see Figure 6).[32]  

 

Figure 6. Examples of molecular structures, whose 
determination was assisted by the LSD software. 

Future developments of LSD include a better 

separation between structure generation and 

validation/filtering/ranking tasks. The structure generator 

should be modified so that atoms with alternative status 

are handled during resolution and not before it, as 

presently achieved in pyLSD for the combinatorial 

enumeration of status indetermination-free LSD problems. 

The application of substructure constraints should also be 

integrated in the bond-building processes, if desired. 

Molecules that contain parts with symmetry or even 

symmetrical molecules are not presently easily handled 

by LSD and solving this problem would enlarge the 

capabilities of the software. Tasks such as substructure 

search and depiction generation should be carried out by 

thoroughly tested free chemoinformatic toolkits. The 

efficiency of dereplication and of automatically generated 

structure ranking should improve through the public 

availability of an increasing amount of experimental 

chemical shift data, in a format that may facilitate their 

transfer from laboratory notebooks to free public 

databases.[10] 
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