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Abstract. In this paper, we present an experiment on knowledge dis-
covery in chemical reaction databases. Chemical reactions are the main
elements on which relies synthesis in organic chemistry, and this is why
chemical reactions databases are of first importance. From a problem-
solving process point of view, synthesis in organic chemistry must be
considered at several levels of abstraction: mainly a strategic level where
general synthesis methods are involved, and a tactic level where actual
chemical reactions are applied. The research work presented in this paper
is aimed at discovering general synthesis methods from chemical reaction
databases in order to design generic and reusable synthesis plans. The
knowledge discovery process relies on frequent levelwise itemset search
and association rule extraction, but also on chemical knowledge involved
within every step of the knowledge discovery process. Moreover, the over-
all process is supervised by an expert of the domain. The principles of
this original experiment on mining chemical reaction databases and its
results are detailed and discussed.

Keywords: knowledge discovery, data mining, frequent level-wise item-
set search, association rule, knowledge-based system.

1 Introduction

In this paper, we present an experiment on the application of knowledge discov-
ery algorithms for mining chemical reaction databases. Chemical reactions are
the main elements on which relies synthesis in organic chemistry, and this is why
chemical reaction databases are of first importance. From a problem-solving pro-
cess point of view, synthesis in organic chemistry must be considered at several
levels of abstraction: mainly a strategic level where general synthesis methods
are involved, and a tactic level where actual chemical reactions are applied. The
research work presented in this paper is aimed at discovering general synthe-
sis methods from chemical reaction databases in order to design generic and
reusable synthesis plans. This can be understood in the following way: mining
reaction databases at the tactic level for finding synthesis methods at the strate-
gic level. This knowledge discovery process relies on the one hand on mining
algorithms, i.e. frequent levelwise itemset search and association rule extraction,
and, on the other hand, on domain knowledge, that is involved at every step of
the knowledge discovery process.
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This research work is carried out within a long-term project for designing
chemical information systems whose goal is to help a chemist building a synthe-
sis plan [14, 19]. Actually, the general problem of synthesis relies on the design of
a synthesis plan followed by an experimentation of this synthesis plan. Synthesis
planning is mainly based on an analytical reasoning process, called retrosynthe-
sis, where the first element of the plan is the target molecule, i.e. the molecule
that has to be built (see fig. 1). This process can be likened to a goal-directed
problem-solving approach: the target molecule is iteratively transformed by ap-
plying reactions for obtaining simpler fragments, until finding starting materi-
als that are easy to build or to obtain (this constitutes a synthesis pathway).
For a given target molecule, a huge number of starting materials and reactions
may exist, e.g. thousands of commercially available chemical compounds. Thus,
exploring all the possible pathways issued from a target molecule leads to a
combinatorial explosion. Therefore the choice of reaction sequences to be used
within the planning process is of first importance, and strategies are needed for
efficiently solving the synthesis planning problem.

At present, reaction database management systems are the most useful tools
for helping the chemist in synthesis planning. Other knowledge systems have
been developed since the 70s for helping synthesis planning based on a retrosyn-
thetic approach. The main problem in this kind of system is the constitution
of the knowledge base. In our research work, we are designing a new kind of
knowledge system for synthesis planning, combining the principles of knowledge
systems, database systems, and knowledge discovery [4, 3, 19]. One aspect of this
research is to study how data mining techniques may contribute to knowledge
extraction from reaction databases, and beyond that, to the structuring of these
databases and the improvement in their querying.

This paper presents a preliminary experiment carried on two commercial re-
action databases1 using frequent itemset search and association rule extraction
[2, 16]. This study is original and novel within the domain of organic synthe-
sis planning, and is of first importance, with respect to chemical researches.
Regarding the knowledge discovery research, we stress the fact that knowledge
extraction in an application domain has to be guided by knowledge domain if
substantial results have to be obtained. Indeed, the knowledge extraction process
is performed under the supervision of a domain expert, but the computing pro-
cess itself has to be guided by domain knowledge, at every step, i.e. cleaning and
transforming data, and interpreting results. We claim that the role of knowledge
within the knowledge extraction process is most of the time underestimated, and
one of the goal of this paper is to show that taking advantage of the function-
alities of a knowledge system within the knowledge discovery process may be of
first importance for obtaining accurate and realistic results.

The paper is organized as follows. First, we introduce the chemical context,
describing the synthesis problem. Then, we detail the selection and the pre-
processing of data, i.e. organic synthesis reactions from reaction databases, and
then, the application of data mining techniques to these data, namely frequent

1 Supplied by Molecular Design Ltd – mdl (http://www.mdli.com).
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Fig. 1. The general schema of a synthesis problem.
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Fig. 2. Skeleton and functional groups of a target molecule.

itemset search and association rules extraction. We show how the results of such
a knowledge discovery process give insights for information organization and re-
trieval within reaction databases. Moreover, the extracted knowledge units after
been validated by a chemist may be useful in the search for efficient reactions
in association with a synthesis problem. Then we conclude the paper with a
discussion regarding the present research work and the research perspectives.

2 The Chemical Context

2.1 The Synthesis Problem

The information needs for a chemist solving a synthesis problem is related to a
search in the literature for specific reactions solving synthesis problems consid-
ered to be similar to the current one. There is a very huge number of specific
reactions described within articles in the literature, certainly more than 10 mil-
lions. Reaction documentation is complex and not yet standardized: many clas-
sification systems have been proposed, based on reaction mechanism, or electron
properties, but they are not really useful for studying synthesis in the large.
Actually, the main questions for the synthesis chemist are related to chemical
families to which a target molecule belongs, and to the synthesis methods, i.e. a
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reaction or a sequence of reactions building structural patterns, to be used for
building these families. For the sake of simplicity, we will use hereafter only the
term “reaction” for mentioning a basic reaction or a synthesis method as well.

Two main categories of reactions may be distinguished: reactions building
the skeleton of a molecule –the arrangement of carbon atoms on which relies an
organic molecule–, and reactions changing the functionality of a molecule, i.e.
changing a function into another function (see fig. 2). In our framework, a func-
tion is mainly used for recognizing a given molecule as a member of a chemical
family, for predicting and explaining the molecule reactivity. It is defined as a
connected molecular substructure composed of multiple carbon-carbon bonds,
carbon-heteroatom bonds –an heteroatom is an atom that is not a carbon atom–,
and heteroatom-heteroatom bonds. Here, we are mainly interested in reactions
changing the functionality, and in the following questions: (i) what is the starting
function Fi for a given formed function Fj? (ii) what are the reactions allowing
the transformation of a function Fi into a function Fj? (iii) what are the functions
Fi remaining unchanged during the application of a reaction?

2.2 The Reaction Databases: Data Selection and Preprocessing

The experiment reported hereafter has been carried out on two reaction data-
bases, namely the “Organic Syntheses” database orgsyn-2000 including 5486
records, and the “Journal of Synthetic Methods” database jsm-2002 including
75291 records. The selection of these databases relies on size and quality criteria.
In these databases, the filtering of the data related to functional transformations
has been performed within a data preprocessing step, where only structural
information about the reaction has been considered (details are given in 3.2).

The purpose of the preprocessing step of data mining is to improve the quality
of the selected data by cleaning and normalizing the data. Reaction databases
such as orgsyn-2000 and jsm-2002 may be seen as a collection of records, where
every record contains one chemical equation involving structural information,
that can be read, according to the reaction model, as the transformation of an
initial state –or the set of reactants– into a final state –or the set of products–
associated with an atom-to-atom mapping between the initial and final states
(see fig. 3).

In our framework, data preprocessing has mainly consisted in exporting and
analyzing the structural information recorded in the databases for extracting
and for representing the functional transformations in a target format that has
been processed afterwards. The considered transformations are functional mod-
ifications, functional addition and deletion, i.e. adding or deleting a function.
Moreover, no distinction has been made between one-step or multi-steps reac-
tions. Errors in the atom-to-atom mapping have been neglected, as a reaction
is considered at an abstract level, the so-called block level, as explained here-
after. The abstraction of a reaction from the atom level into the block level is
carried out using the resyn-assistant system [19, 3] (some details on resyn-
assistant are given in § 3.2).
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Fig. 3. The structural information on a reaction with the associated atom-to-atom
mapping (reaction #13426 in the jsm-2002 database).

In the following, we discuss the whole process of chemical reaction databases
manipulation, involving data transformation and data mining, for retrieving and
organizing chemical reaction databases.

3 Knowledge Discovery in Reaction Databases

3.1 An Overview of the Knowledge Discovery Process

The knowledge discovery process in chemical reaction databases is considered as
an interactive and iterative experimental process. An expert of the data domain,
called hereafter the analyst, plays a central role in this process since he is in
charge of controlling all the steps of the process (as discussed e.g. in [9, 5]).
According to given synthesis objectives, the analyst selects first the data to be
analyzed, applies data mining modules for extracting knowledge units from data,
and finally interprets and validates the units having a sufficient plausibility for
being reused. For carrying out this process with benefits, the analyst may take
advantage of his own knowledge of the domain –he is an expert–, and, as well, of
a set of modules including a knowledge system, ontologies, molecule and reaction
databases2.

Hence, in our approach, the knowledge discovery process is, first of all, guided
by the analyst and domain knowledge. The knowledge discovery process itself is
based on frequent itemsets search and association rules extraction. Practically,
the Close and the Pascal algorithms have been used for data processing [16, 15].
Their application and the results that have been obtained are discussed in the
next sections.

3.2 The Modeling of Reactions for Knowledge Discovery

Data on organic reactions are generally recorded in databases within structural
and textual entries: the former describes the structural formulae of substances
2 More generally, the Web in the large could be taken into account if necessary.
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in terms of “molecular graphs” while the latter refers to reaction conditions,
names and roles of implied substances, bibliographical references, keywords and
comments. In our experiment, we have been mainly interested in the so-called
functionality changes –or interchanges– occurring during a reaction. These inter-
changes can be recognized and represented by comparing the functionality of the
reactants with that of the products: the removal of some (old) functions and the
creation of some (new) functions can be made explicit. The comparison relies on
the atom-to-atom mapping where functionality interchanges correspond to the
substitution of an atom from one function to another.

Formally, the representation of a reaction equation relies on the atom-to-
atom mapping relation between the graphs of the reactants and the graphs
of the products, defining three bond sets: the set of the broken or destroyed
bonds, of formed bonds and of unchanged bonds. Actually these three function
modifications correspond to subgoals that are achieved during the synthesis,
preparing a main objective [7].

The knowledge system resyn-assistant has been designed for assisting the
chemist in the design of organic synthesis problems. In particular, the resyn-
assistant system is able to recognize the building blocks of a molecule, and
among these blocks, the functional blocks, or more simply functions. Every func-
tion is defined by a name, and is represented as a graph, called functional graph,
modeling the structure of the function. The set of functional graphs is partially
ordered by a subsumption relation based on a typed subgraph relation. In this
way, the set of functional graphs constitutes a concept hierarchy, called Hf , that
is part of the knowledge base of the resyn-assistant system. Recognizing a
function Fk within a molecule say M means that the structure of M includes the
functional graph Fk as a subgraph. This recognition process is based on the clas-
sification of M within the function hierarchy Hf . At present, the Hf hierarchy
includes about five hundred named functions.

The resyn-assistant system has been extended to recognize the building
blocks of reactions. Based on the atom-to-atom mapping, the system establishes
the correspondence between the recognized blocks of the same nature, and de-
termines their role in the reaction. The abstraction of the reaction introduced
in figure 3 from the atom-to-atom level into the block level is shown in figure 4.
A function may be present in a reactant, in a product, or in both. In the last
case, the function is unchanged. In the two other cases, the function in the re-
actant is destroyed, or the function in the product is formed. During a reaction,
either one or more reactant functions may contribute to form the functions in

aryl

alcene

aryl

alcene
+

carbonyle

ester

hemiacetal
anhydride

Fig. 4. The analysis of reaction #13426 in the jsm-2002 database in terms of blocks.
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the products. At the end of the preprocessing step, the information obtained by
the recognition process is incorporated into the representation of the reaction.

For allowing the application of the algorithms Close and Pascal for frequent
itemsets search, the data on reaction have to be transformed into a Boolean
table. Thus, the representation of a molecule as a composition of functional
blocks cannot be used in a straightforward way. Moreover, a reaction can be
considered from two main points of view, depending on the fact that the atom-
to-atom mapping is taken into account or not (see fig. 5):

– a global point of view on the functionality interchanges leads to consider a
single entry R corresponding to an analyzed reaction, to which is associated a
list of properties, i.e. formed and/or destroyed and/or unchanged functions,

– a specific point of view on the functionality transformations that is based
on the consideration of a number of different entries Rk corresponding to the
different functions being formed, i.e. the atom-to-atom mapping gives the
explicit correspondence between the blocks that are formed, destroyed, and
unchanged (see figure 3).

Entries/Blocks Destroyed blocks Formed blocks Unchanged blocks

anhydride hemiacetal carbonyle ester alcene aryle

without correspondence
entry R x x x x x x

with correspondence
entry R1 x x x x x

entry R2 x x x x

Fig. 5. The original data are prepared for the mining task: the Boolean transformation
of the data can be done by not taking into account the atom mapping, i.e. one single
line in the Boolean table, or by taking into account the atom mapping, i.e. two lines
in the table.

For example, as shown in figure 5 (in association with the reaction introduced
in figure 3), the block correspondence is taken into account implicitly in the first
point of view, and explicitly in the second3. These two points of view on the
analysis of the content of reaction provide two kinds of Boolean tables. The
3 From a synthesis point of view, the first mode is suitable for studying the chemos-

electivity of functionality interchanges, and the second mode is more suitable for
comparing the relative reactivities of the studied functions.
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rows correspond to the entries related to a single reaction, one row for the global
(or implicit) point of view, and two or more for the specific (or explicit) point
of view. The columns correspond to the three families of functions, destroyed,
formed and unchanged (the same functions are repeated three times, one time
per type of columns). Two remarks can be done: firstly, both correspondence
have been used during the experiment, and, secondly, in both cases, spatial
information on the graph structure of the molecules is lost.

3.3 The Search for Itemsets
and the Extraction of Association Rules

The Close and the Pascal algorithms have been applied to Boolean tables (built
as indicated just above) for generating first itemsets, i.e. sets of functions (with
an associated support), and then association rules. The study of the extracted
frequent itemsets may be done with different points of view. Firstly, studying
frequent itemsets of length 2 or 3 enables the analyst to determine basic rela-
tions between functions. For example searching for a formed functions Ff ( f for
formed) deriving from a broken function Fd ( d for destroyed) leads to the study of
the itemsets Fd � Ff, where the symbol � stands for the conjunction of functions.
In some cases, a reaction may depend on functions present in both reactants and
products that remain unchanged ( u for unchanged) during the reaction appli-
cation, leading to the study of frequent itemsets such as Ff � Fu � Fd. This kind
of itemsets can be searched for extracting a “protection function” supposed to
be stable under given experimental conditions.

The extraction of association rules gives a complementary perspective on
the knowledge extraction process. For example, searching for the more frequent
ways to form a function Ff from a function Fd leads to the study of rules such
as Ff −→ Fd: indeed, this rule has to be read in a retrosynthetic way, i.e. if the
function Ff is formed then this means that the function Fd is destroyed. Again,
this rule can be generalized in the following way: determining how a function
Ff is formed from two destroyed functions Fd1 and Fd2, knowing say that the
function Fd1 is actually destroyed, leads to the study of the association rules
such as Ff � Fd1 −→ Fd2. It must be noticed that for the sake of simplicity, the
examples have been kept formal here. Concrete examples can be found either in
[3] or in [4].

As usual, the number of itemsets and of association rules to be considered
depends on:

– the way of considering the block correspondence, either implicit (one entry
per reaction) or explicit (two or more entries per reaction),

– the minimal value of the support of the itemsets to be considered,
– the confidence level chosen for considering and interpreting the association

rules.

The results obtained by the application of the data mining algorithms are
discussed in the two next sections, firstly from a chemical point of view, and
then from a knowledge discovery point of view.
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4 Chemical Interpretation
of the Knowledge Extraction Results

A whole set of results of the application of the data mining process on the
orgsyn-2000 and jsm-2002 databases is given in [4]. These results show that
both reaction databases share many common points though they differ in terms
of size and data coverage, i.e. among 500 functions included in the Hf hierar-
chy, only 170 are retrieved from orgsyn-2000 while 300 functions are retrieved
from jsm-2002. The same five functions are ranked at the first places in both
databases with the highest occurrence frequency. However, some significant dif-
ferences can be observed: a given function may be much more frequent in the
orgsyn-2000 database than in jsm-2002 database, and reciprocally. These dif-
ferences can be roughly explained by different data selection criteria and editor
motivations for both databases.

A qualitative and statistical study of the results has shown the following
behaviors. Some functions have a high stability, i.e. they mostly remain un-
changed, and, in the contrary, some others functions are very reactive, i.e. they
are mostly destroyed. All the reactive functions are more present in reactants
than in products, and some functions are more often formed. Some functions,
that are among the most widely used functions in organic synthesis, are more of-
ten present and destroyed in reactants, e.g. alcohol and carboxylic acid. For
example, among the standard reactions involving functions, it is well-known –for
chemists– that the ester function derives from a combination of two functions,
one of them being mostly an alcohol. The search for a second function relies on
the study of rules such as esterf � alcohold −→ Fd. The main functions that
are retrieved are anhydride, carboxylic acid, ester, and acyl chloride. If
the chemist is interested in the unchanged functions, then the analysis of the
rule esterf � alcohold � anhydrided −→ Fu gives functions such as acetal,
phenyl, alkene, and carboxylic acid.

These first results provide a good overview on the function stability and
reactivity. They also give partial answers to the questions that have been posed
in section 2.1. However, some questions remain open, such as the classification of
reactions with respect to a given point of view, e.g. reactivity, stereochemistry,. . .

Working on functionality interchanges within organic synthesis is a complex
problem, and the data mining experiment presented in this paper raises the
question of the selection of the reaction databases. The choice of the orgsyn-
2000 and the jsm-2002 databases has been guided by their coverage relevance.
The orgsyn-2000 database provides an electronic version of the entire series of
Organic Syntheses, and offers an access to new general synthesis methods. The
principle followed by the editors of Organic Syntheses is particularly interesting
since each synthesis method has been checked by experts in laboratories. This
practice confers to the data a high confidence value, because they have been
verified in compound preparations. On the other hand, the jsm-2002 database
is a document-based organic reaction database presenting a high coverage in
organic synthesis (from 1975). To be selected and recorded, a reaction must be
novel or have a particular advantage over an existing one. In addition the reac-
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tion must have a clear experimental method, and must be repeatable. For these
reasons, the orgsyn-2000 and the jsm-2002 databases appear to be suitable
for a global study of chemical functionality. Both databases contain fine-grained
selected data, and thus the information retrieval process is necessarily focused.
The orgsyn-2000 and the jsm-2002 databases have proven to be useful sources
for exploring organic synthesis knowledge rather than for providing exhaustive
information about particular reactions.

5 Discussion: Frequent Itemsets,
Rules and Chemical Reactions

First of all, it can be mentioned that only a few research works hold on the appli-
cation of data mining methods on reaction databases (see for example [8, 6, 12,
13]). Moreover, these studies have different objectives, and are mainly concerned
with molecular graph manipulation rather than reaction database mining. An-
other study on the lattice-based classification of dynamic knowledge units has
been a valuable source of inspiration for the present work [10], leading to the
division of functions in three categories, formed, destroyed, and unchanged. The
work in [10] is more focused on formal concept analysis and lattice construction
rather than on data mining concerns. A number of topics can be discussed here
regarding the experiment presented in this paper:

– The abstraction of reactions within blocks and the separation in three kinds
of blocks, namely formed, destroyed, and unchanged blocks. Indeed, this is
one of the most original idea in that research work, that is responsible of the
good results that have been obtained. This idea of the separation into three
families may be reused in other contexts involving dynamic data. However,
the transformation into a Boolean table has led to a loss of information, e.g.
the connection information on reactions and blocks. This loss of information
on the connection of the entries introduces a bias in the data mining process,
that is quite difficult to take into account.

– Frequent items or association rules are generic elements that can be used
either to index (and thus organize) reactions or to retrieve reactions. Termed
in another way, this means that frequent itemsets or extracted association
rules may be in certain cases considered as a kind of meta-data giving meta-
information on the bases that are under study. For example, questions that
the chemist wants to be answered are the following: if A −→ B is true, and
B −→ C is also true, then it can be deduced that A −→ C is also true, meaning
that we can have access to three reactions if needed (or the access to two
reactions allows the access to a third inferred reaction).

– Knowledge is used at every step of the knowledge extraction process, e.g.
the coupling of the knowledge extraction process with the resyn-assistant
system, and domain ontologies such as the function ontologies, the role of the
analyst,. . . Indeed, and this is one of the major lesson of this experiment: the
knowledge discovery process in a specific domain such as organic synthesis
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has to be knowledge-intensive, and has to be guided by domain knowledge,
and an analyst as well, for obtaining substantial results.

– The role of the analyst includes fixing the thresholds, and interpreting of the
results. The thresholds must be chosen in function of the objectives of the
analyst, and in function of the content of the databases. A threshold of 1%
for an item support means that for a thousand of reactions, ten reactions
may form a family: this is not a bad hypothesis. Moreover, if ten thousand
reactions are considered, then 1% means that a hundred reactions may form
a family, and in this case, this is a very realistic hypothesis. This shows that
the thresholds are linked in a very close way to the knowledge of the domain.
Here, we see again the influence of the domain: the value of a threshold here
is very different from the values that can be used for a threshold in marketing
analysis.
Another remark may be done on what could be called “exceptions”, i.e. a
reaction that appear only once in a database; this means that there is no
other reaction of the same kind in the database, or, that the item associated
with this reaction is a unique one. The notion of exception has no substantial
meaning here: one unique reaction in one database may be found under
several examples in another database. A unique exemplar is rather a matter
of point of view taken by the editors of the considered database.

– Other research directions have to investigated, namely sequential patterns
[1, 17], or working with closed itemsets and icebergs [18]. Regarding closed
itemsets and icebergs, it must be noticed that closed itemsets are the longer
itemsets, and those that potentially bring the most of information for the
current mining problem. Thus, it could be interesting to consider only these
closed itemsets, and to work more in the spirit of formal concept analysis,
where a concept lattice –based on closed sets of properties– is built [11].
Moreover, the use of data mining methods such as frequent itemsets search
or association rule extraction has proven to be useful, and has provided
encouraging results. It could be interesting to test other (symbolic) data
mining methods, e.g. olap technology, relational mining, cluster analysis,
or Bayesian network classification, knowing that numerical methods such as
hidden Markov models or neural networks are not really adapted to the kind
of data that are considered in our experiment.

6 Conclusion

In this paper, we have presented an experiment on knowledge discovery in chem-
ical reaction databases. Two databases have been deeply studied and mined,
namely the orgsyn-2000 and the jsm-2002 databases, using frequent levelwise
itemset search and association rule extraction. The main topic of interest in the
reactions is related with functionality interchanges. Thus, the reactions in the
databases have been abstracted in terms of three kinds of building blocks for
molecules involved in the reactions, namely formed, destroyed and unchanged
blocks. This categorization of blocks has been the basis for building the Boolean
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tables on which data mining algorithms such as Close and Pascal have been
applied. From a chemical point of view, the results are very encouraging, and
provide a set of meta-data for organizing and retrieving chemical reaction ac-
cording to given synthesis objectives. From a knowledge discovery point of view,
a number of questions can be discussed, such as the value of the thresholds
(usually lower than in marketing analysis), on the processing of the data, and
on the interpretation of the results. Moreover, two major elements have to be
pointed out, and can be reused in other contexts : the categorization of dy-
namic data such as reactions into three families, here, formed, destroyed and
unchanged functions, and the use of knowledge at every stage of the knowledge
discovery process. Indeed, in a domain such as organic synthesis, the knowledge
discovery process has to be fully guided by domain knowledge, and the analyst,
an expert of the domain, as well. There are a number of research perspectives
following the present work, including the adaptation of sequential pattern algo-
rithms to chemical reactions, taking actually into account the structures of the
molecules involved in reactions, and working in the spirit of concept analysis for
lattice-based classification of the data.
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