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A data model and a information base system for organic syntheses are introduced. Self
organization of information and generation of virtual concepts and candidate solutions which
are essential for open world relevant systems are described. The original information of the
system includes comprehensive typical reactions and related information of huge quantity.
Conceptual and logical structures of information are constructed by self organization of
semantic relationships in original information. The system provides functions with semantic
processing such as analogical reasoning and abduction because similarity of compounds and
reactions can be measured by using conceptual structures.
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1. Introduction

The information for organic syntheses consists of the
information about compounds and reactions. This
information is used not only for retrieval of known
reactions and compounds but also for prediction of
new reactions and for design of new organic
syntheses.

It is said that the number of known compounds is
over 10 millions. These compounds and the reactive
relations among them constitute a huge information
space and computer-based information systems are
indispensable because the management and utilization
of the information is far beyond feasibility of manual
methods.

In the field of organic syntheses, a trial and error
method is often used based on knowledge of
compounds (which was acquired from research on
analytical, physical and structural chemistry ) and
reactions. A lot of computer-based systems were
developed to support chemists.1)2)3) They can be
divided into two types according to the
information/knowledge stored in systems: one is an
expert system which stores reaction rules and the
other one is a database systém which stores reaction
examples.

However, the acquisition and organization of reaction

rules (knowledge of reactions) are very difficult for
expert systems because of the diversity of compounds
and reactions. On the other -hand, database systems
can not deal with unknown compounds and reactions
although the purpose of synthesis is to get new
compounds and design new reaction processes.

Approaches such as analogical reasoning and case-
based reasoning are to solve these problems.
Analogical  reasoning  transforms facts and
relationships among objects in a base domain into a
target domain according to the similarity between the
objects of the base and the target domains.
However, it is assumed that the base of analogy can
be chosen in most cases, i.e. a very popular example
is about the analogical reasoning of the structure of
atoms from the solar system. The discussion is
focused on the similarity between the atom and the
solar system, but why and how the solar system could
be taken as a candidate were not explained.4)5)6)7)
Moreover, little attention has been given to
mechanisms for searching the huge space of practical

information instead of dealing with  small
information space. On the other hand, case-based
reasoning takes advantage of similar cases

accumulated in systems to transform solutions
directly. Several systems were reported so far but
methods for organizing and retrieving relevant case
bases were not mentioned because the number of
cases is very small, e.g. the order is from 10 to
1000.8)9)
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The goal of this work is to develop a novel thinking-
support information system (TSI system) for domain
experts. The main points are shown bellow:

1) Collection of comprehensive reaction examples
and related information of huge quantity, which
are essential to the TSI system. In order to support
experts, the system should possess more
knowledge or organized information than experts
do.

2) Construction of information spaces by self
organization: the accumulated information must
be organized according to semantic relationships.
Furthermore, the self organization method should
be applied because of great volume of information
and evolution of systems.

3) Manipulation of the organized information for
semantic processing such as analogical reasoning;
In order to support thinking activity of experts,
semantic processing is indispensable.

2 describes the method of self
organization of organic synthesis information
structures. In the section 3 the measurement of
similarity based on conceptual structures is given.
The section 4 illustrates analogical reasoning of
organic reactions by an.example. The discussion and
conclusion are given in the section 5 and the section 6
respectively.

The section

2. Self orgaliization of organic synthesis
information structures

The term "information structures" is used to refer to
the structures which represent relationships among

concepts, such as concelptual hierarchy, causal ones
and so on .10)11)12)13)14)

The following three kinds of structures corresponding
to the semantics of information are realized:

1) Conceptual structure: The structure which
represents  relationships  such as equivalence,
inclusion, is-a, part-of relation, and so on.

2) Logical structure: The structure which represents
relationships such as causal relation, logical order,
dependency, and so on.

3) Physical structure: The structure which represents
the internal storage and locations of source
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information.

The process of organizing information is that of
machine learning. The self organization approach is
devised here. The term "self organization” is used in
the sense that the structures are constructed based on
the semantic relationships which are automatically
extracted from original information by the system.
The process may ‘be carried out repeatedly in order to
refine  the constructed structures. The self
organization is also necessary -for evolution of the
structures.

2.1 Information of organic syntheses

The organic synthesis information is stored in a data
base of organic reaction named CORES.15) The
reaction information is composed of starting
compounds, products and reaction conditions. It can
be expressed as following:

X1+X2+"'+Xm£”YI+Y2+"'+Yn:

where X; (i=1,m) is a starting compound, ¥; (i=1,n) is
a product and C is a reaction condition. Compounds
are represented in structural formula with connection
tables. Reaction conditions include detailed
information such as reagents, solvents, catalysts,
temperature, pressure, yield and so on.

About 50,000 reactions have been collected and
stored as the source of information of the system.

2.2 Construction of logical structures of reactions

The network of reactions generated based on the
collection of reactions is called logical structures of
reactions. This network can be generated
automatically by piling up common compounds for
reactions. A graph isomorphism _algorithm is
necessary to decide if two connection tables represent
a same compound.

For example, from a set of the following three
reactions:

X1+X2Q*Y1+Y2
YL-ES-’Zl

Y1+Y2—€LZ|+Z2

the following network can be generated.
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Figure 1. A part of a logical structure
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2.3 Construction of conceptual structures of
compounds

The conceptual structure of compounds is constructed
as a conceptual hierarchy based on the inclusive
relation between chemical structures of compounds
because properties of compounds mainly depend on
structures of molecules.

The basic algorithm can be described as follows:
from each structure in the database, substructures are
generated by removing bonds, atoms or super-atoms
(ring) and tested recursively and the hierarchy of
structures is organized.
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3 LN=(12,13)

SRE(i1) = { (2,3), (3, 4). (4, 3).(5,6).(6. 1)}
SRE(12) = { (1, 2), (7, 8), (8, 9), (% 10), (1, 10) }
SRN(rl) = {3,4,5,6)

SRN(2) = (8,9

ISRE(1) |- [ SRN(e1) | = $ - 4= 1, el isa TR,
| SRE(12)| - [ SRN(12) |2 5 - 2= 3, 2 is nota TR

3 1 —12
J// \\2// \\m// ’
| tl , 2 I

9
NN\

Figure 2. Example of molecule structure and notations

The following notations are introduced to make the
description clear:

Algorithm
Last := the last number of the structure in the database;
Current := 1; /* the current structure to be processed */

WHILE ( Current <= Last) DO {

IF ( Current is a primitive structure) THEN

/* atoms or basic structures which have proper names */

/* in nomenclatures of compounds */

Qhrrent := Current + 1;
ELSE

/* skip the structure */

detect the SSSR(the Smallest Set of Smallest Rings) of Current;
FOR ( each LN and TR of Current ) DO {
' remove the LN or TR to generate subgraph SG;

/* generate the substructures */

CALL ISOM subroutine to determine if SG exists in the DB;

/* search the database */

IF ( not existence ) THEN

Last := Last + 1;
id of SG := Last;

register SG in the Database;

END-IF

c_id := id of SG;

add c_id to the boarder concept list of Current;

add Current to the narrower concept list of c_id;

/* generate conceptual structure */

} /* end of FOR */

Current
END-IF

} /* end of WHILE */

:= Current + 1;

/* next structure */
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Figure 3. Process of organizing conceptual structure by generating method

Degree of a node n, D(n): The number of adjacent
nodes of node n.

Leaf Node, LN: node n with D(n) = 1.
Simple Ring Edge, SRE: an edge which belongs to

one and only one ring. SRE(r) is the set of simple
ring edges in ring r.

Simple Ring Node, SRN: a node n which belongs to
a ring and D(n)=2. SRN(r) is the set of simple
ring nodes in a ring r,

Terminal Ring, TR: a ring » with |SRE(r)| — |[SRN(r)|
=1,

Figure 2 illustrates an example of molecule structure
and notations used in the algorithm.
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In order to make the description of the algorithm
simple, suppose the-structures are numbered from 1
to the total number of the structures. Moreover, some
detailed processes are omitted.

In the algorithm, the substructures generated are
connected graphs because only leaf nodes and
terminal rings are removed from structures. The
conceptual structure of compounds is self organized
systematically by a generating -- searching cycle.

The subroutine used to detect the rings is based on the
SSSR algon'thm.m) It finds the smallest set of
smallest rings in a structure. The graph isomorphic
determination subroutine /SOM is a improved version
of the E. H. Sussenguth’s algorithm. 17

Fig. 3 shows the process of generating substructures
and constructing the hierarchy. Fig. 4 shows a part of
the conceptual structure of the system. The structure
is composed of nodes which stand for compounds
and links which stand for inclusive relationships
between nodes. The link has a label which describes
difference between a pair of nodes. Moreover, the
nodes which have solid borders stand for compounds
which are stored in the database and dash borders
stand for virtual compounds generated by the system.

Fig.l1, Fig.3 and Fig.4 show clearly that the
conceptual and logical structures have to be
constructed in a self organizing manner because of
their complexity and huge size.

2.4 Construction of conceptual structures of
reactions

The conceptual structure of reactions represents is-a
relationships among reactions.  Information of
organic reaction consists of starting compounds,
products and reaction conditions. Reaction
conditions include detailed information such as
reagents, solvents, catalysts, temperature, pressure,
yield and so on. :

The conceptual structure of reactions is constructed
according to generality of change of chemical
structures from the starting compounds to the
products together with the reaction conditions.

The approach of constructing the structure is a
bottom-up manner, that is, using more generic
changes on chemical structures to organize reactions,
then taking advantage of the knowledge on reaction
patterns such as oxidation, reduction, replacement,
and so on.
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Fig. 5 illustrates a example of the conceptual structure
of reactions. The numbers in ellipses stand for the
identification codes of reactions.

2.5 Application of the conceptual and logical
structures

The conceptual and logical structures generated above
can be used for many purposes.

2.5.1 Conventional application
Compounds searching:

1) Searching by substructures: searching compounds
which include query substructures;

2)Searching by super structures: searching
compounds which are included in query
structures;

3) Searching similar structures: searching compounds
which are near to a query structure in the
conceptual or logical structures:

3.A) Compounds with common substructures;

3.B) Compounds with similar reactive properties:

3.B.a) Starting compounds (or products) in which
similar functional groups react in similar

conditions;

3.B.b) Starting compounds which lead to similar
products in similar conditions;

3.B.c) Products which are produced from similar
starting compounds in similar conditions;

3.B.d) Compounds which are near to each other in
the logical structure.

Reaction searching:
1) Searching reactions by structures of compounds;
2) Searching synthesis routes to a query compound,

3) Searching similar reactions by structure of
compounds.

Browsing and navigation:

1) Browsing the whole or a part of conceptual and
logical structures; '
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Figure 4. A part of a conceptual structure of compounds

2) Navigation in conceptual or logical structures;

3) Switch over from conceptual structures to logical
structures or in the opposite direction.

2.5.2 Advanced application

The functions listed above are useful but not
sufficient for synthesis chemists because the ultimate

aim of organic synthesis is to synthesize new
compounds or, to design new synthetic routes. It can
not be satisfied simply by searching or browsing.

The following knowledge is essential for chemists:

1)Knowledge on structures and properties of

compounds;
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Figure 5. A part of the conceptual structure-of reactions

2) Knowledge on reactions;
3) Sufficient examples of reactions.

It is clear that computer systems can store and deal
with far more examples of reactions than individual
experts. The key point is the ability of analyzing
examples and solving new - problems.
depends on how much knowledge of compounds and
reactions the system possessed. The purpose of
organizing information in the conceptual structures
and the logical ones is to acquire and understand the
knowledge automatically and represent it in a form of
easy access. In this system, the conceptual structures
of compounds correspond to the knowledge of
compounds and the conceptual structures of reactions
correspond to the knowledge of reactions.

It is essential for synthesizing new compounds that
the systems can deal with unknown compounds, that

The ability.

is to say, the systems should be able to predict the
properties of new compounds. This is the reason why
the system generates virtual compounds in the
process of constructing the conceptual structures of
compounds.  The properties of these virtual
compounds can- be estimated based on the
compounds close to it in the conceptual structures.
The logical structures should also be augmented to
generate the candidates of solutions for new
reactions.

However, the augmentation must be restricted
because the information space of logical structures
may be expanded infinitely like conceptual structures.
The restrictions are listed below:

1) To extend when a query of new:reaction is carried
out;

2) To extend to reactions which are sufficiently
reasonable.
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Analogical reasoning is useful for extending the
logical structures. Moreover, the degree of
confidence and the grounds of the reasoning should
be kept in the extended reactions.

3. Measurement of similarity by concep-
tual structures
3.1 The model of organic synthesis information

Let A be a set of atoms which includes generic ones
and pseudo ones beside normal ones.

k=<A,E, B>
makes up the space of chemical structures,
where E C A x 24 is a set of connections between
atoms, and
B is a set of types of connections, i.e. bonds,

which includes generic ones also.

Notice that the one to many relationship A x 2 is
introduced for coordination ( complex ) compounds.

The information space of organic synthesis is
constructed based on x.

1) The conceptual structure of compounds:

Ty = <k QLL >,

where 2; C & x 2" stands for the hierarchical
relationships between compounds, and
L1 is a set of labels for the differential
relationships.

2) The logical structure of reactions:
F? = < ""|Q'21L2 >,

where 9 C 2° x 2% stands for the reactive
relationships, and
L9 is a set of labels for the reaction rules
and conditions.

Notice that generic reactions, e.g. reaction patterns
are included in the structures.

3) The conceptual structure of reactions:
3= <T9,Q3 L3 >,

where Q3 C 'y x 272 stands for the hierarchical
relationships between reactions, and
L3 is a set of labels for the differential
relationships including hierarchical ones.

.The structure is an extended hypergraph. 13)14)21)
Therefore, Fig. 5 can be represented in Fig. 6
equivalently.
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The information space of organic syntheses is defined
as following;:

F=F1UF2UF3UA

[ is a hybrid model with more than one kind of
nodes, links and labels. A stands for the information
structures which are not described here such as the
conceptual structure of reagents. The components of
[" are connected each other in various ways.

3.2 The measurement of similarity

The similarity is a popular relationship because any
two objects may be similar in a sense. However, the
meaning of similarity is dependent on viewpoints.
The relationship of similarity is defined as partial
overlap between the concepts. Therefore, it is natural
that the detection and measurement of the relationship
of similarity should be carried out by detecting and
measuring overlap between concepts. The conceptual
structures can be used to deal with similarity because
overlaps between concepts are represented by the
structures. '

Compounds are taken as an example to show the
measurement of similarity of concepts. Compounds
are represented as bellow:

C = ( Csb Cpr ))
where Cg=(Cyy, CS.,.,, -+, Cgqm ) is a set of

functional groups or substructures as the
descriptors of structures of compounds, and

@)
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Cpr =.( Coro» Cpr s Cppy ) is aset of
physical, chemical and other properties of
compounds as the descriptors of compounds.

The distance between a couple of compounds can be
computed by the inner product of the vector
corresponding to the difference in compounds and the
weight vector , that is : '

Distance(Cj, Cp=W-|C;- Cjl

where W is a weight vector corresponding to
difference of a pair of compounds, which reflects
viewpoints of similarity. W is a function of reaction
R, that is, W= f{R) in cases of syntheses.

Reactions are represented as below:

R = (Reaction pattern, Reagent, Solvent,
Catalyst, Temperature, Pressure,
Yield, -+ ).

1t means that similarity of compounds varies with the
reaction pattern, reagent, etc. of the reaction
concerned. It is different from other researches in
which only static similarity is measured. 18)

Knowledge on organic syntheses is required to decide
the function /. This kind of knowledge can be
acquired from systematic knowledge of organic
chemicals in text books and from examples of
reactions by way of statistics, induction, and so on.

The difference in structures and properties of

Figure 7. Paths between compounds in conceptual structure
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Figure 8. An example of query reaction

compounds is represented by conceptual structures in
the system. Compounds with common substructures
are connected by paths in conceptual structures. The
difference can be calculated based on the labels
corresponding to the paths. The algorithm for
calculating the difference is to collect the labels
corresponding to the shortest paths between
compounds, because the difference is not dependent
on the paths.

Figure 7 shows cases of paths between compounds C;
and C;. (a) is the case of that C; is a substructure of
C ' (b) is the case of that C; and C; with only one
common substructure and (c) is the case of that C;
and Cj with more than one common substructures.

The problem of detecting common substructures of a
pair of compounds is NP complete in graph
theory.20 Therefore, except the case of that one or
both compounds are very small molecules, detecting
common substructures using conceptual structures is
efficient than that using graph matching algorithms
directly.

The similarity of concepts can be measured based on
the distance between them.

4. Analogical reasoning of reactions

Analogical reasoning is one of the powerful tool for
problem solving and machine learning. In our
systems, analogical reasoning is used to infer whether
a reaction can take place between a pair of sets of
compounds, and the reaction conditions if it can take
place. The ability of inference is necessary not only
for intelligent retrieval of reactions but also for
extending the logical structure of reactions. Fig. 8
shows an example of query reaction which is not in
the database. Therefore, analogical reasoning is to be
used to give an answer,

The procedure of analogical reasoning of reactions
can be described as follows:

1) To recognize a reaction pattern by detecting
change of structures between starting compounds
and products. In the example, the reaction pattern
is CH3 — CHO.

2) To retrieve candidate reactions which share the
same pattern with the query reaction. Taking
advantage of the conceptual structures of
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IN DHF AMD K-TERT-BUTOXIDE AT RT FOR 48 HRS

= -0R - - -
WITH PBO2

[N METHANOL
_.UR-....

9

Figure 9. The result of analogical reasoning

reactions, the reactions with same pattern can be
accessed efficiently. -

3) To measure similarities between candidates and the
query reaction. The similarities depend on the
relevant compounds and the reaction conditions
between them. The conceptual structure of
compounds can be used to measure the similarities
of compounds. ’

4) To select a set ‘of similar reactions from the
candidates according to similarity and threshold;

5) To apply reaction conditions of similar reactions to
the query reaction: In this step, comparisons are
made not only between the query reaction and
similar reactions but also among the similar
reactions.

Fig. 9 illustrates the result of the example of
analogical reasoning. The list shows a set of
applicable reaction conditions for the query reaction.

Fig. 10 and Fig. 11 show two examples of the
analogies ( similar reaction) of the query reaction.
The list of similar reactions can be displayed by
pushing the ''‘Bases" button in the result display
screen (Fig.9). :

5. Discussion

A large number of researches on classification and
structure searching of compounds based on functional
groups have been’ perfonned18)19)20) because
properties of compounds mainly depend on
functional groups included ~ in the structures.
However, it is difficult to choose a particular set of
functional groups used for classification and access
because the set is dependent on viewpoints of
application. Using fixed set is not suitable for
investigating the properties of compounds from
various viewpoints.

The conceptual structure constructed here can be used
to solve this problem. For example, let's suppose that
a set of functional groups is FG = {G}, G, G3}
according to the current viewpoint. The conceptual
structure corresponding to FG is a lattice as follows:

{G1} (G2} {G3)
(G1, G2} {G1, G3} {G2,G3)
(Gl, G2,G3} ,.
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where {G;} is a set of structures that includes
functional groups {G;}, {G;, G; } is aset of structures
that includes G; and G; {G,, i G} is a set of
structures that includes d,, Gj, an G

The lattice can be generated as follows because G;
(i=1, 3) corresponds to nodes in the conceptual
structure of compounds of the system.

{G;i} = Narrow(G;)

{Gj, G;} = Narrow(G}) O Narrow(Gj)

(G, Céz, G3} = Narrow(G ) O Narrow(G) O
Narrow(G3),

where Narrow(Gj) stands for the set of narrower

nodes including G; in the conceptual structurc of

compounds.

This example shows that conceptual structurc
reflecting temporal viewpoints can be generated for
any set of functional groups because conceptual
structures of the systein contains every substructure
of the compounds as its nodes.

By organizing information structures, it become
possible to take a broad view of the information
space (concepts and the relationships among them),
that is, see things in perspective.

In analogical reasoning and case-based reasoning
approaches, seclection of the analogies and
measurement of the similarities are not easy tasks
because not only the space of analogies is very large
but also the measurement of similarities is relevant to
the problem of semantic processing. Moreover, the
evaluation of the results of reasoning is the most
difficult problem for the conventional systems.
Organized information structures such as conceptual
structure and logical structure can play an important
role in solving these kinds of problems because the
relationships among facts or concepts are represented
cffectively.

Taking advantage of the structured information, it is
possible to generate lacking or new information, for
example, to generate some new concepts or to
establish some connections among concepts. This
kind of functions are essential to the thinking support
systems.

6. Conclusion

The capability of thinking support systems mainly
depends on semantic processing of comprehensive
information. In order to deal with meaning of
information effectively the information must be

Journal of Japan Society of Information and Knowledge

December 1996

organized in conceptual structures to represent
diversified semantic relationships.  Moreover, the
conceptual structures have to be sclf-organized
because they are both complicated and huge in
quantity beyond manual construction, The method
and system for self organizing organic synthesis
information are described.  The . structures of
information consist of logical structures of reactions,
conceptual structures of compounds and conceptual
structures of reactions. The . measurement of
similarity and analogical reasoning based on
conceptual structures are presented. However, some
factors involving similarity such as the "chemical
properties and physical properties can not be dealt
with directly based on the conceptual structures. The
inclusion of more abstract conceptual structures
remains as a future work. :

On the other hand, generation -of information is
essential for thinking support system because the
research activities are of open world problems. In the
field of organic syntheses, the object is to synthesize
new compounds. The generation of virtual
compounds and candidate reactions are illustrated. In
fact, the generation of compounds plays an important
role in constructing the conceptual structures
systematically.
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