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1 Introduction

Molecules are entities consisting of atoms that interact,
their descriptions are approximations on different levels
of exactness. We can easily distinguish the following lev-
els of increasing accuracy:

� The lowest level is the arithmetic one, where a
molecule is described by its molecular formula, i.e.
by a list of atoms contained in it. For example, the
molecular formula of benzene is C6H6, it says that
a benzene molecule is made of six carbon and six
hydrogen atoms.

� The next level is the topological or constitutional
one. A molecule’s structural formula (sometimes
simply called structure) describes pairwise interac-
tions between atoms, called covalent bonds. For
example, to the molecular formula C6H6 there cor-
respond altogether 217 (mathematically possible)
interaction models of this kind (constitutional iso-
mers).

� A higher level of accuracy is the geometric level,
where the molecule is placed in 3D space and is de-
scribed by the coordinates of its atoms. This is the
level of stereoisomerism. According to a useful tra-
ditional distinction made in organic chemistry we
distinguish two sublevels.

– The first sublevel is that of configuration.
Configuration is what remains constant under
small to moderate changes of the atom co-
ordinates. More exactly, a configuration de-
scribes the sense of orientation of four po-
sitions in 3D space (enantiomerism) or in a
plane (E/Z isomerism). A sentence such as
“There exist exactly three stereoisomers of
tartaric acid” makes sense because usually
for a particular constitution a limited num-
ber of such configurations exist despite an
infinite number of possible arrangements of
the molecule’s atoms, and despite a finite
but usually very high number of conformers.
In other words: It is possible to enumerate
all stereoisomers of any constitution without
knowing the atoms’ exact coordinates. For
this purpose, all that is required is the knowl-
edge of the rough geometric environment of
each type of atom, as known from an over-
whelming body of experience. For example,
a saturated C atom is surrounded by its four
substituents in an approximately tetrahedral
arrangement, a C atom engaged in a double
bond bears three substituents approximately
in a plane and forming bond angles of about
120�, etc.. From such rules we obtain for the
18 C8H18 constitutional isomers altogether

http://www.sccj.net/publications/JCCJ/ 85



24 configurations (stereoisomers).

– The second sublevel is that of conformation.
Here the exact numerical coordinates of the
atoms are considered. For every particu-
lar constitution and configuration an unlim-
ited number of conformations exists, many of
which are (local) minima on the energy hy-
persurface (conformers).

At present we are able to handle the arithmetic and
topological levels reasonably well. On the level of con-
figuration there is some progress, though there are still
several problems to be solved. Automatic and system-
atic generation and classification of all conformers is still
largely unsolved.

2 The Arithmetic Level

A molecule is described on this level by its molecular for-
mula, a list of atoms of which it is made. Thus, C6H6 is
the molecular formula for benzene and its 216 constitu-
tional isomers. C6H6 is thus a valid molecular formula,
in contrast to an invalid formula, one that does not cor-
respond to a molecule capable of existence, for example,
C6H5. Obviously there are restrictions on molecular for-
mulae, and we will consider these in the next section. We
mention that along with the usual well–defined molecu-
lar formulae there are fuzzy formulae, those that consist
of intervals for the occurrence numbers of elements.

3 The Topological Level

On this level of approximation a molecule is described
by an interaction model, which means that we empha-
size interactions between pairs of atoms in the molecule.
Mathematical structures that can be interpreted as in-
teraction models are in particular the unlabelled multi-
graphs. The vertices of a graph indicate the objects in-
volved, while the edges connect the interacting ones, and
different strengths of interactions are expressed by differ-
ent multiplicities of the edges.
3.1 Definition A structural formula is a (usually con-
nected) multigraph, the vertices of which are colored by
element symbols. Moreover, the degree of each vertex, i.e.
the number of edges to which this vertex belongs, agrees
with the prescribed valence of the corresponding atom.

For example, the structural formulae for C6H6 are the
connected multigraphs consisting of six vertices of de-
gree 4 and six vertices of degree 1. The former are col-
ored by the letter C, the latter by H. Here are two such
formulae (out of 217), those of benzene and of Dewar
benzene:

All 217 are interaction models of constitutional isomers
of benzene, and they can easily be obtained (in a frac-
tion of a second) using the molecule generator MOL-
GEN. Clearly most of them will not be structural for-
mulae of existing molecules, but there are no strict rules
known to distinguish between molecules merely not yet
synthesized and molecules not capable of existence. At-
tempts were made to define the latter in terms of “forbid-
den” (too high in energy) substructures, but this approach
met with failure in that on inspection of the Beilstein
database almost any “forbidden” substructure was even-
tually found to occur in a known compound. So whenever
completeness matters, e.g. in structure elucidation, all
mathematically possible graphs should be constructed.

Accepting the notion of connected multigraph as an
interaction model for molecules we can impose restric-
tions on molecular formulae: If 
 is a multigraph, then
we can use the sequence of its vertex degrees

�
 := (�
(0); �
(1); : : : );

where �
(i) means the number of vertices of degree i in

. It is a partition of the number n of vertices in 
. We
abbreviate this fact by

�
 j= n:

To begin with, the following expression gives the number
e(
) of edges of 
,

X

i

i � �(i) = 2 � e(
): 3:2

This is a formulation of the simple fact that each bond
connects two atoms. Assume that the degree sequence of
an interaction model of a molecule with molecular for-
mula C6H5 is �
 = (0, 5, 0, 0, 6, 0,: : : ). Then we obtainP

i i � �(i) = 29; an odd number, which violates 3.2.
Hence C6H5 is not a valid molecular formula.

Moreover, if we assume that the interaction models
are always connected graphs, then we can use the follow-
ing necessary and sufficient condition for the existence of
at least one connected multigraph in terms of the partition
�
 :

X

i

i � �(i) = 2 � e(
); and e(
) � n� 1; 3:3

where the inequality on the right says that there are at
least n–1 edges required in order not to leave a vertex
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isolated. So we obtain the following test for the validity
of a given molecular formula:
3.4 Corollary A given molecular formula and a corre-
sponding sequence � of degrees together describe a valid
molecular formula only if they satisfy condition 3.3.

4 Molecular Graphs

The above definition of structural formula needs to be re-
fined to the notion of molecular graph that we are going
to introduce now.

Chemical compounds are described by multigraphs
consisting of particular vertices representing atoms and
edges representing covalent bonds. These bonds may be
single, double or triple bonds. The vertices are colored
by the name of a chemical element and an atomic state.

A chemical element is identified by its atomic number
which is the number of positive elementary particles con-
tained in the atom, the protons. In its elementary state,
the atom contains the same number of electrons, in this
situation it does not bear a charge.

A certain number of electrons of the atom are able
to interact with electrons of other atoms of the molecule
in question. Electrons with this property are called va-
lence electrons. Their number depends on the element,
and the interactions are called chemical (covalent) bonds.
An interaction between two electrons (from two atoms)
is called a single bond and is denoted as a single line,
an interaction between four or six electrons (from two
atoms) is called a double or triple bond and is drawn as
a double or triple line, respectively. There are also forms
of interactions not amenable to this simple scheme (e.g.
mesomerism). A single valence electron that does not
participate in a bond is an unpaired electron, two valence
electrons on one atom that are not involved in a bond form
a free electron pair (a lone pair).

The sum of the number of electrons engaged in cova-
lent bonds, of those in lone pairs and of an unpaired elec-
tron (if any) for an atom in a molecule may differ from
the number of valence electrons in the isolated atom. The
difference is the charge of the atom. For this reason, we
define the state of the atom as follows:
4.1 Definition An atomic state is a quadruple

S = (vs; ps; qs; rs);

where

� the positive integer vs means the valence of the
atom,

� the non-negative integer ps indicates the number of
free electron pairs,

� the integer qs denotes the charge of the atom,

� while rs 2 ftrue = 1, false = 0g shows that there is
an unpaired electron or not so.

Such a state is called a ground state if qs = 0 and rs =
false.

The valence of an atom in a molecule is the number of
covalent bonds in which it is involved, each bond counted
with its multiplicity, and so it is the degree of the corre-
sponding vertex in the multigraph. For example, the va-
lence of H atoms is 1, for O atoms it is 2, for N atoms it
is 3 and for C atoms we have 4. But we should carefully
note that this is true only if these atoms are in their ground
state, i.e. if there is neither a charge nor an unpaired elec-
tron. There are elements such as phosphorus and sulfur
that even in the ground state can exhibit more than one
valence. For example, there are molecules with 3- or 5-
valent phosphorus atoms. Sulfur may have valences 2,
4 or 6, differing in the number of free electron pairs. If
we skip the assumption that the atoms are in their ground
state, further valences can show up.

For this reason we introduce for each chemical ele-
ment X a set SX of admissible atomic states. Its defi-
nition clearly depends on the particular situation of the
molecule in question. For example, the most important
elements in organic chemistry are gathered in the follow-
ing set of elements:

E4 := fH;C;N;Og:

We shall refer in the following to this set, and also to its
extension

E11 := fH;C;N;O;F;Si;P;S;Cl;Br; Ig:

Table 1 contains, for the elements X 2 E11 their atomic
number T EX , the number of valence electrons V EX and
a list of atomic states [1]. The states listed are those rele-
vant for structure elucidation using mass spectroscopy.

The set SX of admissible states of the element X de-
pends on the chemistry that we are willing to use in a
particular situation. A hierarchical classification of the
corresponding topological models, introduced in [2], can
be described in terms of these states.
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Table 1. Admissible states for the elements in E11 occur-
ring in mass spectroscopy
X (TEX ; V EX) vZ pZ qZ rZ RC CSC

H (1, 1)
1 0 0 0 x x
0 0 1 0
0 0 0 1

C (6, 4)

4 0 0 0 x x
3 0 1 0
3 0 0 1
2 0 1 1

N (7, 5)

4 0 1 0
3 1 0 0 x x
3 0 1 1
2 1 0 1

O (8, 6)

3 1 1 0
2 2 0 0 x x
2 1 1 1
1 2 0 1

F (9, 7)
2 2 1 0
1 3 0 0 x x
1 2 1 1

Si (14, 4)

4 0 0 0 x x
3 0 1 0
3 0 0 1
2 0 1 1

P (15, 5)

5 0 0 0 x
4 0 1 0
4 0 0 1
3 1 0 0 x x
3 0 1 1
2 1 0 1

S (16, 6)

6 0 0 0 x
5 0 1 0
5 0 0 1
4 1 0 0 x
4 0 1 1
3 1 1 0
3 1 0 1
2 2 0 0 x x
2 1 1 1
1 2 0 1

Cl (17, 7)
2 2 1 0
1 3 0 0 x x
1 2 1 1

Br (35, 7)
2 2 1 0
1 3 0 0 x x
1 2 1 1

I (53, 7)
2 2 1 0
1 3 0 0 x x
1 2 1 1

4.2 Definition

� Restricted Chemistry (RC) considers atoms with-
out charge or unpaired electrons that obey the octet
rule

2vZ + 2pZ = 8.

As an exception, hydrogen is included, for which
trivially vZ = 1 and pZ = 0: On this level, va-
lences of atoms are uniquely determined and called
standard valences.

� On the next level, the level of Closed Shell Chem-
istry (CSC), the octet rule is skipped and the as-
sumption made that qZ = 0 and rZ = false. There-
fore we also call this level ground state chemistry.

� If we skip the assumption that qZ = 0 and rZ =
false we reach the Integral Chemistry (IC). On this
level we still suppose that multiplicities of covalent
bonds are non-negative inters.

� A refined description is needed when we want to
deal with mesomerism or multicenter bonds. This
kind of chemistry is called Multicenter Chemistry
(MC).

Summarizing, we obtain the following chain of inclu-
sions:

RC � CSC � IC �MC:

In terms of these notions, the structure generator MOL-
GEN (up to version 3.5, see [3]) is able to generate chem-
ical compounds from RC. From version 4.0, cf. [4], it
is possible to generate molecules for IC. Using an algo-
rithm that identifies aromatic systems MOLGEN covers
the most important part of MC, aromatic compounds, as
well.
4.3 Definition (molecular graph Let E denote a set of
chemical elements and assume that SE indicates the set
of all the admissible atomic states of the elements in E .
In formal mathematical terms.

SE :=
[

X2E

SX :

A molecular graph for a molecule consisting of n atoms
from E is a triple

("; �; 
);
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where " is a sequence of length n consisting of element
symbols, i.e.,

"(i) 2 E (i = 1; : : : ; n):

The second component � is a sequence of n atomic states,
where the i-th component is an admissible state of the i-th
atom,

�(i) 2 S"(i): (1)

The third component 
 is a connected multigraph con-
sisting of n vertices and edges that are at most 3-fold, for
short,


 2 Gcn;3:

Its vertices are numbered from 1 to n and are colored by
the atom names "(i), the components of ". The degree
of vertex i of the graph is equal to the valence of the i-th
atom "(i),

deg(i) = v�(i): (2)

Let Mn denote the set of molecular graphs on n atoms.�
A problem with molecular graphs is that there are

usually many molecular graphs that represent the same
molecule, differing in vertex numbering. Here are
two examples of differently numbered molecular graphs:

Vertex numbering is unavoidable since also the entries
"(i) of the element distribution ", as well as the entries
�(i) of the atomic states, are numbered. Hence, two such
molecular graphs (",� ,
) and ("’,�’,
’) describe the same
molecule if and only if they are the same up to renum-
bering, which means that there is a permutation � such
that

("; �; 
)� = ("0; � 0; 
0);

where

("; �; 
)� = ("�; �� ; 
�);

defined by

"�(i) = "(�(i)); ��(i) = �(�(i));


�(fi; jg) = 
(f�(i); �(j)g):


(fi, jg) denotes the multiplicity of the covalent bond that
connects atoms i and j, i.e. 
(fi, jg) 2 f0, 1, 2, 3g. In

mathematical terms, we are faced with the following ac-
tion of the symmetric group:

�
En � SnE � Gcn;3

�
� Sn �! En � SnE � Gcn;3;

(("; �; 
); �)) 7�! ("; �; 
)� :

This action, like every action of a group on a set, induces
an equivalence relation, the classes of which are called
orbits, for example

Sn(("; �; 
)) = f("; �; 
)� j � 2 Sng

is the orbit of (",� ,
). Properties (1) and (2) of definition
4.3 are preserved by this operation. Therefore Sn also
operates on Mn.
4.4 Corollary A structural formula of a molecule with n
atoms contained in E corresponds to an orbit of Sn on the
set Mn, i.e. the set of structural formulae of molecules
built from n atoms in E is the set of orbits

Sn==Mn:

Hence the problem of construction of all structural for-
mulae, i.e. all constitutional isomers of the molecular for-
mula in question, amounts to the evaluation of a complete
system of representatives of these orbits of the symmet-
ric group. This is obviously an algebraic problem. To
solve it, the efficient application of group theoretic meth-
ods is the method of choice. Double cosets can be used,
as pointed out by G. Pólya in his seminal paper already.
Another useful tool is orderly generation, as indicated by
R. C. Read, see [5–9].

5 Applications

Having described the mathematical tools which form the
basis of an efficient, systematic and complete generation
free of redundance of all structural formulae that corre-
spond to a given molecular formula and (optional) further
restrictions, we are now in a position to list a few software
packages that use these methods.

To begin with, we mention three kinds of structure
generation problems:

� Generation of structures based on a molecular for-
mula,

� generation based on a given set of reactions and
reactants,

� generation based on a generic structural formula,
e.g. a Markush formula.

These will be discussed in the following subsections.
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5.1 Generation Based on a Molecular For-
mula

MOLGEN is a generator of structural formulae corre-
sponding to a given (well-defined or fuzzy) molecular
formula and (optional) further restrictions imposed by the
user (see e.g. [10]). For example, depending of the ver-
sion of MOLGEN used, the following numbers can be
restricted by upper and lower bounds, i.e. we can force
MOLGEN to generate just those constitutional isomers
for which the following numbers belong to user-defined
intervals:

� the total number of atoms, of heteroatoms, of co-
valent bonds, numbers of single, double and triple
bonds, double bond equivalents, numbers of rings
of specified sizes, molecular mass, total charge,
number of unpaired electrons, numbers of atoms
of specified atomic states, hydrogen distribution
(number of C, CH, CH2, CH3 groups, etc.), and
occurrence numbers of particular substructures.

Substructures can be prescribed, e.g. hydroxyl groups
etc., or forbidden by the user in various ways:

� A goodlist of substructures that may overlap can
be prescribed, as well as a goodlist of substructures
that must not overlap,

� together with a badlist of forbidden and not over-
lapping substructures.

Moreover, the user can force the generator to

� produce all the corresponding constitutional iso-
mers, or just those that contain at least one ring,
or, alternatively the isomers that do not contain any
ring.

Further features of MOLGEN allow to check restrictions
after the generation, e.g.

� aromatic bonds can be identified, and correspond-
ingly aromatic duplicates can be eliminated.

� Symmetry aspects with respect to the symmetry
group of the structural formula (which may, of
course, be larger than the geometric symmetry
group) can be used, for example, to give a lower
bound for the number of carbon signals in a 13C
NMR spectrum.

MOLGEN applies a lot of algebra (groups and double
cosets of groups, for example), as well as of combina-
torics (orderly generation etc.). One of the crucial points
is the following one, extremely important for applications
(e.g. for the generation of large combinatorial libraries,
for the generation of patent libraries, or for the use of in-
house databases, see [11]):

� The molecular graphs are constructed in a canoni-
cal form, so that it is easily checked whether or not
a generated structural formula is already contained
in the current file of molecules — or in any other
database generated by or imported into MOLGEN.

We shall return to this in the relevant subsections. Fur-
ther details can be found in the MOLGEN home page
(www.mathe2.uni-bayreuth.de/molgen4/). The structure
generator can be used (in a restricted version) also online.
MOLGEN is quite fast depending, of course, on the con-
ditions the user imposes. For example, if just the molecu-
lar formula is given, MOLGEN produces within a second
several thousand isomers of moderate size on a standard
PC. Table 2 lists for all molecular formulae based on E4
with mass 146 and at least one C atom the number of
structural formulae (RC) together with the CPU time (in
seconds) on a 2.53 GHz Pentium 4 PC.

5.2 Chemical Education

For the purpose of chemical education, we developed an
interactive online course on molecular symmetry and iso-
merism including stereoisomerism, called UNIMOLIS
([12]). The course is freely accessible in the internet
(www.unimolis.uni-bayreuth.de) in English or German.
A somewhat limited version of MOLGEN is available
within UNIMOLIS for the generation of constitutional
isomers for a molecular formula entered by the student.
The course is also available on CD, in this case to use the
generator an internet connection is required.

In the most recent version of UNIMOLIS to be re-
leased soon, the student for the first time is given the op-
portunity to apply molecular mechanics calculations to a
molecule of his choice, and to observe within that frame-
work the structural and energetic effect of any molecular
deformation. Moreover, for a given constitution repeated
molecular mechanics calculations starting from random
atom coordinates will generate and visualize stereoiso-
mers.

5.3 Generation of Combinatorial Libraries

Suppose a combinatorial library is described in terms of a
set of building blocks and a set of chemical reactions that
link building blocks by means of their functional groups.
This corresponds to linking molecular graphs by means
of well-defined procedures acting on well-defined sub-
graphs (see [13, 14]). So we can generate the complete
library quickly, exhaustively and free of redundance. A
prominent example are the libraries described by Carell
et al. in [15], where there is a central molecule contain-
ing carboxylic acid chloride functions, to which various
amine starting materials are attached via amidation.

Already here, during the generation of the library, the
importance of the canonical form becomes obvious. If
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we admit 20 different amines to be attached to 4 car-
boxylic acid chloride functions that cover, in a tetrahedral
arrangement, the cubane skeleton, then a purely combina-
torial approach would result in 204 = 160000 seemingly
distinct products. However, due to the high symmetry of
the central molecule, no more than 13700 of these are in
fact distinct. Such a generation is an algebraic problem
rather than simply a combinatorial one, group theory is
intensively used (see e.g. [7–9]).

5.4 Evaluation of Molecular Libraries,
QSPR

The basic problem of QSPR (quantitative structure prop-
erty relationship) work is to describe the numerical values
of some experimental property of compounds in terms
of their molecular structures. The aim is to predict, by
means of such a relationship, the property values for
some other compounds in the same compound class, or
even for all compounds in a certain structure space. The
software package MOLGEN–QSPR was developed to as-
sist the scientist in all steps of this endeavor. MOLGEN–
QSPR allows to import, to generate or to manually edit
the structures of the learning set of compounds (the real
library), to import or to manually input property values,
to calculate numerical values of quite a lot of molecular
descriptors, to derive, using various methods of statisti-
cal learning, mathematical models for the property of in-
terest (QSPR equations), and to apply such a model to
a list of structures or to all structures in a somehow de-
fined class of compounds (the virtual library), that again
are produced completely and free of redundance by the
generator. For applications see [16] and [17].

5.5 Patent Libraries

Patents in chemistry often claim a whole library of com-
pounds, a patent library, defined by a generic structural
formula, a Markush formula. We present a particularly
simple example of two patent libraries to be compared, in
order to illustrate the problems to be overcome [18].

The first formula is taken from [19]:

(CH2)
Cl

OH

R1

R2

R3

m

R1 : CH3 oder C2H5 (variation of substituents)
R2 : Alkyl (variation of homology)
R3 : NH2 (variation of position)
m : 1–3 (variation of chain length)

In order to obtain a finite library, we restricted substituent
R2 to include 1–6 C atoms.

The second Markush formula was constructed by us
in order to demonstrate in an easy way the crucial points:

R1 : CH3, C2H5, OH
R2 : Alkyl (1–6 C atoms)
R3 : OH, OCH3, OC2H5, CH3, C2H5

R4 : OH, CH2Cl, NH2

R5 : H, CH3, C2H5, NH2

MOLGEN-COMB constructs the corresponding libraries
L1 and L2 in a few seconds, using a reaction-based gen-
eration. These libraries are of the order

jL1j = 396; jL2j = 5939;

which are the numbers of compounds contained therein.
The first point we should like to emphasize is that in the
L2 case a purely combinatorial approach yields the num-
ber 3 � 33 � 5 � 3 � 4 = 5940 of possible combinations of
the admissible substituents. However, due to the symme-
try of the benzene skeleton, one structure appears twice
(R5 = H, R1 = R4 = OH and R2 = C2H5, R3 = CH3 or R2

= CH3, R3 = C2H5), and MOLGEN automatically elimi-
nates the duplicate.

The second important and absolutely crucial point is
the canonical form in which the structural formulae of
the members of these libraries are produced. Automatic
comparison of canonical forms shows in a few seconds
that there is an overlap. If either Markush formula rep-
resented a claim in one of two patents, the two patent
assignees would face a problem, since the intersection of
these two libraries is not empty, it consists of four ele-
ments:

jL1 \ L2j = 4:

Here is the overlap found:
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5.6 Structure Elucidation

Another important application of structure generation is
in structure elucidation. Here a chemical structure best
fitting a given set of spectroscopic data for an unknown
compound is to be found (see e.g. [20]).

A database search for the spectra of an unknown is
more or less likely to find hits if the unknown was ob-
tained and examined previously. Columns 4 and 5 of Ta-
ble 2 give the number of compound entries for a particular
molecular formula in the Beilstein database [21], and the
number of corresponding mass spectra in the NIST MS
database [22]. The Beilstein database is the largest col-
lection of known organic compounds worldwide, and the
NIST MS database is one of the most comprehensive of
its kind. Comparison of entries in the two columns shows
that for most known compounds a mass spectrum is not
available in the NIST database, even for a molecular mass
as low as 146.

Comparison of the “Beilstein” and the “Structural
formulae” columns of Table 2 shows how small a frac-
tion of mathematically possible structural formulae exist
as known organic compounds. In fact, since column 2
refers to RC, it gives a lower bound of possible struc-
tures (nitro compounds or nitrates, for example, are not
included). Beilstein, on the other hand, does of course
register nitro compounds and nitrates, and furthermore
registers stereoisomers and isotopomers separately. So
column 4 gives an upper bound of known structural for-
mulae (constitutions). Thus the ratio of known existing
constitutions to possible constitutions is even lower than
would be expected from the numbers in columns 4 and 2.

Most structure elucidations, in particular the non-
trivial ones thus deal with new compounds. Classically,
structure elucidation is done in three steps [23]:

i) Structural features are extracted from spectral data.

ii) All structural formulae compatible with these
structural properties are generated.

iii) For the generated structures virtual spectra are cal-
culated and compared to the experimental spec-
trum, the spectra/structures are then ranked accord-
ing to goodness of fit.

While step ii) is essentially solved by structure generators
such as MOLGEN, steps i) and iii) still pose challenging
problems.

Bearing in mind the numbers from column 2 in Table
2, it is obvious that in step i) we have to find restrictions
that are highly selective, so as to efficiently downsize the
library of potential hits. At the same time restrictions
must not be overselective, so as not to exclude the cor-
rect structure.

For example, a restriction highly efficient in the
case of polycyclic compounds is the limitation to graph-
theoretically (gt) planar compounds. A survey of the
Beilstein database found that very few known compounds
are gt-nonplanar [24], whereas many or even most of the
candidate structures generated for a polycyclic unknown
are gt-nonplanar. However, if the unknown happens to be
gt-nonplanar, its correct structure will be missed under
this restriction.

In the case of a synthetic product, the chemist often
is able to provide some guidance for step i) (starting ma-
terials, experimental conditions, etc.), but in the case of a
new natural product equivalent information is obviously
not available. Spectroscopic methods providing informa-
tion are numerous, it is, however, everything but easy to
automatically and reliably translate this information into
useful restrictions for the generation process.

As was demonstrated above, the most important in-
put for a generator is a molecular formula. The method
of choice to obtain this information nowadays is MS or
the combination GC/MS, thanks to its high sensitivity
and resolution. The method is applicable automatically
even for large combinatorial libraries. In case of a low-
resolution MS only being available, the software pack-
age MOLGEN-MS [25, 26] can give suggestions to iden-
tify the molecular ion peak, and then it provides possible
molecular formulae for that molecular mass.

Further, using the tools developed by Varmuza [27,
28], MOLGEN-MS is able to identify from the mass
spectroscopic peak patterns substructures that are either
present or absent.

As to step iii), MS simulation is presented in [29], and
first results on the quality of structure ranking according
to MS fit are reported in [30]. These procedures are also
incorporated in MOLGEN-MS.
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Table 2. Molecular formulae with mass 146 and at least one C atom, numbers of
structural formulae together wit the CPU time for structure generation (in seconds),
numbers of structural formulae included in the Beilstein and the NIST MS database

Molecular Structural CPU Beilstein NIST MS
formula formulae time database database

CH2N6O3 76720 0.2 0 0
CH6N8O 97234 0.3 0 0
C2H2N4O4 216893 0.6 0 0
C2H6N6O2 971399 2.4 1 0
C2H10N8 57508 0.2 0 0
C3H2N2O5 137656 0.4 0 0
C3H6N4O3 2429018 6.2 10 1
C3H10N6O 749873 2.1 0 0
C4H2O6 9986 0.1 1 0
C4H6N2O4 1432731 3.9 22 0
C4H10N4O2 2125930 5.9 33 1
C4H14N6 68990 0.2 0 0
C5H2N6 7055345 14.8 1 0
C5H6O5 95870 0.3 28 2
C5H10N2O3 1360645 3.8 153 9
C5H14N4O 311390 1.0 6 0
C6H2N4O 26123593 49.9 3 0
C6H10O4 97394 0.3 345 25
C6H14N2O2 257122 0.8 249 3
C6H18N4 6742 0.0 7 2
C7H2N2O2 17388955 34.1 0 0
C7H6N4 96024197 196.1 94 10
C7H14O3 22151 0.1 672 36
C7H18N2O 9780 0.0 52 2
C8H2O3 1187784 2.7 2 0
C8H6N2O 109240025 217.7 177 14
C8H18O2 1225 0.0 334 28
C9H6O2 9660231 20.4 45 4
C9H10N2 46024195 98.6 411 22
C10H10O 7288733 17.2 421 34
C11H14 950064 2.7 450 52
C12H2 3571212 65.0 1 0
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6 The Geometric Level

Molecules live in 3D space, and so the final aim is to
construct all distinct stereoisomers (configurations) cor-
responding to a given constitutional formula. Unfortu-
nately, a stereo generator able to automatically construct
stereoisomers efficiently, exhaustively, and free of redun-
dance is not yet available. At hand are energy models
such as Allinger’s molecular mechanics programs ([31–
33]), that allow to find some local minima of the particu-
lar energy function, corresponding to some conformers.
Other software packages such as Gasteiger’s CORINA
[34] arrive at similar results by a different procedure.
However, these packages do not find systematically all
conformers, there is even no guarantee that the very low-
est (in energy) conformer is found in every case. More
importantly, often the chemist is not interested in the con-
formers but in the stereoisomers, as said above. Work on
this problem is going on in this laboratory.

Financial support by the BMBF under contract
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インシリコ分子：構造式の生成とその応用
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コンビナトリアルケミストリー，構造解析，および化学の他分野における情報処理においては，コ
ンピュータ支援による構造生成（ある決まった構造空間のなかで，すべての構造 (構造式)をコンピュー
タの助けにより生成させること）がますます重要になっている．この総説では，古典的な分子モデル
とその生成プロセスの数学的な基礎を概観する．さらに，構造式生成の現状を，Bayreuthグループに
より開発されたソフトウェアへの応用を例にとって議論する．

キーワード : 分子グラフ,構造式,分子生成ソフトウェア,構造解析,化学特許,コンビナトリアルライブ
ラリー
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