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Abstract

The paper defines a new type of chemical grapha, namely
synthon graphs, which are a class of reaction graphs
(vertices represent synthons, intermediates, or the tar-
get meolecule, while edges represent elementary reaction
steps). These graphs have, however, in common with con-
stitutional graphs, the mode of linking of various
synthons in the target molecule, which thus appears as a
pseudoconstitutional graph. A detailed general analysis
of synthon graphs involving up to four different synthons
is provided, followed by a cursory general analysis of
synthon graphs involving more than four different syn-
thons. For linear pseudoconstitutional graphs, induction
alleows treatment of the general case involving n synthons
and similarly for an n-membered cyclic pseudoconstitutio-
nal graph, the general case is discussed, A few practical
cases are used as examples of applicative value.

1. Graph-Thecoretical Preliminaries

Historically, the first recorded type of chemical graphs
is represented by constitutional (molecular) graphs, where
vertices symbolize atoms, edges symbolize covalent bonds i. e.
paira of shared electrons, and the whole graph is a molecule. As
mentioned by Rouvray 2 (ef. also Rouvray and Balaban 3), the
introduction of today's constitutional or structural formulas was
pioneered by Boskovi&, Higgins, Couper, Butlerov, Crum Brown,
Kekulé and others. 1t was also pointed out 3 that such censtitu-
tional graphs were subsequently refined in that edges may
nowadays symbolize more (as in the Hiickel 66 graph for benzene)
or less than a pair of shared electrons (as in deltahedral
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formulas for boranes, carboranes, metal clusteri,4 or other
electiron-deficient species such as polyhedral organic cations 5).

The second large group of chemical graphs ia represented
by reaction graphs, introduced in 1966 by ref. , where vertices
symbolize molecules or reactive intermediates such as ions or
free radicals, edges symbolize elemantary reaction steps, and
the whole graph represents & reacting chemical system. Soon after
the initial paper dealing with 1,2-shifts in carbenium ions was
published,” Ramirez discovered independenily the same reaction
graph applying it to intramolecular rearrangements of peataco-
ordinated ayntels.T Mislow and ceworkers unified previous
approaches 8 and developed further the subject of reaction graphs
for which & rich literature now exists.g'Io

In the present paper we discusa a third class of chemical
graphs, for which we propose the name of synthon graphs, where
vertices symbolize synthens (reagent molecules or molecular
fragments) as well as intermediate building blocks or the target
molecule, edges symbolize assembly or degradation reactions, and
the whole graph represents all possible synthesea of the target
molecule starting from available synthons vis allowed reactions.

The term "synthon graph" was first used by Hendrlckson.]]
The cencept of synthons was developed from the pioneering

work of Corey and Wipke who, first togothor,'2 then separately,
13,14 devised computer approaches towards converting the art of
organic synthetical strategy into a scientific discipline. Today
there exists & rich literature on this topic, from which only &
few selected references are quotad.15'3o The forerunner is repor-
ted to be Sarrat.3‘ Spectacular results in the computer-aided
design of erganic syntheses were obtained by Corey, who called
this method "antithetic analysis", and who succeeded in synthe-
sizing prostaglandins 32,33 and gibberellic acid.34

Evidently, synthon graphs resemble reaction graphs and
@may be considered as & particular case of reaction graphs ; how-
ever, they also include structural information about how the
synthens must be connected to afford the target molecule, which
is a pseudoconsiitutional graph : just as the constitutional
graph expresses the bonding topology of atoms, the target mole-
cule represents the bonding topolegy of the various possible
syanthons.



- 161 -

An important difference between constitutional graphs
and pseudoconstitutional graphs is that the set of isomers fer
the former graphs ia uniquely defined ; howsver, for a given
target molecule, its decomposition into possible synthons can
occur in several distinct ways, each of which corresponds to a
pseudoconstitutional graph, and each of which can in turn give
rise to "isomers" since asynthons may be connected in several
topologically distinct ways. The modes of decomposing target
molecules into synthona form part of the previously quoted
programs 12-34 and will not be discussed further here. In the
present paper we shall assume the target molecule to have been
already sequenced into synthons which will be denoted by capi-
tal letters A, B, C, etec. if different from one another, or by
12 » A3 i Aanc, etc. if several identical synthons must be
incorporated into the target molecule. However, it must be
borne in mind that a given target molecule may correspond to
more than one pseudoconstitutional graph, involving different
synthona, just as a meolecular formula may correspond to more
than one censtitutional formula, involving the same atoms.

As defined here, constitutional graphs are non-directed
graphs ; resction graphs are usually non-directed, but occa-
sionally they may be directed graphs (digraphs) ; synthon
graphs are usually digraphs, but occasionally they may be non-
-directed, e. g. when we want to represent not only assembly
reactions (syntheses), but also fragmentations such as pro-
cesses occurring in mass spectromeiry, or decomposition of the
target molecule into & particular set of synthons.

Vertices in & synthon graph symbolize one of the three
following items : (i) the starting materials of the synthesis
(synthens), denoted in the following by A, B, C, etc. These
vertices are endpoints of synthon itrees, which form subgraphs
of the synthon graph ; (ii) the fragments formed from two or
more gmthons, denoted like conatitutional formulas by A, , AB,
ABC, ACB, ABAB, ABBA, A-B(y , A<_? , etc., depending on how
the synthens are linked. Whenever possible, we shall avoid
lines in the symbols of the fragments, but in some cases like
the two last examples, linea in the fragmeni symbols are
unavoidable ; (iii) the farget molecule (pseudoconstitutional
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graph) denoted either by F (final product) or by the pseudo-
constitutional assembly of the synthons, like a fragment
vertex.

Edgea in a synthon graph symbolize elementary assembly
reactions, 6. g. A AB B indicates that two
synthens, A and B, form together by any kind of reaction, the
fragment or target vertex AB.

when one and the same fragment or target vertex, say
ABC, may be formed by more than one route, the edges of each
synthon tree may be differentiated from all other ones by
eolouring ; in the present paper, coloured edges will be sym-~
boligzed by drawing them with various kinds of lines (full, dot-
ted, dashed, etc.) as indicated in Figure 1., Thus, vertex ABC
can originate by two routes : either from A and BC (full line)
or from AB and C (broken line). The full line in Figure 1 thus
forme & synthen tree rooted at ABC with endpoints A, B, and C,
while the broken line forms another synthon tree with the same
endpoints and roet. In the case presented in Figure 1, the two
synthon trees are spanning trees of the synthon graph, but this
is not & general ruln.*

A
|
E
AB T _ BC
T~ B/

Figure 1. Synthon graph for a target molecule ABC

= Graph-theoretical definitions for a few terms encountered in
the paragraph : & rooted tree is an acyclic graph (tree) with
a vertex (roet) distinguished from the other vertices ; in the
following, the target molecule F will always be the roet. A
planted tree is a rooted tree where the root is an endpoint,

i. e. a vertex of degree one. A spanning tree (partial tree)

of a graph is an acyclic subgraph with all the wvertices of %the
given graph. If in a given graph one deletes edges or vertices,
one obtains & subgraph. bdge colouring here does not imply any
restriction on colours of adjacent edges.
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2, Chemical Preliminaries

we define below the five main types of bond forming or
bond breaking chemiocal reactions :

(i) Coelligation is the formation of exactly one bond
A-B between two molecular fragments A and B :

A+B —» A-B
When the two fragmente A and B are not linked and different,
the reaction is called addition, substitution or condensation,
depending on whether smaller molecules are, or ars not, split
off during the reaction. When the two fragments are not linked
and identical, the process is called dimerization or cenden-
sation, reepectively, maccording to the previous oriterion. When
A and B are already linked, the proecess is no longer intermole-
cular but becomes intramolecular and is called cycliszatien.

The colligation is the most important process in synthe-
tical strategy planning, and is the basis of all grapha tc be
discussed in the present paper. Though we are not concerned
with reaction mechanisms here, it may be mentioned that such
reactions have mostly ionic mechanisms (with consequences for
regio- and sterecselectivity), but sometimes they occur homo-
lytically. As shown Ly Sinnnoglu,35"37 topological treatment of
all posaible mechanisms is possible for synthetic pathways.

The reverse reaction (breaking of one bend) is called
elimination (fragmentation, ecission) with many subdivisions
which may be general like decondensation, or particular like
decarboxylatien or hydrelysis.

(ii) Cycloadditien is the practically simultanecus fer-
matien of exactly two bonds between ihe ends of two molecular
chajine, leading to & ring system. As a particular case we
include here the a-additions to carbenoid-type syetems K, and
we consider & double bend as a twe-membered ring :

A, cC " A-C

B D B~D
A A

K + 5
B e Koy

K + K — K =K'

When the reaction occurs in a oconcerted process, it is regio-
specific and mtereospecific in agreement with the Weoedward-
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-Heffmann rules 38-40 (Dewar-Evans pestulates 41). Such reactions
are considered as “no-mechanism reactions". Recently, Dewar 42
advecated that no two bonds may be formed simultaneously. For
practical purposes, however, there exist criteria differentia-
ting ocycloadditions from all other reactions, namely reaction
entrepy, insensitivity to conditions favouring ionic or radica-
lic reactiens, etc.

The reverse reaction (breaking of two bends simultane-
ously) is called retrecycloaddition, or sometimes fragmentatien.

(iii) Insertion is the simultaneous replacement of a bond
B-C by twe new bends A-B and A-C to a greup A, which thus be-
comes "inserted” into the previous bomd B-C :

A + B-C —p B-A-C

(iv) Polymerizatien and pelycondensation is the formatien

of n~1 bonds between n monomer unite A :
n A — ‘n

(in polycondensations, n-1 smaller molecules are also formed),
The reactions are ienic or radicalic, often with chain mecha-
nism. One has to exclude the cases n = 2 (this belongs to (i),
gince only one bond is formed) and n = 3, because trimerizations
are formally equivalent either to cycloadditions (ii), or to
insertiona (iii). The reverse reaction is called depolymeri-
zation.

(v) Rearrangement or isomerization 43,44 ;3 the inter-
molecular or intramolecular reorganigation of bonds and atoms :

A —> B
A + BCD ——» ACBD , etc.

For the purpose of the present discussion, we are inte-
rested in building up more complicated molecules from simpler
aggregates, i. e. synthons. Though all five types of reactions
are used by chemists, in the present paper we shall limit
ourselves to colligations, including exceptionally cycloaddi-
tions in a few cases,

In actual syntheses, in addition to the two types of
reactiona which will be considered here, eliminations which are
the reverse of type (i) reactions are also important : though
they do not increase the molecule, in organic syntheses regio—
specifity and activation are often achieved by means of substi-
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tuents or greups which are eliminated after they performed
their part, Examples are amino or sulphonic groups for direc-
ting substitutions in aromatic syatems, carbalkexy groups for
activating adjacent hydrogena in condensations, etc.

3. Discussion of various cases of synthon graphs

The purpose of the present paper is to discuss complete
mappings of assembling molecules from synthons via fragments.
Target molecules which differ only in permutations of synthon
symbols such as ABBA = BAAB, or AAAB = BBBA will be considered
a8 equivalent as indicated by the equal sign, and their synthen
graphs will be described only once ; however, thia only applies
to targets, but not to fragments.

Only cases with at moat four different synthons will be
discussed in detail. Structures of target melecules are sur-
veyed in Table 1. In & target which has to be assembled from
several synthens, not all of them need be different, however ;
this gives rise to several pseudoconstitutional graphs corres-
ponding to the same type of atructure {(in terms of synthens) of
the target molecule. The gmthen graphs which will be discussed
all bear an indication consisting of three aymbols : the number
of synthena in the target molecule, a small letter distingui-
shing among targets with the same number of synthons, and a
gerial number distinguishing among targets with the same struc-
ture and number of synthons, but differing in the number and
arrangement of identical synthons.

In drawing the synthon graph, whenever possible, we
shall indicate synthon treeas rooted at the target F, by diffe-
rent kinda of lines ; this will be always be done for 2 or 23
synthons in the target, and occasionally for 4 synthons. In many
cases8, it will be observed that the two branches of the rooted
synthen tree meet at the root with angles of 180° ; this obser-
vation makes it easier to find the rooted synthon trees for 4
synthons in the target, when synthon trees are no longer
distinguished by different iypes of lines.

To simplify the following repreaentations of synthon
graphs, they will be drawn a® non-directed graphs. If desired,
arrows may be added on edges of synthen trees starting from
endpoints (synthons) towards the target molecule (vertex F) teo
convert these graphs into directed graphs (digraphs).
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There is no limitation to the degree of a vertex in a
gynthon graph. As it will be seen, owing to the various modes of
decomposing & given target molecule into synthons, there exist
synthon graphs with vertices of quite high degree. Owing to the
fact that synthon vertices usually have lower degrees than
target vertices, synthon gruphs have low, if any, symmetries.

From the cases presented in Table 1, owing to space limi-
tations, we selected only a few synthon graphs for detailed
presentation. It should be noted that in the following treatment
gynthon graphs corresponding to cyclic target molecules may, or
may not, be allowed to involve simultanoeus formation of more
than one bond at a time, i, e. cycloadditions.

3.1. Target molecules with two synthons

Figure 2 presents the two synthon graphs of the simplest
target molecules A-A and A-B involving two synthons which may,
or may not, be identical (cases 2al and 242 from Table 1).

A——P A—F—B
(2a1) (2a2)
Figure 2. Synthon graphs for target molecules F =
A-A (2al), and A-B (2a2).

3.2. Target molecules with three synthons

3.2.1. Target molecules coded (3a). Figure 3 presents the
four synthon graphs corresponding to the target molecules indi-
cated in Table 1. We shall discuss in more detail only the last
synthon graph corresponding to a target molecule ABC, case (3a4)
in Table 1, which was also included in Figure 1.

B

Synthon A=————AA A—— AB—B  A-—--AB BT
a s AB iC

graph : \1/ N AL 4 B | 2
F F \\:.D// i G

F ‘k“F/

Target I': A-A-A A-B-A A-A-B A-B-C
(3a1) (3a2) (3a3) (3a4)

Figure 3. Synthon graphs of target molecules involving three syn-
thons in an acyclic arrangement,

The synthon graph corresponding to cuse (3a4) involves
two possible intermediates, AB and BC, depending upon which lar-
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ger fragment is formed first. The target molecule F = ABC is the
root of two trees with endpoints representing the synthens A, B,
and C : one rooted tree is drawn with full lines, the other with
broken lines, as in Figure 1. For instance, if the target mole-
cule is para-bromochlorobenzene to be obtained from A = bromine,
B = benzene and C = chlorine, the intermediates are AB = bromo-
benzene and BC = chlorobenzene,

3.2.2., Target molecules coded (3b). Since the pseudocon-

stitutional graph for decomposing the target molecule into
synthons is cyclic, we shall have to discuss separately reactions
involving, or not involving, cycloadditions. figure 4 presents
the nine synthon graphs corresponding to the three (3b)-type
target molecules and to the three possibilities relative to
cycloadditions : involving only, involving also, or not invol-
ving, cycloadditions,

The most general case (3b3) 18 also the one to lead to
the most symmetrical synthon graph. In the case where the last
step can only be a cycloaddition, the target molecule is the
root of three trees drawn with different kinds of lines. It is
easy to see that the case where cycloadditions may also be
involved leads to a synthon graph which is a supergraph of the
synthon graph for the case involving only cycloadditions, and
which is & spanning supergraph of the synthon graph for the
case not involving cycloadditions. According to graph-theoreti-
cal definitions, a supergraph of a given graph has all points
and lines of the given graph (in addition to other points and
lines), while a spanning supergraph of a given graph has only
the set of points of the given graph (and more lines than the
given graph). Conversely, the given graph is a subgraph of the
larger graph (or a spanning subgraph, respectively).

It can also be observed that the synthon graph for the
case (3b3),involving only cycloadditions as the last step,con-
tains as a subgraph the synthon graph of the acyclic case (3a4)
presented in Fig. 3.

In order not to complicate unduly the drawing for Fig. 4,
the synthon graph for (3b3) without cycloadditicns, where six
intermediates may exist, has six possiole trees rooted and plan~
ted at ¥, only one of which is shown in thick lines. No rooted
trees are delineated for the more complicated case (3b3) with
cycloadditions possible, but not mandatory.



B
/ \ AC AB

A—¢C
(3b3)

BC

Figure 4. Synthon graphs of cyclic target molecules consisting
of three synthons (3b) arranged circularly.








































































