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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.
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Target 1s cycloaddition involved in the last step ?
& code No Yes, it may Yes, it must
A AA A AAA
A q<:::7PAA
A
ﬁ/—\ﬂ AAA
F
F
AB
B AB B A
A/ \A B A A AB
a’”,
(3b2) ‘ @B
AAB ABA AAB ABA AA
F
F F
A
B
/ \ AC AB
A—¢C
(303) | ¢ 5
BC

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

Owing to the increasing complexity of synthon graphs when
the number, the number of types, and the dissymmetry in the
arrangement, of synthons in the target molecule increases, it will
no longer be possible to present exhaustively a complete analysis
of synthon graphs involving four synthons, as it was done for
target molecules composed of two or three synthons.

3.3.1. Target molecules coded (4a). when a target molecule
can be decomposed into, and reconstructed from, four synthons

arranged linearly, these four synthons may be of one, two, three,
or four different types. According to their arrangement, the
eleven possible cases presented in Fig. 5 may occur, with their
codes from Table 1. It may be seen that the synthon graphs have
between four and ten vertices, representing the synthons, the
intermediates (with two or three synthons), and the final vertex
F (target molecule). For the most general case, of the molecule
involving four different synthons ABCD (coded 4al1), there are
five possible intermediates, and five possible trees rooted at
F. One such tree has branches AB + CD, and two pairs have bran-
ches A + BCD and D + ABC, respectively ; each pair decomposes
differently the three-synthon intermediate, e.g. B + CD and D + BC.

3.3.2. Target molecules coded (4b). Fig. 6 presents the
synthon graphs for all possible cases (4b1) - (4b7). The most
general case, (4b7) with four different synthons, has three
posasible trees rooted at F (different lines in Fig. 6).

3.3.3. Target molecules coded (4c). Only the five simplest

cases from the eleven possibilities are shown in Figure 7, and
only when cycloadditions are not allowed.
3.3.4. Target molecules coded (4d). Target molecules con-

sisting of four synthons arranged circularly (e. g. corrins) can
give rise to seven cases, presented in Fig. 8 if cycloadditions
are not allowed; if cycloadditions are allowed, but are not man-
datory, Figures 9 and 10 present the synthon graphs for selected
cases, Comparing Fig. 10 with the last part (continuation) of Fig.
8, it becomes evident that cycloadditions increase the complexity
of the synthon graph for the same target molecule coded (447).
3.3.5. Target molecules coded (4e) and (4f). The synthon
graphs are too complicated, and the target molecules too impro-

bable to warrant discussion in the present paper.
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ABA AB

F
AMAA (4al) AAAB (4a2) AABA (4a3)
AB
AAB ABB AB B
E A AB BB
% B
% ABB
AR BB BAB ABA
F F P
AABB (4a4) ABAB (4a5) ABBA (4a6}
B BB
A BC
ABB c
) J
ABBC (4a7)
AB
AAB
A
AA
F
AABC (4a10) ABCD (4a11)

Figure 9. Synthon graphs of target molecules F composed of
four synthons arranged linearly.
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A B
AA B
B
A AAA AA B
ABA A
F AAA AAB
F
P
A\ ( ) A\ A\
A-A (4Db1 A-B 2
o - (402) A/B—A (403)
2 AB
AB 2 AR AAB ABA B
A Bp  AAC AB
AC B A BC
ABA ABB c BAC ABC c
F F P
A\ A\ A
B el AP (405) >B-C (4b6)
A

A\
c,B—D (407)

Figure 6. Synthon graphs of target molecules F = :>_.

Under each synthon graph, the corresponding target molecule
(pseudoconstitutional gruph) is indicated, together with the
code from Table 1.
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AA AAAA A AAB
A AAA AA AB
>_ D AAA B
F [:> P BAAA
A\\ A\\
L/A-——A (4e1) L/A—-B (4c2)

=

A
AA AB
AAB AB
Rk ABA
ABA
AA
B WAB
AABA B ABAA
F

B\\
B—a (4c3) I/,A——A(4c4)
A

£

¥
1

A

_ a8 B BB
Figure 7. Synthon

graphs for some of
A

the target molecules RD
coded (4c), when
0 l P 1

cycloadditions dare AA
not allowed.

A AAB ABA

| Sp—8

Az/

AABB
F

(4c5)




Figure 8 . Synthon graphs of target molecules coded (4d)
with no cycloadditions allowed (continued on next page).



w BNidn =

ch ¢

A
(continued). Synthon graph for target molecule ¥ = | | with

D—C
no cycloadditions allowed, code (4d47).

Continuation of Figure 8, presenting the last case
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A
ABC ACB
AB AC
A\BC
B c
BC
[ BAAC
AAB AAC
)
B—C
AABC AACB (445)
F

Figure 9. Synthon graphs for target molecules indicated
with their codes, when cycloadditions may take place.
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CD C

A—B
Figure 10. Synthon graph for target molecule | | (repre-
D—C

sented by the central unlabelled vertex) obtained in
reactions which may, or may not, involve cycloadditions.

The code of the target molecule is (4d7) in Table 1.
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4. Two general synthon graphs of targets involving n synthons

The preceding Section has presented a discussion of synthon
graphs for molecules involving at most four synthons. From the
examples displayed so far, it is seen that relations between
pseudoconstitutional graphs (i. e. between the structure of
target molecules in terms of synthons) and the topology of the
corresponding synthon graphs are quite complicated.

In the following we evidence, however, such relations in
two simple general cases, namely acyclic linear, and monocyeclic,
pseudoconstitutional graphs consisting of n synthons Ai, where
i = 1,250000.

4.1. Acyclic linear pseudoconstitutional graph, The target
molecule is A1A2A3...An. Figure 11 presents the first four terms
in this series. Under each synthon graph and target, we list the

numbers N of vertices in the synthon graph, according to their
genus : synthon vertices {(involving one synthon per definitionem),
intermediate vertices involving intermediates with 2, 3, or 4
synthons (if any), and the target molecule involving n synthons
where n is 2, 3, 4, or 5. The number of synthons in the denomi-
nation of the vertex 1s denoted by 5, and the degree of the ver-
tex by D.

From the data in Fig. 11 we generalize easily, in order to
provide a demonstration by induction, that the synthon graph for
the target wolecule with n synthons will contain :

n  synthon vertices for synthons & (8 = 1), degree n-1
n-1 intermediate " " pairs AjAL (s = 2), g n
n-2 " " " triples AjA; A, o(5 = 3), " a4l

2 " L % e e (3=n~1), " 2n-3

1 final vertex for the target molecule (S8 = n), " 2n-2

This results in a total of n(n+1)/2 vertices for the syn-
thon graph. The algorithm for the construction of this graph by
recurrence results from Fig. 11. #hen we enlarge the synthon
graph corresponding to a pseudoconstitutional target molecule of
n~1 synthons A1A2...Anﬂ1 in order to obtain the synthon graph
for a target involving n synthons A1A2...An_1An. we have to add
n new vertices (denoted in Fig. 11 by black points, while the
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"o0ld" points inherited from the previous synthon graph were
white). The new, black, vertices correspond each to groups of
1, 2, +.., n synthons with notations Ay An—1An H An—ZAn—IAn 3

PUTHI A2A3...An ; and the new target AIAZ"’An’ respectively.

These new vertices with the edges connecting them are seen to
form a complete graph Kn where each black vertex is connected to
every other black vertex by an edge.

The last new final (target) vertex is connected to n-1
former "old" vertices, namely to all those whose notations
include A4 ; the vertex AZAB"‘An is connected to n-2 former
vertices, namely all those with notations including A2 and ex-
cluding Ay s and so on ; finally, vertex Ap by 1A, 13 connected
to former vertices An—zAnvl and Annz , while the last remaining
n-1 * In
addition to these connections between black and white points, we

vertex A, A, is connected only to one former vertex A

also have the connections between black points only within the
new complete graph Kn'

bince the former graph had n(n-1)/2 vertices, the addition
of the new n black points is easily seen to afford the total of
n(n+1)/2 vertices, completing the demonstration by induction.

4.2. Cyclic pseudoconstitutional graph. The situation for
the cyclic pseudoconstitutional graph is more complex than the

preceding one, because on inserting another synthon into a former
pseudoconstitutional gragh, not only are there new adjacencies
formed in the new target molecule, but also previous adjacencies
are partly reinoved, namely one adjacency. Iherefore in the new
synthon graph, not only are there new vertices in addition to the
former vertices, but some former vertices are missing, unlike the
case discussed in the preceding Section. On passing from the syn-
thon graph of a target with n-1 synthons arranged circularly to a
target with n synthons, 2n-1 extra vertices have to be added.
Table 2 illustrates the stepwise increase of the synthon
graph corresponding to a circular arrangement of n synthons with
n =3, 4, and 5. The last synthon graph is presented in i'igure 12,
the former two were contuined in Figures 4 and 8. lotations in
lable 2 are similur to those of Fig. 11. Table 2 also indicates
the extrapolated values for the general case involving n synthons.
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Figure 12. synthon graph for
the pseudoconstitutional graph

A
N <
F = E\D-C’B without involving BCDE

cycloadditions. Vertices close to ¥ are labelled as indicated
in the right-hand corner.
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Table 2. Stepwise formation of synthon graphs for target molecules

containing n synthons, all different, in circular arrangement,
when cycloadditions are not allowed.

rarget | 4| GieP

n 3 4 5 n

Synthon graph Fig. 4 Fig. 8 Fig. 12 .

R i N S D|N S5 D| N S DfN S D
synthon graph

Synthon vertices 31 4| 4 1 6 5 1 8| n 1 2n-2

Interm. " of 2 synthd 3 2 4| 4 2 6| 5 2 8| n 2 2n-2
L L 3 3514 3 6|5 3 8| n 32n2
" " "Wy o oom - - =1 4 4 7 5 4 B8] n 4 2n-2
" " " g " o oy B oE 5 5 9 n 5 2n-2
n T R P o ow - - - |n n-l 2n-2
" " ong " E e - - = - - - n n 2n-1

Target L 1T 3 311 4 4] 1 5 5| 1 nn

Total " 10 17 26 nc

It should be emphasized that the previous discussion of
synthon graphs for target molecules consisting of n different
synthons arranged circularly only applies to the simplest case,
when no cycloadditions are allowed. If cycloadditions must, or
may, oe involved, the situation becomes even more complicated.

5. Discussion of a practical case involving 7 synthons

The molecule depicted on top of Kigure 13 18 a fluores-
cent whitening agent used in the textile/paper industry.45

Despite its complicatied appearance, 1t 1s easily seen
that the above molecule can be synthesized from seven synthons,
labelled A — D (the molecule is symmetric so that only four
synthon types occur). {n constructing the synthon graph in sim-
plified form (effecting only symmetrical operations relative to
the symmetry of the pseudoconstitutional graph), the synthon
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Nh—(oﬁ-ﬂﬂ@—cﬂ-cn@-«m—(oﬁ—uﬂ

303 503H
CH2-CH20H CH -bH OH
Target molecule : F = C-B-A-B-C or A(B-C),
D D ﬁ
Synthons :
N
CH=CH~ c1 —roj—cl
N\T,N
303ﬂ Cl
(A) (B)
NH, Iz
CHZ-CHZOH
() 50 JH (D)

Synthon graph (symmetry-simplified)
DBABD

Lines in trees:

Figure 13. Illustration of a practical example for a target
molecule F consisting of seven synthons of four types, and
the associated synthon graph involving only symmetrical steps.
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graph presented at the bottom of Fig. 13 is obtained. It has 11
vertices, and the target is the root of six different rooted
trees, depicted with six different kinds of lines in Fig, 13.
Therefore, one has to consider six different temporal sequences
in combining the given synthons to afford the target molecule.
In practical applications, the merits of each of these six dif-
ferent approaches should be considered separately.

If one considers that a given molecule may be decomposed
into, and assembled from, different sets of synthons, and that
for each set a synthon graph with many rooted trees will be
found, the combinatorial complexity of synthesis design may be
fully appreciated, and the need for a computer approach to sol-
ving this problem way be explained.

6. Use of synthon graphs and power graphs in synthesis design

Before applying the concept of synthon graphs, the dissec-
tion of the target molecule into synthons must be considered. An
approach towards making this dissection mathematically complete
is to break one bond at a time in all possible ways. This leads
us to power graphs.

46 power graphs G(PB) were defined as

In an earlier paper,
a particular case of reaction graphs ; such power graphs have r®
vertices, all of which have degree s(r-1) ; such graphs describe
for instance substitution reactions at s non-equivalent sites,
each of which can bind one from r types of reagents., For example
the chlorination of R CH-CHR'~CHRY where R # R' # R" is described
by a power graph G(2 ) which is a 3-cube with eight vertices of
degree three ; on the other hand, the alcoholysis of 1,2-dichlo~
ropropane with a mixture of ethanol and methanol is described by
a power graph G(32) which has nine vertices of degree four ; the
same last graph also describes the conformational interconver-
sions of staggered propane rotamers.

If we consider a linear acyclic chain of n atoms and the
various modes of forming this chain , we have to analyze how the
n-1 bonds may be formed one at a time, two at a time, etc. These
possibilities represent elementary reaction steps when only one
bond 18 formed at a time, and they correspond to a power graph
G(zn_I). This is illustrated in Fig. 14 for n = 3 (upper left
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A—B /1 7
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Cc—D l/E—-l-/-H
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Figure 14, k-Cubes (power graphs G(2k)) y

representing the assembly of a (k+1)-chain. g
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corner) : the three-atom chain may be obtained in one piece
(vertex denoted by A in the power graph) or from a two-atom
synthon and an one-atom synthon by forming one bond (vertices
denoted by B and C), or from three one-atom synthons by forming
two bonds (vertex denoted by D). The last vertex is adjacent
(connected) to the two preceding vertices B and C, but not to A,
because an elementary reaction step involves forming or break-
ing of one bond only. The bond(s) formed or broken is (are)
represented in Fig. 14 by broken lines ; solid lines represent
covalent bonds linking atoms in synthons, and also edges of
power graphs, For each of the three power graphs from Fig., 14,
two isomorphic representations are given : one in the conven-
tional manner for a k-cube (n = k+1) only with the letters
denoting the vertices, the second with the explicit nature of
each vertex, together with its notation, is given. For n = 4
the power graph is a 3-cube, or a usual cube. For n = 5 the
power graph G(24) is a 4-cube or a hypercube.

This last power graph corresponds to several chemical
applications : ' we shall discuss in more detail one of these
corresponding to an analysis of reactions leading to pyrylium
salts,49 whose five-carbon chain can be built from 1-, 2-, 3-,
or 4-carbon fragments in various combinuations. The ring clo-
sure follows automatically from the two carbonyl groups at the
ends of the 1,5-enedione chain, in acid medium (the 1,5-enedione
is a pyrylium pseudobase)., The real two-synthon pathways are in
practice 4 + 1 (B or D) or 3 + 2 (C or E) fragment combinations
in G(2%), and the real three-synthon pathways are only 1 + 3 + 1
(vertex denoted G), 2 + 2 + 1 (H or I), and 2 + 1 + 2 (J) where
the fragments with the same number of carbon atoms can be iden-
tical molecules ; in this case only, a two-component reactant
(binary) system results leading to a reaction mixture whose
yield in the desired product is significant owing to the res-
tricted number of possible products. In the remaining three-frag-
ment combinations, F and K, or in the four- and five-carbon frag-
ment syntheses L - P, there is no real functional group which
could lead to a two-component reactant system, leading to very
complicated reaction mixtures, hence to insignificant yields of
desired product and to difficult separation problems.50
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The real three-fragment syntheses of pyrylium salts are
presented below :‘j

1T+ 3 +1 2 +2 + 1 2+ 1 +2
R R R
: ") ‘
e Ngg ch, eH Sty
2
¥ o4 | 34+ Hjc[: + (|)H3
rR—co* *oo—r R—C0 Too—=g"' R——-CO 00—=R
_H*O + HY
-H - 2 H,0 - 3 EtOH
2 2 ~ &0
frj\ :
R 0 R R 0 ' R ((jlj\

The above pyrylium salt syntheses have purposely only
congidered all possible modes for the formation of C-C bonds in
the five-carbon chain, ignoring the C-0 bonds which are formed
automatically from the carbonyl functions of 1,5-enediones in
acid medium. Actually, so far no pyrylium synthesis is known
which involves the formation of a C-C bond in a system already
possessing the C-0-C bonds, although such possibilities may be

definitely considered : R =
é(OEt)3
If the C-0 bonds i, GH, + '
would be also taken into I] &1 - 3 EtOH (::)
consideration, the graph /G\O/ ~ R/ 0 %

would become more complex.

The pyrylium cation, once formed, is itself a very useful
synthon because it reacts readily with various nucleophiles,
lengthening their chain with an unsaturated 05—fragment. In many
cases, the product initially formed cyeclizes again into an
aromatic benzenoid or heterocyclic (six-membered or five-mem-
bered) system. A systematic survey of such reactions was
publisheda49
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It should be stressed that although Fig. 14 denotes the
vertices of power graphs with capital letters (like the synthons
in all other figures in this paper), power graphs and synthon
graphs are quite different kinds of graphs. Chemically, power
graphs G(2n_1) represent, among other chemical applications
like substitutions, all possible modes of assembling a linear
acyclic chain of n atoms from fragments of 1 to n atoms through
elementary reaction steps of forming one bond at a time, Mathe-
matically, power graphs of the above type are (n-1)-cubes, i. e.
regular graphs, On the octher hand, synthon graphs are irregular
graphs which represent the temporal sequence of bond-forming
reactions for a given set of synthons.

One vertex in a power graph represents one possible way
of dissecting the n-atom chain, i, e. this vertex corresponds to
a whole synthon graph. For a complete mathematical analysis of
synthetic strategy, the best approach is to analyze the target
molecule in terms of possible decompositions into synthons by
means of power graphs or of analogous constructions., Then the
real solutions should be selected, e. g. for the Cs-chain of the
pyrylium salts the 1-, 2-, or 3-fragment cases. According to the
chemical problem at hand, one of these solutions should be then
further developed by means of its synthon graph, e. g. the
three-fragment approach involving 2 + 2 + 1 or 2 + 1 + 2 atom
fragments, In terms of synthon graphs, these correspond to
target molecules of type AAB or ABA, analyzed in Figure 3. The
former synthon graph is seen in Fig. 3} to possess two different
trees rooted at F : one of these involves the intermediate AA
(corresponding in real terms to an «,B-unsaturated ketone formed
from two moles of methyl ketone, e. g. dypnone from acetophenone)
and the other involves a 1,3-diketone as intermediate AB (e. g.
dibenzoylmethane formed from acetophenone and benzoyl chloride) ;
indeed, both types of intermediates do lead to pyrylium salts
(i. e. benzoylation of dypnone, or condensation of dibenzoyl-
methane with acetophenone, leads in both cases to 2,4,6-tri-
phenylpyrylium). This example illustrates the heuristic value
of the synthon graph approach for unveiling new synthetic approa-
ches, or for elucidating the reaction mechanisms, in addition to
the systematic exploration of all possible synthetic routes.
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