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The principle of minimum chemical distance, a modern quantitative version of the classi­
cal principle of minimum structure change, can now be applied with precision. - In this 
article we describe for the first time the PEMCD, a computer program for the deter­
mination of the exact minima of chemical distance. The PEMCD solves the combinatorial 
n!-problem for the chemically relevant cases through an approach that is based on chemi­
cal and graph theoretical reasoning. The underlying theory and algorithms of PEMCD 
are discussed. PEMCD does not have the flaws of the previous PMCD-program that 
finds the minima of chemical distance through an algebraic approximation. In some cases 
the prerequisites of this approximation are not met, and then the PMCD-program may 
find false minima of chemical distance (i.e. local minima instead of global).

1. Introduction
Chemical distance (CD) is an elemen­

tary concept with almost ubiquitous im­
plications and applications in chemistry. 
Although CD, as a notion, is independent 
of computer assistance in chemistry, its 
rife importance was primarily recognized 
through computer-assisted chemistry.

With CD we have for the first time a 
well-defined quantitative measure of 
chemical similarity, and the notion of CD 
is indispensable for the systematic classi­
fication and documentation of chemical 
reactions.

The intuitive principle of minimum 
structure change that has guided chemists 
since the middle of the nineteenth century 
can now be formulated with precision and 
in quantitative terms as the principle of 
minimal chemical distance (PMCD). The 
PMCD is a versatile and powerful device 
for chemical reasoning, including auto­
mated reasoning, and it is one of the basic

rules of the game in logic-oriented com­
puter assistance in chemistry.

The development of problem-solving 
computer programs started about twenty 
years ago, and until the last decade there 
was unlimited optimism about the pro­
spects of computer assistance in chemis­
try. Some chemists even feared that com­
puters will take over many of the intel­
lectual activities in chemistry, and that 
computers will usurp some jobs of chem­
ists, or, at least, deprive chemists of their 
prestige.

In the meantime the chemical commun­
ity is somewhat disappointed with com­
puter assistance in chemistry. There is 
some «Katzenjammer» among those who 
have expected miracles. We still do not 
have any batch programs that solve 
chemical problems in some astounding 
way, not even in a fully satisfactory 
manner, neither in the field of synthesis 
design, nor in automated structure eluci­
dation from spectroscopic data, nor in 
other areas. It seems that no dramatic 
progress can be expected for the foresee­
able future.

Nevertheless, there has been steady 
progress in the development of computer 
programs for chemistry, and in the near
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future a variety of interactive computer 
programs for the solution of complex 
chemical problems by small computers 
will be available.

These programs will be expert systems 
in the sense that their users must be ex­
perts. These programs will do the logic 
and combinatorial work in solving chemi­
cal problems, and they will also make 
decisions that can be reached by formal 
procedures, but all decisions that require 
chemical knowledge, experience, and 
intuition will be left to the expert user.

The usefulness of computer programs 
for the solution of chemical problems de­
pends very much on effective selection 
procedures that are capable of picking in 
a non-arbitrary manner the few desirable 
solutions of a given problem from the im­
mense number of conceivable solutions 
that a computer may generate. This holds 
particularly for the mathematically-based 
computer programs for chemistry1'1. Due 
to new ways of classifying the results, 
these logic-oriented computer programs 
are now maturing into widely usable rou-
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tine tools of chemists121. The interactive 
operating mode with a clear division of 
duties between the computer and its user 
as here definite advantages. Thus the ca­
pabilities of man and machine are best ex­
ploited. Heuristic rules and selection pro­
cedures are avoided through the use of 
hierarchic classification and purely for­
malistic selection procedures13"61. Since 
there is no heuristic rule that is equally 
valid throughout all of chemistry, the 
fully automated application of heuristics 
to computer-assisted chemistry may often 
lead to arbitrary decisions.

The principle of minimum chemical 
distance[H1 is the foundation of increa­
singly important formalized selection pro­
cedures. In logic-oriented computer 
chemistry the PMCD provides effective 
formal procedures for obtaining realistic 
results.

The PMCD, a computer-oriented ver­
sion of the classical principle of minimum 
structure change, follows from the theory 
of the BE- and R-matrices19"111. This 
mathematical model of the logical struc­
ture of constitutional chemistry was pub­
lished in 1973, and it is now the theo­
retical foundation of a great variety of 
computer programs for the deductive 
solution of chemical problems1' 21.

The PMCD says that the result of a 
chemical reaction is generally achieved by 
the redistribution of a minimum number 
of valence electrons. A minimum number 
of covalent bonds are generally broken/ 
made during a chemical reaction that fol­
lows the PMCD; a maximum set of maxi­
mum substructures is thus preserved181.

The classical principle of minimum 
structure change during chemical reac­
tions was enunciated by Kolbe in 18501'21. 
This heuristic, intuitive, and somewhat 
vague principle has been modified and 
reformulated many times1'31. In the tradi­
tional educt/product oriented graph theo­
retical treatment of chemical reactions, 
the prinicple of minimum structure 
change has been stated as the principle of 
the maximum common subgraph in the 
educts and products of a chemical reac­
tion1'41 (see Scheme 1).

A chemical reaction, or sequence of 
reactions, is the conversion of an ensem­
ble of molecules (EM) into an isomeric 
EM. The chemical distance (CD) between 
any two isomeric EM depends on the 
atom-by-atom correlation of the EM; the 
number of valence electrons that are re­
distributed during a chemical reaction is a 
function of the mechanism of the reac­
tion181 (see Schemes 3-7).

If the mapping of the EM is not spe­
cified, a redistribution of the minimum 
number of valence electrons is assumed 
for the interconversion of the EM, and it 
is used as the CD between these EM, i.e. 
their minimum CD (MCD) is then their 
CD.

The CD is a quantitative measure of 
similarity for isomeric molecules and en­
sembles of molecules. The concept of CD

and the PMCD are useful, sometimes 
even indispensable, for many purposes in 
chemistry, e.g. the detailed description 
and systematic documentation of chemi­
cal reactions1'51, the elucidation of reac­
tion mechanisms and metabolic path­
ways1’1, and the design of syntheses, be it 
by the retro-synthetic1161, or the bilateral 
approach1”1.

In general, the application of the 
PMCD involves the solution of a formi­
dable combinatorial problem. In order to 
find the atom-by-atom mapping of an 
EM with n atoms onto an isomeric EM 
under the condition of MCD, one must 
solve a linear assignment problem that 
corresponds to a combinatorial n!-prob- 
lem.

In this article we describe for the first 
time a program for the determination of 
the exact minimum of chemical distance, 
PEMCD. The PEMCD solves the MCD 
problem for the majority of the chemi­
cally relevant cases through an approach 
that is based on chemical and graph theo­
retical considerations.

A previous computer program for the 
approximation of the minimum of chemi­
cal distance, the PMCD-program17, 81, 
relied on an algebraic approach, and the 
approximation standpoint that the linear 
assignment problem can be replaced by a 
more easily solved quadratic assignment 
problem. We developed the present 
PEMCD, since we noticed that the 
PMCD-program may not perform in a 
satisfactory manner, whenever the 
changes in bond order do not all have the 
same value, e.g. in the case of the Streith 
reaction1'8, ‘91.

Scheme J: Maximum common subgraph.

Scheme 2: Maximum set of maximum common subgraphs.

Ph = Phenyl-

2. PMCD and the
Classification and Representation of 
Chemical Reactions

In a reaction, or sequence of reactions 
along a pathway of MCD a minimum 
number of covalent bonds is broken/ 
made and a minimum number of lone 
valence electrons changes its placement, 
we have no redundant bond breaking/ 
making, i.e. a chemical bond is either bro­
ken, or made, but not broken, remade 
and broken again etc.181.

In some cases (e.g. the Streith reac­
tion1'8,191), the energetically preferred reac­
tion mechanism is «a little longer» than 
the MCD pathway.

During a reaction, or sequence of reac­
tions according to MCD maximum sets of 
maximum common subgraphs are pre­
served (e.g. in Scheme 2).

The maximum common subgraph ver­
sus the maximum set of maximum com­
mon subgraphs is illustrated by the hy­
drolysis of tert-butyl benzoate in Schemes 
1 and 2.

The example of the Streith reaction in 
Schemes 3-7*)  demonstrates that in many 
cases the unique representation of chemi­
cal reactions is not trivial matter, and that 
atom-by-atom mappings of the educts 
onto the products are definitely needed 
for unambiguous representations of

*) In Schemes 3-7 symbols of H atoms are omitted 
for the sake of simplicity.
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chemical reactions. These Schemes 3-6 
are the result of a «Summer Reaction 
Mechanism Contest» at the University of 
California, Los Angeles, in 1983 that was 
directed by M.E. Jung who also con­
fronted us with this problem, inviting a 
computer-assisted solution.

The contestants had to propose a plau­
sible mechanism for a reaction that had 
been published by Streith et al.[l8] in 1982 
(see below). Four of the proposed reac­
tion mechanisms (Schemes 3-6) were ac­
cepted by the jury as chemically plausible.

The mechanism of the Streith reaction 
was elucidated by Streith et al.1191 in 1985. 
It corresponds to Scheme 3, the mecha­
nistic proposal by M.E. Jung. This reac­
tion mechanism is also contained in a net­
work of reaction mechanisms (Scheme 7) 
that has been recently generated by the 
computer program RAIN161.

The solutions of Scheme 4 and Scheme 
6, as well as two further solutions with an 
MCD of 28 were found by PEMCD (see 
below) as the MCD reaction pathways 
for the Streith reaction. This demon­
strates that for a complex chemical reac­
tion more than one mechanistic pathway 
of MCD may be conceivable, and compa­
tible with the experimental evidence that 
is available.

When the Streith reaction was subjected 
to the previous PMCD-program17, 81, it 
was first rejected. After the phenyl group 
had been represented as hyperatom, it 
was, however, accepted. The PMCD-pro­
gram then produced the solution of 
Scheme 5 with CD = 32. The reasons for 
the discrepancy between the results of the 
PEMCD and the PMCD-program are 
due to the approximation standpoint of 
the PMCD-program (see below).

The proposal of Scheme 4 with 
CD = 28 is also compatible with recent 
experimental results of Streith et al.1191 yet 
it is less probable, because it contains an 
unprecedented type of hydrogen shift. A 
similar reaction of 3-methylthiopyrone by 
the mechanism of Scheme 4 would re­
quire an even less likely migration of a 
methyl group1191.

The preference of Scheme 3 in chemical 
reality shows that a reaction pathway 
with a CD one level above the MCD (for 
non-radical reactions the CD increases in 
increments of four units) may have ener­
getic advantages over those with MCD.

The fact that multistep reaction mecha­
nisms and sequences of chemical reac­
tions may sometimes slightly deviate from 
MCD, means that the PMCD is not 
strictly valid, and that when it is applied, 
not only the reaction pathway of MCD 
must be considered but also those at one, 
or even two levels above the MCD. The 
mechanistic reasons for the deviations of 
multistep processes from the MCD arc 
mostly interesting.

Note that in none of the Schemes 3-6 
the atom-by-atom correlations of the 
educts and the products are identical with 
any of the others, and that in each case 
different sets of bonds are broken/made. 
A systematic documentation of the

Scheme 3: Number of bonds changed: broken 8, made 8; CD = 32.

Ph - N = O

Scheme 4: Number of bonds changed: broken 7, made 7; CD = 28.

Ph - N = 0

Scheme 5: Number of bonds changed: broken 8, made 8; CD = 32.

Streith reaction beyond merely stating the 
educts and the products, thus requires a 
statement about the atom-by-atom corre­
lation of the educts and the products that 
simultaneously indicates the bonds bro­
ken/made.
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Scheme 6: Number of bonds changed: broken 7, made 7; CD = 28.

Ph - N = 0

3. Applications of the PMCD

The PMCD has many applications in 
computer-assisted chemistry. The PMCD, 
or an equivalent device is indispensable in 
the systematic classification and docu­
mentation of chemical reactionsll,J. Not 
only the PMCD, but also a hierarchic 
classification of chemical reactions fol­
lows immediately from the theory of the 
BE- and R-matricesP1.

From 1977 on a documentation system 
for chemical reactions1151 that is founded 
on the PMCD and this hierarchical classi­
fication has been developed. Some other

recently proposed graph theory based 
documentation systems of chemical reac­
tions120"221 are similar. Their underlying 
graph-theoretical approaches to chemical 
reactions are isomorphic to parts of the 
algebraic theory of the BE- and R-ma- 
trices. However, the latter systems are in­
complete, since they do not use the 
PMCD or any comparable device for 
atom-by-atom correlation of the educts 
and the products, and the detection of the 
reactive sites in order to ensure unique­
ness in representation. For computer use 
the graph-theoretical representations of 
reactions must be converted into alge­
braic terms.

The PMCD is also useful for detecting 
similarities of molecular systems12’1, 
because it enables us to find the maxi­
mum set of maximum substructures that 
is common to any two comparable EM.

The common biochemical precursors of 
related natural products could, for in­
stance, be thus detected by PMCD (see 
below).

Furthermore, the PMCD is helpful in 
the study of reaction mechanisms, since it 
provides a complete numerical labeling of 
the atoms in the educts and the products 
of chemical reactions.

Isotope labeling experiments yield only 
a partial correlation of atoms in the 
educts and products of chemical reactions 
or their sequences. This atom-by-atom 
mapping also indicates the bonds that 
must be broken and made in order to 
achieve the given chemical result (see 
Schemes 3-6).

Scheme 8 illustrates the application of 
PEMCD to a biosynthetic route that has 
been postulated by Battersby and 
Parry1241. Under the assumption that in 
biochemistry the economy of bond break- 
ing/making is also generally prevalent, the 
plausibility of the aforementioned biosyn­
thesis is supported by the fact that it is a 
pathway of MCD.

Since the PMCD can also be applied to 
sequences of chemical reactions, it is use­
ful as a guiding principle for computer-as­
sisted design of synthesest5-6-25^ and the

Scheme 7: Network of reaction mechanisms generated by RAIN161.

Ph
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Scheme 8: Biosynthesis of chinchonidine.

Intermediate

elucidation of metabolic pathways. When 
trees of reaction pathways are generated, 
e.g. in retro-synthesis, «curling» path­
ways can be avoided by the use of the 
PMCD. When reaction networks are bi­
laterally generated, the application of the 
PMCD ensures directed growth of the 
pathways from both ends, and joins the 
tree from the educts with the tree from 
the products in an optimum fashion121.

4. Theoretical Foundations of the PMCD
The PMCD belongs to the theory of 

the BE- and R-matrices1’“"1 whose essen­
tial features are discussed in this section.

The chemical constitution of molecules 
or ensembles of molecules with n atoms is 
represented by their nxn symmetric BE- 
matrices (bond and electron matrices) B 
and E. The conversion of an educt- 
EM(B) with n atoms into an isomeric 
product-EM(E) by a chemical reaction is 
represented by the matrix equation

B + R = E

were R is an n x n reaction matrix that 
describes the redistribution of the valence 
electrons during the process EM(B) h-> 
EM(E).

The rows/columns of B and E are as­
signed to the atomic cores belonging to 
EM(B) and EM(E), the beginning and the 
end of the reaction. The positive integer 
entries b^ and e^ of B and E indicate the 
covalent bond orders between the atoms 
Aj, Aj and the redistribution of the lone 
valence electrons. The reaction matrix (R- 
matrix) J? is a symmetric matrix with 
positive and negative integer entries r^ 
that indicate the changes of the formal 
covalent bond orders and the redis­
tribution of lone electrons. We have

^ = 0

but

rf(B,E) = 27|^-e1J|=27|rJ^O 
u 'J

The function <AB,E) is called the chemical 
distance between EM(B) and EM(E)P ’’.

Cinchonidine

In an EM with n atoms the atoms can 
be indexed in up to n! distinct ways, and 
thus EM(B) and EM(E) can be repre­
sented by up to n! distinct BE-matrices 
B' = PBP~l and E' = P E P~l with 
permuted rows/columns; this corresponds 
to a permuted assignment of the atoms of 
the EM to the rows/columns of the BE- 
matrices. P is an n x n permutation ma­
trix. The CD is a function

F(P) = r7(B,P- £•?-') = J|^-eijiP|

of the atom-by-atom correlation of 
EM(B) and EM(E). The indexed atoms in 
EM(B) and EM(E) may be mapped onto 
each other in up to (h!)2 different ways. 
Without guiding concepts, the trial-and- 
error search for a correlation of atoms 
that corresponds to the minimum of 
r/(B,E) would require the determination 
of up to (n !)2 atom-by-atom bijections of 
EM(B) onto EM(E). In a preceding pa­
per181 proof was given that n\ or fewer 
atom-by-atom bijections suffice to find by 
trial and error an atom-by-atom bijection 
with MCD.

In a mathematical sense, the CD is a 
genuine distance, and it has geometric 
meaning: An h x n BE-matnx is repre- 
sentable by a BE-point P(B) in a «^di­
mensional euclidean space JR"’. With a 
given assignment of the atoms in EM(B) 
and EM(E) to the rows/columns of their 
BE-matrices B and E, <7(B,E) is precisely 
the ^-distance («city block distance») be­
tween the points P(B) and P(E) that re­
present EM(B) and EM(E).

An EM(B) corresponds to a cluster of 
up to «! BE-points P(B ) = P(P B P ) 
The structure of these clusters is such that 
for each P(B) there exists a point in the 
cluster of the P(E) whose CD from P(B) is 
the MCD. The clusters of BE-points be­
have like parallel planes in which each 
point of a plane has a closest point on a 
parallel plane.

5. The Approximate Determination of 
MCD by Quadratic Assignment

An exhaustive calculation of the up to 
n! distinct mappings, EM(B) i—> EM(E),

CHIM1A 42 (1988) Nr. 6 (Juni)

and the selection of those with MCD, i.e. 
determination of isomorphic subgraphs, 
is, in general, not feasible.

In contrast to graph isomorphism, sub­
graph isomorphism has not yet been ex­
plored to any appreciable extent[26,271, due 
to the np -complete1281 nature of the prob­
lem.

In order to solve this np-complete 
problem the so-called PMCD-program17,81 
(program for minimal chemical distance) 
was developed. The PMCD-program is 
based on the approximation standpoint 
that the minimum of d(B,E) corresponds 
to the minimum of D(B,E), the euclidean 
L2-distance, and to the maximum value of 
B x E, the inner product of the BE-ma- 
trices181:

min d(B,E) = min 27|rJ = min 27 (r )2 
ij ij

= min £>(B.E)

This is true, if all non-zero ris have the 
same absolute value |r;j|, but not other­
wise. There exists, however, a wide va­
riety of reactions whose reaction matrices 
require non-zero entries rij= 1, 2, ... (see 
Schemes 3-6). In such cases the minima 
of CD and euclidean distance do not 
coincide.

In the PMCD-program the linear as­
signment problem is replaced by a qua­
dratic assignment problem and the min­
imum of euclidean distance is determined 
with the aid of the well-known branch- 
and-bond algorithms of Burckard et al.[291.

6. The Exact Solution of the
Minimum Chemical Distance Problem

Our new PEMCD-algorithm relies on a 
combination of chemical and mathe­
matical considerations. The problem is re­
duced, and partitioned into smaller sub­
problems according to chemical and 
graph-theoretical considerations. These 
subproblems are solved by exhaustive 
permutation of the local atom-by-atom 
mappings; the solutions that comply with 
the PMCD are selected.

Some solutions that are close to the 
MCD may also be of interest (see Scheme 
7). The PEMCD affords generally the 
exact solutions to the MCD problem and 
the atom-by-atom bijection problem for 
chemical reactions, and sequences the­
reof.

First, the educts EM(B) and the prod­
ucts EM(E) are subjected to a preliminary 
search for constitutionally equivalent 
atoms130-321 (a). This procedure provides 
some prima vista - possibly incomplete - 
information on the reactive sites that 
form the core of the reaction1151 and the 
invariant parts of EM(B) and EM(E).

With this information, the terminal 
subsets of connected reaction-invariant
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atoms are determined, and then treated as 
hyperatoms (b).

Subsequently the m terminal univalent 
(hyper-)atoms of the reacting EM are rep­
resented as distinct w-valent subunits, the 
so-called residues (c).

These considerations that are based on 
chemical structure lead to a partitioning 
of the atoms, hyperatoms, and residues of 
the reacting EM into intra- and inter- 
molecular equivalence classes.

If any equivalence classes of atoms in 
EM(B) and EM(E) have the same cardi­
nality, they are mapped onto each other 
and subjected to exhaustive permutation 
(d) in order to find all of the conceiveable 
chemically meaningful mappings. At the 
same time, we establish the atom-by-atom 
mappings of the remaining atoms in 
EM(B) and EM(E), with due considera­
tion of their atomic numbers. The combi­
nations of these mappings yield the com­
plete set of all chemically plausible solu­
tions to the atom-by-atom mapping prob­
lem. Their CD is determined in order to 
detect the solutions of MCD.

In this section the essential algorithms 
of PEMCD are described in greater de­
tail. The hypothetical disproportionation 
of dimethyl phosphite (1) into trimethyl 
phosphite (2) and monomethyl phosphite 
(3), or the reverse reaction (Scheme 9) is

used as an example in the explanation of 
the algorithms.

7. Essential Features of the 
PEMCD-Algorithms

(a) Recognition of the Equivalence Classes 
of Atoms

In order to detect inter- and intramo­
lecular constitutional equivalences of 
atoms, and the local isomorphisms of 
subgraphs in the formulas of EM(B) and 
EM(E), the union of EM(E) and EM(B) 
is subjected to a so-called relaxation 
algorithm, a modified CANON-algo- 
rithm130"321. Note that in contrast to 
CANON that operates on individual mol­
ecules, all atoms in the union of EM(B) 
and EM(E) are included in the treatment 
by this modification of CANON.

CANON takes into account simulta­
neously and with equal emphasis the 
chemical nature of the atoms and the 
graph of the molecule. CANON recog­
nizes any constitutional symmetries and 
equivalent atoms that are present. In con­
trast to the original algorithm CANON, 
the formal bond orders of the covalent 
bonds of the atoms are also considered by

the modified algorithm. The bonds are 
important for characterizing the effect of 
the reaction on the individual atoms.

Moreover, the termination criterion of 
CANON must be changed for solving the 
subgraph isomorphism problem. The 
computer-assisted detection of isomor­
phic subgraphs in chemical formulas has 
been studied in a different context by 
Sussenguth 1331 and Figueras[34]. They com­
pared local graph-theoretical properties in 
chemical graphs by means of an iterative 
Morgan-type algorithm[3SI. They used a 
termination criterion that enables the al­
gorithm to detect local equivalencies of 
nodes, and whether or not they are en­
tirely equivalent within the whole graph.

First, all atoms in EM(B) u EM(E) are 
characterized by a permanent identifying 
label (IL) and an atomic index (AI) that 
changes under iteration. The identifying 
labels are assigned ad libitum and are kept 
throughout the algorithm. The AI of an 
atom is derived from its atomic number 
(AN); the highest AN corresponds to 
AI=1, and the AI increases with de­
creasing AN, in analogy to the ClP-prior- 
ities[36].

The primary atomic descriptor (PAD) 
of an atom is a vector that consists of its 
AI, followed by the AI of its covalently 
bound immediate neighbors in their natu-

Scheme 9: Hypothetical disproportionation of dimethyl phosphite (1) into trimethyl phosphite (2) and monomethyl phosphite (3).

ProdJUEcU<t
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ral order, then followed by the formal or­
ders of their covalent bonds as is shown 
in Tables IB and IE. In analogy to the 
algorithm CANON, the atoms are or­
dered and reindexed by 2.AI according to 
their PAD.

Whenever the relaxation algorithm[37] 
generates an atomic descriptor (AD) for a 
member of EM(B) (or (EM(E)) without a 
corresponding AD for any member of 
EM(E) (or EM(B)) this member of 
EM(B) (or EM(E)) belongs to the core of 
the reaction, and not to an invariant part 
of the EM. The atoms in the core of the 
reaction are given an AI of «—1», as soon 
as they are recognized at any stage of the

iteration, enabling the above algorithm to 
detect those parts of EM(B) and EM(E) 
that do not participate directly in the 
reaction, i.e. the so-called invariant parts 
of the reactants.

Then the 2.AI are used to manufacture 
2.AD. The latter step is repeated in order 
to obtain the 3.AI and the 3.AD etc. etc. 
until the termination criterion of the algo­
rithm is fulfilled (see below).

The relaxation algorithm is terminated 
when no new AD are generated by fur­
ther iteration. This criterion ensures 
detection of locally isomorphic sub­
graphs in the formulas of EM(B) and 
EM(E)133'341

In general the relaxation algorithm 
produces a preliminary atom-by-atom 
assignment of the EM, and a preliminary 
identification of the reactive core and the 
invariant part of the reactants. Within the 
subgraphs of the intervariant parts in 
EM(B) and EM(E), it detects the corre­
sponding isomorphic counterparts.

(b) and (c) Hyperatoms and Residues
Hyperatoms are univalent polyatomic 

groups at the periphery of the molecules. 
They are not directly affected by the reac­
tion (Scheme 9). The hyperatoms corre­
spond to equivalence classes of atoms

Table IB: The IL, AI, and AD of EM(B) = {1,1}.

PAD 2. AD 3 .AD 4 .AD
Neighbor

Bond-
Neighbor Neighbor Neighboratoms atoms atoms

IL 1 .AI P 0 C H order 2. AI 2.AI 3. AI 3. AI 4. AI 4. AI 5. AI

1 1 o 3 o o 1 1 1 1 2 3 3 2(=-1)
2 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
3 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 3
4 4 o o 1 o 1 6 4 8 6 5 3 5
5 4 o o 1 o 1 6 4 8 6 5 3 5
6 4 o o 1 o 1 6 4 8 6 5 3 5
7 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
8 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 39 4 o o 1 o 1 6 4 8 6 5 3 5

1o 4 o o 1 o 1 6 4 8 6 5 3 5
11 4 o o 1 o 1 6 4 8 6 5 3 5
12 2 1 1 o o 1 1 2 1 5 4 -1 7 1 -1 4 1
13 4 o 1 o o 1 5 2 7 4 4 1 4
14 4 o o 1 o 1 6 4 8 6 5 3 5
15 4 o o 1 o 1 6 4 8 6 5 3 5
1 6 4 o o 1 o 1 6 4 8 G 5 3 517 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 318 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
19 1 o 3 o o 1 1 1 1 2 3 3 2(=-1)
2o 2 1 1 o o 1 1 2 1 5 4 -1 7 1 -1 4 1
21 4 o 1 o o 1 5 2 7 4 4 1 4
22 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 223 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 324 4 o o 1 o 1 6 4 8 6 5 3 5
25 4 o o 1 o 1 6 4 8 6 5 3 526 4 o o 1 o 1 6 4 8 6 5 3 5

Table IE: The IL, AI, and AD of EM(E) = {2,3}.

PAD 2. AD 3 .AD 4 .AD
Neighbor Neighbor Neighbor Neighbor
atoms Bond- atoms atoms atoms

IL 1 .AI P 0 C H order 2.AI 2.AI 3. AI 3.AI 4 .AI 4 .AI 5.AI

1 4 o 1 o o 1 5 2 7 4 4 1 4
2 2 1 1 o o 1 1 2 1 5 4 -1 7 1 -1 4 1
3 1 o 3 o o 1 1 1 1 2 2 3 1 (=-D
4 2 1 1 o o 1 1 2 1 5 4 -1 7 1 -1 4 1
5 4 o 1 o o 1 5 2 7 4 4 1 4
6 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
7 4 o o 1 o 1 6 4 8 6 5 3 5
8 4 o o 1 o 1 6 4 8 6 5 3 5
9 4 o o 1 o 1 6 4 8 6 5 3 5

1o 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 3
1 1 4 o o 1 o 1 6 4 8 6 5 3 5
12 4 o o 1 o 1 6 4 8 6 5 3 5
1 3 4 o o 1 o 1 6 4 8 6 5 3 5
14 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 3
15 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
16 1 o 3 o o 1 1 1 1 3 3 3 3(=-1)
17 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
18 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 3
19 4 o o 1 o 1 6 4 8 6 5 3 5
2o 4 o o 1 o 1 6 4 8 6 5 3 5
21 4 o o 1 o 1 6 4 8 6 5 3 5
22 2 1 o 1 o 1 1 3 1 4 5 -1 6 2 -1 3 2
23 3 o 1 o 3 1111 4 3 6 6 6 6 5 8 8 8 3 2 5 5 5 3
24 4 o o 1 o 1 6 4 8 6 5 3 5
25 4 o o 1 o 1 6 4 3 6 5 3 5
26 4 o o 1 o 1 6 4 8 6 5 3 5
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that occur with the same cardinality in 
the educts and products. Within the mo­
lecular graph the hyperatoms are detected 
by following the pathways that begin at 
the invariant terminal atoms.

The dissection of molecules into hyper­
atoms and residues leads to a further re­
duction of the problem. When we have m 
univalent atoms or hyperatoms that do 
not participate in the reaction, these are 
represented as a single m-valent unit 
(Scheme 9). In chemistry this approach 
has been used since 1878[38]; the widely 
practiced neglect of hydrogen atoms in 
the representation of molecules by 
«short-hand» formulas is, in essence, 
such a treatment. It should be noted that 
the relations of the atoms belonging to 
the residues and their intramolecular vi­
cinities are not lost in this approach, if 
the intramolecular and the intermolecular 
constitutional equivalencies of the atoms 
outside the hyperatoms and the residues 
are registered.

(d) Exhaustive Permutation of Atoms 
within Substructures

The aforementioned algorithms leave 
two types of uncertainties unresolved: In 
some cases no clear separation of the 
reaction core and the invariant part of the 
reactants is accomplished; some atoms 
may remain unclassified. In other cases 
the relaxation algorithm detects isomor­
phisms of more than two subgraphs, 
without being able to determine the cor­
rect intermolecular assignment of sub­
graphs. These uncertainties are removed 
by exhaustive permutation of the IL of 
the atoms in certain subsets of EM(E) 
and comparison of the respective chemi­
cal distances.

The aforementioned subsets are ana­
lyzed as follows: Hyperatoms and resi­
dues in EM(B) and EM(E) are directly 
mapped onto each other. The remaining 
atoms are screened for invariancy of the 
final AI under the reaction. What is left, 
are the atoms that belong either to the 
reactive core, or to the «uncertainties» of 
the invariant part. They are classified ac­
cording to their atomic numbers.

It took almost 15 years until the mathe­
matically based chemical computer pro­
grams have become generally usable tools 
of chemists. The new generation of inter­
active computer programs for the solu­
tion of chemical problems with the aid of 
small computers rests on a few pillars like 
the PEMCD. A fixed set of a few mod­
ules is used for the execution of tasks that 
occur again and again in the deductive 
solution of a variety of chemical prob­
lems.
These closely interdependent units are:
- CANON110-321 that is an algorithm and 

a computer program for the detection 
of constitutionally equivalent atoms 
and the unique indexing of the atoms 
in a molecule, with due consideration 
of constitutional symmetries. CANON 
operates on the first sphere of cova­
lently bound neighbors of the atoms in 
a molecule, the a-atoms. CANON and 
its modifications are used in almost all 
of our programs.

- Various modifications of the program 
CORREL1401 serve for substructure 
analysis and correlation. CORREL is 
based on a hierarchic network of all 
substructures that are considered. This 
approach avoids up-completeness of 
substructure analysis that is otherwise 
encountered. Hierarchic networks are 
now used in many computer programs 
that correlate substructures, e.g. 
HTSS1411, KO WIST1421, RESY1431, and 
the structure-activity program of Klop- 
man1441.
Presently, we develop a new version of 

CORREL that will operate with the sub­
structures that comprize the a, f, y- 
spheres of covalent neighbors of the indi­
vidual atom. The systems DARC1451 and 
HTSS work with two-sphere vicinities of 
covalent a,/?-neighbors. For substructure 
retrieval two spheres suffice, whereas the 
three spheres approach has advantages 
for substructure correlation.

Substructure correlation is done in its 
own right, e.g. for structure-activity rela­

Scheme 10: Synthesis and hypothetical interconversion of endiandric acids.

tions, but it is also used in the bilateral 
design of syntheses1171, in order to find the 
suitable starting materials for a given tar­
get, and for the suppression of forbidden 
substructures that are otherwise gener­
ated by IGOR13 41 and RAIN15"1.

8. Conclusion and Outlook
About 20 years ago the development of

problem-solving computer programs
began with the early information oriented
synthesis design programs1161, and the es­
sentially graph theory based DENDRAL
project1391.

Since then we have two approaches to
computer assistance in chemistry, one
relying mainly on empirical information
and heuristics, the other primarily based
on formal logic. The two distinct philo­
sophies still determine the development of
two distinct categories of computer pro­
grams for chemistry.

- Hierarchic classification of chemical 
reactions is used within IGOR, and in 
the systematic documentation of chem­
ical reactions1151.

- The (ransition table guided reaction 
generators TRG I and TRG II121 gen­
erate chemical reactions from a given 
BE-matrix, or a given R-matrix. TRG I 
is an essential component of RAIN, 
while TRG II is the backbone of 
IGOR.

- PEMCD correlates the atoms in the 
educts and products of chemical reac­
tions under the aspect of MCD. 
PEMCD can be used in its own right 
for many purposes (see above), but 
PEMCD is also an indispensable com­
ponent of the hierarchic documentation 
system for chemical reactions, and it 
will play an important role in the bilat­
eral design of syntheses, and in RAIN. 
The correlation of substructures and 

the determination of the minima of CD 
are the most difficult problems among 
those to be solved by the aforementioned 
modular subunits of logic-oriented chemi­
cal computer programs.

When we studied the hypothetical in­
terconversion of endiandric acids1461 
(Scheme 10) with PEMCD in order to 
find the common biosynthetic precursor, 
we noticed that PEMCD is unable to pro­
cess very large contiguous reaction cores. 
This means that we must improve 
PEMCD: Our universal substructure 
module1471 will be used to compare the 
educt and product EM in order to detect 
and account for subgraph isomorphisms. 
In the non-isomorphic subunits the reac­
tive centers are recognized by a modified 
version of CANON. The bonds that be­
long to the reactive centers are elimi­
nated; thus the graphs of the educt and

Endiandric acid A Endiandric acid E
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product EM become identical. Now the 
equivalent nodes in the latter common 
graphs of the educts and products are de­
termined by CANON. Since these now 
equivalent nodes were not all equivalent 
in the original graphs of the educts and 
products, some permutations of the corre­
sponding atomic indices must be analyzed 
under the aspect of MCD.

Just like recognition of the inability of 
the previous PMCD-program to deal ade­
quately with the Streith reaction1181191 has 
led us into PEMCD, the above study of 
the endiandric acids cascade will lead to 
improved versions of CORREL and 
PEMCD.

Chemical distance is a well-defined and 
simple concept; it has already become a 
household word. It implies rightfully the 
very esthetic metric topological nature of 
chemistry and relations within chemistry. 
«Chemical distance» was not a popular 
chemical notation much earlier, because 
the quantitative determination and prac­
tical use of chemical distance, and thus 
PMCD, requires sophisticated algorithms 
and complex computer programs whose 
development will still stay open-ended for 
a long time to come.
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