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Abstract

The notion of a Synthetic Precursor/Successor (SPS) is introduced, and an
algorithm for the generation of all SPSs is given. The recursive algorithm is based
on the so-called “stabilization” of a reaction center with respect to the whole
synthon. The notion of the immersion of a subsynthon into a synthon and the
notion of the order of SPSs are introduced. A mathematical theory of SPSs is
given,

0. Introduction

Organic synthesis is a very important task in organic chemistry. Many problems
connected with organic synthesis may be solved with the assistance of computers.
Computer-assisted organic synthesis design is one of them. There are three basic
tasks in this field: (i) synthesis in the forward direction, (ii) retrosynthesis, and (iii) the
reaction network [1]. The third item has already been discussed [2] in connection
with reaction mechanisms. An approach to the above first and second items may be
divided into two relatively independent steps. In the first step, it is necessary to look
for all possible precursors leading to a given substance. In the second step, it is
necessary to evaluate the reactivity of reaction paths produced in the first step (i.e. to
select appropriate reagents and reaction conditions from the kinetic as well as the
thermodynamic point of view). Both of these steps can be solved subsequently or in
a parallel way. Two different methods of synthetic precursors/successors (SPSs)
generation can be found in the literature. In particular, there are the information
approaches and those based on the logical structure [3] of chemistry (non-empirical
approaches).
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The information approaches use broad chemical experience and exploit it in
a satisfactory manner. However, they are not able to find a new type of SPS which
has not been included in a more-or-less extensive data base. Typical representatives
of these programs are LHASA [4], SECS [5] and many others [6—-11].

The approaches based on the logical structure of chemistry, or better, on a
mathematical model. can produce, in general, new types of SPSs not yet described.

Considerable over-production in the generation of a series of chemically
“crazy " solutions is the main shortcoming of this category of programs at present.
These are usually based on the Dugundij — Ugi model [3] (or analogues) This category
is represented by. for example. the programs of the Munich group [1,12,13], by the
program TOSCA [14] and by the programs for chemical reactions and reaction types
generation [15,16].

Most programs used at present do not strictly belong to either of the two
mentioned categories. There are programs starting from chemical experience, which
generalize in such a way that their underlying model is used for the deductive prediction
of organic synthesis [17-22].

The prediction of organic synthesis used in our model is based on the mathe-
matical approach. Two principal notions are involved: (i) valence states of atoms, and
(ii) a reaction distance RD [2]. The valence states and their interconversions are an
empirical basis of the suggested model, whereas the reaction distance serves as a very
important and effective heuristic for “oriented” generation of SPSs. A reaction center
of a substrate is attacked in the course of chemical reaction by a reaction center of a
reagent. At the same time, bonds localized on the reaction center are reorganized.
These elementary changes are reflected in the neighbourhood of reaction centers and
give rise to a reorganization of valence electrons. This process will be stopped at a
moment when all synthon atoms achieve “stable” valence states, corresponding to
the formation of notable products or intermediates, formally represented by the
so-called stable synthon [2]. We have divided the process into two sub-processes
— reorganization of valence electrons at the reaction centers and stabilization of
the structures formed.

1. Definition of the SPS

Before formulating the definition of the SPS, we first define the notions of
inside and outside characteristics of the atom x during the change of a synthon;
henceforth, we define a stable X-neighbourhood.

DEFINITION 1

Let S(X).S'(X) be two isomeric synthons and let x C X. We define the
positive and the negative inside characteristic Cf (S(X).8'(X))and CJ{_ (S(X), 8 (X)),
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respectively, of the atom x involved in the change S(X) - §'(X) as the number of
created and annihilated bonds of the atom x to other atoms of the set X. We
define the inside characteristic CI (S(X), S'(X)) of the atom x during the change
S(X)~ S'(X) as cL(S(X). S(X) CIP(S(X), S'(X)) + CI(S(X)., $'(X)). If card
X =1, then we define CI"(S(X), S'(X)) =CI(S(X), S'(X)) = 0. Let us denote
the number of the created and annihilated outside bonds (i.e. bonds from the outside
component of the synthon S(X),S8'(X), respectively, cf. definition 7 in [2]), by
the symbol k. If each outside bond of the atom x in S(X) is contained in S'(X)
too, including multiplicity, then we define the outside characteristic Cf(S (X), S'(X)
of the atom x assigned to the change S(X) = §'(X) as Cf(S(X), S'(X)) = k; in all
other cases, we put Cf(S(X), S'(X)) = —k. At the same time, we include each
(o as well as 7) bond separately .

EXAMPLE 1

Let S(X)be —C\ﬁ’ and S(X)be /C\N:: . Then we have:

~

CC (S(X). S(X)““C’ T(S(X). S'(X)) =1, CN(S(X)S(X))"~
(S(X)S(X)"C (S(X). S'(X)) =0, CN S(X), S'(X)=0
CC(S(X),S(X} =CO(S(X),S(X)) =1.

THEOREM 1

Let X ={x,,..., x,} be a set of atoms. Let S(X), S'(X) be two isomeric
synthons. Let P = (p, )and Q (q,;) be the S-matrices of the inside and outside com-
ponents of the synthon S(X), respectxvely Let R =(r;) and § = (s -} be the S-
matrices of the inside and outside components of the synthon S'(X). respectwely
(cf. definition 7in [2]).Let V' = (v;;) =R =P, W= (w;;) =S = Q,v;; = (i, ... .vh,
wy; = (wi, ... wy). Thenforeachx x, €X,1<i<m

(1) CEE@),SXN= 2 Fly. CIE@).SXN= 2 F(-u).

1< j<n 1<j<n
JFi Jj#FI
SO SE) = 3 Iud, where Foy = {1 0 70
, = v,;l, where =
x S L<ien 0 for r<0
S jsn
jEI

wi+ 2wl + 3wk, if wi>0 for j=2,3,4
@ cEseoseoy = T T !

=lwgl—1Iwi + wyl—lwj +wj +wi| inthe other
cases.
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Proof

The assertion (1) is true because the matrix V is the SR-matrix of the change
of the inside component of the synthon S(X) into the inside component of the
synthon S'(X). Let us prove assertion (2). If w} 2 0, then the outside bonds have
been created only on the atom x and their total sum is the sum of single bonds plus
twice double bonds plus three times triple bonds created. Let us suppose that at least
one bond has been annihilated. We can prove the assertion following the idea used
in [23]. Three cases of annihilation of a bond can occur. We can describe these
three cases by the vectors 7, t,, t5. For annihilation of a single bond, we have

t, =(0, -1,0,0), for annihilation of a double bond ¢, =(0,1. —1,0), and for
ann1h11at1on of a triple bond 7, = (0.0.1, —1). The vectors ¢, t,, ¢ form the basis of
the subspace in £ . All vectors w,; are resident in this subspace because the first
component of each w;; is zero. Cons.eque_ntly_, we can express each vector wy in the
basis ¢, 1,, t; as follows: (wi, wi, wi, wi) =a(0,-1.0,0) +5(0,1, —1,0)
+¢(0.0,1, —1). Solving this equation, we obtain: a = —wi — wi — wi b = —wi - wl,

= —w) . Analogically, for creating bonds we can take the vectors —t, —t,, —1;.
Since each vector ¢, 1,, t, describes annihilation of one bond (¢ or =), we have

CE(S(X),8'(X)) = —(lal + b1+ Ic])

—(l=wy —wi —wiltl=wi —wil+1-wil)

1}

L . P ; .
wy +wi +wal—Iwi +wil—|wil

1}

and the assertion is proved.
The preceding theorem gives a fast method for the calculation of the inside
and outside characteristics.

DEFINITION 2

Let A ={4,,...,4,} beaset ofatoms, /= 1,...,n.Let S(4). S(A)be
two isomeric synthons and let P= (p, ) be the SR-matrix of the change S(4) = S'(4).
We say that the change S(4) = §'(4) SdtleleS the connectivity condition (furthers the
condition (%) only) if there does not exist a decomposition of the set /=7, U I,,
I,N1,=0,1,,1,# Q such that p;;=0 for each i € ], and j € I,, respectively,
Dy * O for some 4,/ € I, and p;; # O for some i, j € I,, and, finally, p;; = 0 if and
onylf]p [+ +lp4l—

DEFINITION 3

Let A ={4,, ... ,An} be a set of atoms, S(4) a synthon and S(X) C S(4).
A stable X-neighbourhood of the synthon S(A) generated by the synthon S'(X) is
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synthons S(X), S'(X ) satisfy the following five conditions:

(1)
(2)
(3)

4)
(5)

RD(S(X).S'(X)) >0
The change S(X) = S'(X) satisfies the condition (*).

If X" C X is a set such that card X" > 1 and the change S(X") - S'(X")
satisfies the condition (%), then RD(S(X" ), S'(X")) < card X" + 1.

CL(S(X), S' (X)) +1CE(S(X), S'(X)| < 2, for each x € X.

CE(S(X), S'(X)) < 2, foreach x € X.

The stable X-neighbourhood of the synthon S(A4) is the union of all stable
X-neighbourhoods of the synthon S(A4) generated by all synthons S'(X) satisfying

conditions 1 —5.

The chemical interpretation of conditions 1 —5 from definition 3 is as follows:

(1)

There must be at least one electronic change on the atoms of the reaction

center.

The global distribution of electrons assigned to the change S(X) = S'(X)
must be continuous, i.e. a reaction course consisting of two or more

mutally independent reactions is forbidden.

This condition minimizes the number of ESRE [2] which must be realized
on the atoms from the set X during the formation of the stable synthon
S'(X). For example, the reaction of the hypothetical radical

] e
=(‘:°_.1\1]= — >C:N®:

will be split by condition (3) into two reactions

9 o ®
:C('__NE - :([:_-NE - :C:N: .
Accordingly , the synthon
®
>C=N=

is not in the stable X-neighbourhood of the synthon

I

[G) —

= Cl'_N

but it is in the stable X-neighbourhood of the synthon
=(_;_,N_=_

(if X =4 = {C,N}).
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(4) Each of the atoms of the reaction center X can take part maximally in
two elementary processes on the bonds.
(5) During the change S(X) - S'(X) at most one new outside bond at any
X € X can be formed.
EXAMPLE 2

Let us consider the synthons:

| - O

S(A): ~"(:7.~3€[:~zc:~‘c;’§wﬁ. S (4):

SL(A): —w(:?~é~clt=c=§5 +-0-H,  S,(4):

Si(4): fc=c% +2c2c=0%+ -0-H, S;(4):

S5(4) fc‘f—‘céggﬂs SH(A):
_«S(l%f(‘:_’i

Si(A): -(%-(1?~c[:=c=<‘)"‘i~ +-0-H. S3(4)

Let X ={C', 0%. Then S(X)is: >C=0. The

| I /l6_
—C-C—C~C= _
i i ~0-H
0
b o ?hne
i i <0l
| | — -
=C-C-C=C=0" + -0-H,
-0l
—C-C=C-C~ :
I T 1T "™So-H
Lo 5 —
~C-C-C=C-0> + -0-H.

elements of the stable X-

neighbourhood of the synthon S(A) are the synthons S;(4),...,S5(4). At _the
same time S, (4) and S;(A4) are generated by the synthon §'(X) which is =C—0-.

The synthons S;(A4),...,Ss(4) are generated by the sy

nthon §'(X): =C=0. The

synthons S5(A4), . ..,S,(4) are not elements of the stable X-neighbourhood because
S.(A) does not satisfy condition (1) of definition 3, Sg(A) does not satisfy conditions
(2) and (5) of this definition, and the synthon Sy(A4) does not satisfy condition (4)
(the sum for the atom C' is equal to three). An example of a synthon which does not
satisfy condition (3) has been mentioned within the framework of the chemical

interpretation of the stable X-neighbourhood.
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THEOREM 2

Let S(A4)and S'(A4) be two isomeric synthons. Then,

RD(S(ALS'(A)»[ > Cﬁ(S(A),S'(A))]/2 + 3 ICE(S(4). S'(A)).

xE A xe A

Proof of theorem 2 follows directly from the definition of the inside and
outside characteristics, respectively, because at least one step ESRE is needed for
formation/annihilation of one bond, and each formed/annihilated inside bond increases
the inside characteristic of two atoms.

COROLLARY

Let S(A4), S'(A4) be two isomeric synthons, and M and M’ their S-matrices,
respectively. Let P = (p;;) = M’ — M. Then,

RD(S(A),S8'(A) = 5 Ipyl.

Proof

From theorems 1 and 2, we have:

RD(S(A), S'(A))>[ )y C,IC(S(A),S'(A))]/Z + 2 1CE(S(A). S'())

x& A4 XE A

>[ 2 Ci(S(A).S'(A))HQ = 2 Ipyl

x€E A i=1,...,n-1

j=i+l,...,n
THEOREM 3

Let S(A4),S'(4) be two isomeric synthons, let X C 4, S(X) C S(A4) and
S'(X) C S'(A). Then,

RD(S(A), S'(4)) = RD(S(X).S'(X)).

Proof

If k=RD(S(X),S'(X)), then we need at least a series of k elementary
operators for modelling the change S(X) — S'(X). Each of them is localized between
two atoms. Let &, be a number of the operators which are localized only between the
atoms from the set X. Let k, be a number of operators which are localized between an
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atom x from X and a virtual atom. Evidently, k =k, + k,. Let I = RD(S(A).S'(A ))
and let /=1 +1, where /,.1, are defined in the same way as k,, k, but for
the set A. Then obviously, I, 2k, I, +(l, —k,) >k, and consequently,
[=1,+1, 2k, +ky,=k.

THEOREM 4

Let S(A4), S'(4) be two isomeric one-atomic synthons. Let 4 ={x} and x
be an atom of a main group element. Let us suppose that the change of the formal
charge™ on the atom x is during the change S(4) - S'(4) two. maximally. Let
RD(S(A).S'(A)) > 2. Then [CE(S(4). S'(4))] > 2.

Proof
Let us suppose that RD(S(A4), S'(4)) = 3. i.e. three steps of ESRE have been
realized on the atom x. Then the following four cases can set in:

{a) All steps have been redox = the change of the charge is five, minimally.
This is in contradiction with the assumption. Accordingly, (a) cannot set in.

(b) Two steps have been redox = the change of the charge is three, minimally.
This is in contradiction, too, and (b) cannot set in.

(c) One step has been redox and two next steps have been connected with the
formation/annihilation of bonds. Then there must be ICf(S(A ), S' (AN = 2. Let
[Cf (S(A). S'(4))] = 2. Then the following three cases can set in:

{cl) Cf(’S(A ), $'(4)) = 2 = two new bonds have been formed and one step
has been redox. If this is an oxidation, then at least five electrons had to be in the
valence shell before the process, and there have to be, in this case, two electrons there
after the process. If the process has been reduction, then we can derive in the same
way that there must be five electrons in the valence shell, minimally, after the process,
and there were two electrons in the core, in this case, before the process. In both
cases the change of the charge has been three. in contradiction with the assumption.

(c2) Cf(’S(A), S'(4)) = -2 and one bond has been formed/annihilated.

respectively, and one step has been redox. Similarly, as above we can show that in
this case the change of the charge must be at least three, too.

(c3) For the case where Cf(S(A ). S'(4)) = =2 and two bonds have been
annihilated and one step has been redox, we can prove the assertion analogically as
in (cl).

* . . . . .
It the vector v of the valence state of the atom x is v=(v,,...,v,) and x is a main group
clement from the nth group of the periodic system, then we express the formal charge ¢ as
c=n - (v, +v,+2v, +3v,).



J. Koca. A synthon approach: II 99

(d) No step has been redox. Because the increment of RD by each formation/
annihilation of a bond is one, then there must be le(S(A ), S' AN =3 >2.

We can use the above-mentioned considerations also for RD(S(4), S'(4)) > 3.

COROLLARY

Let S(A4). S'(A) be two isomeric synthons, S(X) C §(4). Let S'(4) be from
the stable X-neighbourhood of the synthon S(A). Then, for each x € X it holds that
RD(S({x}), S'(x ) < 2.

Proof

Let X' be a set of all atoms from X on which a change has been realized
during the process S(4) - S'(4). For x € X — X', the assertion is clear because
we have for such x: RD(S({x}),S'(x )) =0. Suppose, on the contrary, that
RD(S( x ), S'({x})) > 2 for some x € X'. Then theorem 4 implies

2 < ICES(x ), S'Ax)l < CEsxh), S'dxh)y + 1CES{x}), S'{x D).

which is in contradiction to condition 4 from definition 3. Therefore, the corollary
is proved.

The corollary of theorem 4 is important for the restriction of a combinatorial
explosion during the generation of the stable X-neighbourhood of the synthon S(4)
since we can take only valence states for which the condition is satisfied for the
generation.

THEOREM 5§

Let S(A4), S'(A4) be two isomeric synthons, S(X) C S(4). Let S'(4) be from
the stable X-neighbourhood of the synthon S(A4). Let §'(X) C S'(4) be isomeric
to S(X). Then,

> ICEs(x), Syl < 2.
xEX

Proof

Let X' be the set of all atoms from X on which changes occurred, in any way,
during the process S(A4) - S'(4). Let k = card X'. From definition 3, theorem 2 and
theorem 4, we have:
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k+1 = RD(S(X').S'(X")

2[ > C,{(S(X’),S’(X’))] 2+ 3 ICES(X), S'(x))L.

xe X' xEX'

Further, from condition 2 of definition 3 and from theorem 1, we have.

[ > chs(xh, s'x ))]/ k-1.

xe X'

Accordingly,

k+1=2k-1+ » 1CESX), S'X)I,
xe X'

and following

2> 5 ICEs&, s' el
xE€ X’

Since the increment of each atom from the set X — X' to the sum of the absolute
values of the outside characteristics is zero, the assertion is proved.

COROLLARY

Let S(A), S'(4) be two isomeric synthons, S(X) C S(4). Let S'(4) be from
the stable X-neighbourhood of the synthon S(A4). Then only the following possibilities
can set it:

(1) There does not exist x € X such that CEZ(S(X), S'(X)) # 0.

(2) There exists only one x € X such that ]C_f(S(X), S(X)l=1 or
ICE(S(X), S' (X))l =2, and CE(S(X),S'(X)) =0, for any y #x,
yeX.

(3) There exist x;, x, € X (x; # x,) such that ICE(S(X) S'(X)N =1 and
ICE(S(X), S'(X)l =1.

DEFINITION 4

Let 4 ={4,,...,A,} be a set of atoms, and let S(4), S'(4) be two isomeric
synthons on the set 4. Let S(X)C S(A). Let M =(m,; ) and M'= (m} ) be the
S-matrices of the synthons S(4) and S'(A4), respectively. Let P= (p, ) be the SR-
matrix of the change S(A4) - S’(4). Let §'(4) be an element of the stable X nelghbour
hood of the synthon S(A4). Let I, J be two sets defined as follows:J = {1,2, ..., n},
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I=1i] A€ X} We say that S'(4) is the SPS of S(A4) with respect to the reaction
center X if:

(1) the change S(A4) —~ S'(A) satisfies the condition (%),
(2) CL(S(A), S'(4)) +1CE(S(4). §'(4))] < 2, foreach x € 4,
3) if mg; = 0, then mlfj = 0,forany i € Jand j € J — I such that i # J,
(4) let us define the sets:
Yo = X,
Y, ={4, € A - X | there exists 4; € X such that p;;# O},

Y=Y, ,Ul4; €4~ (Y,_, UX)|thereexists 4; € ¥,_, such that
Py ¥+ 0} for 1=2,3,...

Since the set A is finite, there must exist a number k such that ¥, ., =7Y,.
Then we request that the following implication be satisfied:

k> 1= foreach /=1,2,... k andforeach y € ¥}:
RD(S(X VU Y,_, U{yH. (XU Y, _, Uiy
—“RD(S(XUY,_)SXUY_,)n<l.

We denote the set of all SPSs of the synthon S(A) with respect to the reaction
center X by F(S(4/X)).

REMARK 1

It follows from the corollary of theorem 4 that if S'(4) € ¥(S(4/X)), then
RD(S({x}). S'({x})) < 2.foreach x € 4.

The chemical interpretation of the conditions from definition 4 is as follows.

(1)and (2) The chemical meaning of these conditionsisidentical to the meaning
of conditions (2) and (4), respectively, from definition 3 for the whole synthon S(4).

(3) The formation of a new bond is forbidden between an atom outside X and
an arbitrary atom from A. The formation of this one is realized by the connection of a
new virtual atom. Condition (3) stops a combinatorial explosion, and it adds to the
deductive power of the model. It follows also from condition (3) that substitutions
and rearrangements must be modelled on two atomic reaction centers, minimally. The
connection of atoms forbidden by condition (3) can be realized by the physicalization
of the model.

(4) This condition is analogous to condition (3) from definition 3.
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EXAMPLE 3

Let us consider the synthons S(A4) and S, (4), ... ,Sz(4) from example 2.
Then only the synthons S;(A4), . . .,S,(A) are from the set $(S(4/X)). The synthons
S:(4)and S, do not satisfy conditions (1) and (3) of definition 4. respectively (the
atoms C* and O° are bonded in S (A) and they are not in S(4)).

It is clear from the definition SPS that the set #(S(4/X)) is dependent on the
choice of the reaction center X. By the design of retrosynthesis, it is suitable to
select as the reaction center the part of the skeleton or functional group which may
be synthesized in the last step.

2. Stabilization and construction of the set ¥ (S(4/X))

We can obtain the set #(§(4/X)) in two ways. The first one is to find all
synthons S'(4) forming the stable X-neighbourhood and to select all synthons satisfy-
ing the conditions of definition 4. Such a way is very time and memory consuming
because the stable X-neighbourhood is very large. Therefore, we select the second one,
i.e. the generative way.

The choice of the generative way induces also the separation of the definition
of the SPS into two parts. The first one is the definition of the stable X-neighbourhood,
and the second one is the appropriate definition of the SPS. The problem of the
generation of the synthons S'(X) from definition 3 is closely related to a well known
and solved problem in chemistry, the problem of the generation of structures
(cf. [24—-27]). However, we cannot use these methods for the appropriate generation
of the whole SPS because, in this case, they are very time consuming. Therefore, we
introduce the notions of a stabilization and an immersion of synthons.

DEFINITION §

Let A ={4,,...,4,} be a set of atoms. Let S(4)and S'(4) be two isomeric
synthons. Let M = (m;;) and M' = (m,fj) be the S-matrices of the synthons S(A4) and
S'(A4), respectively. Let S(X) C §(4), S'(X) C S'(A4). Let I, J be sets defined as
follows: 7 =1{ilA4;€ X}, J=1{1,2,...,n}. We say that the synthon §'(4) was
formed by an immersion of the synthon §'(X) into the synthon S(A4) if the equality

m;; = rrz;j holds foreachi € J —JTandj € J.

EXAMPLE 4
) I 46] =
S(4) : —C=C oot ° S(X) : ~Cpe
, [ //61 - , = o
S'(4): —C-C-C" + -0-H, S'(X): -C_+ -0~ .

The synthon S'(A4) has been formed by immersion of S'(X) into S(4).
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A sufficient condition for the existence of the immersion is formulated by the
following theorem.

THEOREM 6

Let S(A) be a synthon, S(X) C S(4). Let S'(X) be isomeric to S(X) and
CE(S(X), S'(X)) > 0 for each x € X. Then we can immerse S'(X) into S(A).

Proof

Let the assumptions of the theorem be satisfied. Hence, we have that all
outside bonds on all atoms from the set X are conserved, and we can immerse S'(X)
into S(4).

The necessary and sufficient condition for the existence of the immersion is
stated in the the following theorem.

THEOREM 7

Let 4 ={4,,...,4,} be a set of atoms, S(A) be a synthon, S(X) C S(4)
and S§'(X) be isomeric to S(X). Let M =(m; ) be the S-matrix of the inside
Lomponent of the synthon S(4) with the dlagonal entry m;; = (ml, .. m4) Let

= (p, Jand Q = (ql/) be the S-matrices of the inside and outside components of the
synthon S(X) and S'(X), respectively, with diagonal entries p;; = (p1 y _p4) and

4, = (ql, - ,q4). Suppose that the numberings of the atoms in S(4), S(X) and
S'(X) are identical. Let us define the set 7 as 7 = {i | 4; € X }. Then it is possible to
immerse the synthon §'(X) into S(A) iff the inequalities mj - p; < (1; are satisfied
foreachi€ Jandj = 2,3,4.

Proof

Theorem 7 follows evidently from the definition of the inside and outside
components [2] and from definition 5.

DEFINITION 6

Let 4 ={A,,...,A,} beaset of atoms. Let S(4), S(X) be two synthons,
S(X)C §(A4). Let S'(X) be isomeric to S(X) and satisfying conditions (1)—(5)
from definition 4. Let Q = (q,) be the S-matrix of the synthon S(4). Let us
define the following sets: /={i |4; € X}, C={x € X|CE(S(X), $'(X)) < 0},
Y {A EAtA §EX and there exxsts i €1 such that 4, € C and qlsﬁO}

{JIA EY} ={k|l4, €C}, L=IUE. Let M = (m)andM—(m,)be
the Smatnces of the synthons S(X U Y) and S'(X U Y) respectively. Put

P= (pij)'M - M.
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We say that the synthon §'(X U Y) has been created by the stabilization of
the synthon S'(X) with respect to the synthon S(4 ) into first neighbourhood if:

(1) the synthon S'(X U Y)is stable;
(2) the change S(X U Y) = S'(X U Y) satisfies the condition (*):
(3) the inequality

CHS(X VY, S (XU YN+ICH(S(XUY),SXUY) <2

holds foreach y € X U Y
(4) there exists k € K such that Cjk (S(4,V Y), S'(4,UY)>0;
(5) pij = 0,foreach i € I — K and for each j € E;
(6) my;=0= m,’-}- =0,foreachi € EUK,jEE [ #];
(7) theinequality

RD(S(X U{y}). S (X U{y}) - RD(S(X), S'(X) <1

holds for each y € Y.

If Y =0 or if there does not exist the synthon §'(X U Y) satisfying condi-
tions (1)—(7), then we say that there is no possibility of stabilizing the synthon S'(X)
with respect to the synthon S(A4) into first neighbourhood. The stabilization into
first neighbourhood we shall also call 1-stabilization.

The chemical interpretation of conditions (1)—(7) from the definition of
1-stabilization is as follows. The meaning of condition (1) is clear, conditions (2) and
(3) have the same meaning as conditions (1) and (2) from definition 4, respectively.
Condition (3) is important for the algorithm SPS-GEN mentioned later. Without this
condition, the algorithm would not be finite. Conditions (5) and (6) have a similar
meaning to condition (3) from definition 4, and condition (7) is analogous to condi-
tion (4) from definition 4. Generally, the stabilization expresses a projection of
changes of the reaction center into its nearest neighbourhood. The aim of this approach
is to obtain a new stable synthon.

EXAMPLE S
Let 4 = {C',C*,C.C,C,N,O.H,H}, X = {C',N}. Let S(A4) be:

HoN=C-G (g

1ol

—H.

Then S(X)is:
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and S(X U Y)is:

2 A1

_ I 1 —
N (o
Let S'(X) be:
-N=+ >ck.

Further, let us consider the synthons:

SUXUY): —N=+ 30=C-0- .  S(XU¥): -N=+ —C-C=0 ,

SyX U Y)Y =N= =7 4 N AC QU OIS wé;%- + L0,
SL(X U Y): —N= + =¢2 +>ct0,  SeXUY): —N=+ Je=c- + -0,
SHX U ¥): ~N=+ =C1Ch 4 —0~, Sy(X U ¥): —N= + —2C-0-,
SLX U Y): -N= + =(.:2—<l:*=§, Sio(X U ¥): ~N= + =C=C-0~,

— | -
S, (XU Y): —N=+ m(;vgmg-,

SL(X U Y): :—.N~¢£ +3C-0-.

The synthons S;(X U Y),...,8,(X U Y) are the elements of the 1-stabili-
zation §'(X) with respect to S(A4). The synthon Sg(X U Y) does not satisfy condi-
tion (1) from definition 6. the synthon Sy(X U Y) does not satisfy condition (2)
from definition 6, the synthon §;,(X U Y) does not satisfy condition (3) (the sum
of the inside and the outside characteristics of the atom C? is four), the synthon
§7,(X U Y) does not satisfy condition (4), and the synthon S, (X U Y¥) does not
satisfy conditions (5) and (6).

The algorithms SPS-GEN and STAB

Notations: 4 ={4,,...,4,}, S(4) is a synthon, S(X)C S(4), Y is the
set defined analogously as in definition 6.

The input structures are S(A4) and S(X) for the algorithm SPS-GEN, and
S(A) and S'(X) for the algorithm STAB, respectively. The output is the set N and M,
respectively. The algorithm STAB is recursive.

The algorithm SPS-GEN

Step 1 (initialization). Let the set M be a set of all synthons S'(X) isomeric to S(X)
and satisfying conditions (1)—(5) from definition 3. Let N = Q.
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Step 2. For each synthon S'(X) from M, do step 3.
Step 3. STAB(S5(A4), S'(X), N).
Step 4. The end of the algorithm.

The algorithm STAB

Step 1. If it is possible to immerse S'(X) into S(A4) by formation S'(4) then do this
immersion and put N = N U S'(4).

Step 2. Define the set Y. If Y = @, then go to step 6.

Step 3. Let C be a set of all synthons S'(X U Y) which have been formed by the
1-stabilization of the synthon S'(X) with respect to the synthon S(A4). If
C = (Q, then go to step 6.

Step 4. For each synthon S'(X U Y) from the set C do step 5.

Step 5. Let Y' be a set of all atoms y € Y on which any change has been realized
during the isomerization S(X U Y) > S (X U Y). Put X = X U Y' and do
STAB(S(A), S'(X), V).

Step 6. The end of the algorithm.

Schematically, we can demonstrate the work of the algorithms SPS-GEN and
STAB as follows:

S{XuY)

StA) . \ S(al
Fig. 1.

THEOREM 8

let 4 = {Al, . ,An} be a set of atoms. Let S(4) be a synthon on the set 4,
S(X) C S(A4). Let N be a set of the results of algorithm SPS-GEN by input S(A4) and
S(X). Then N = F(S(4/X)).
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Proof
Let the sets I, J be defined as follows: J = {1,2,...,n}, I ={il 4, € X}.

(A) Let S'(4) € N = S'(X) satisfy conditions (1)—(5) of definition 3 and at
the same time S'(X) C S'(4). S'(A) is stable because it has been formed by the
stabilization of the synthon S'(X). Accordingly, S'(4) is an element of the stable
X-neighbourhood of the synthon S(4). We show that conditions (1)—(4) from
definition 4 are satisfied. Conditions (1) and (2) follow from conditions (2) and (3)
of definition 6 and from the mechanism of algorithm STAB. Now we verify
condition (3). We distinguish the following cases:

(@) if Y = Q, thenitis possible toimmerse S'(X) into S(A4) (since S'(4) € N)
and the condition is satisfied from the definition of the immersion;

(b) if Y # @, then we have three possibilities:

(bl) it is possible to immerse S'(X) into S(4) and the condition is
satisfied from the definition of the immersion;

(b2) if A = X U Y, then the condition is satisfied from conditions (5)
and (6) of definition 6;

(b3) if 4 D XU Y, then the condition is satisfied (cf. (bl)) in the
synthon §'(X U Y") (Y'is the set defined in algorithm STAB) and

by its further stabilization, we obtain one of the cases (a), (bl)
(b2).

In any case, condition (3) is satisfied. Now we verify condition (4). Let us
consider the set Y’ which is defined in algorithm STAB during the /th immersion.
Then Y'=Y,-Y,_,, where 1=1,2,... k-1, k is the maximal level of the
immersion of algorithm STAB by the generation of S'(4), and the sets Y, are defined
by condition (4) of definition 4. The equality is satisfied with respect to the definition
of the set Y in definition 6,and with respect to the validity of condition (3) of defini-
tion 4. From condition (7) of definition 6 and from condition (5) of algorithm STAB,
we have: RD(S(X"U{yhH, S (X" U{y}))—-RD(S(X"),S'(X"))<1 for each
y € Y where the set X" answers the function of the set X during the /th immersion
of algorithm STAB. Since Y’ C Y, this inequality is satisfied also for each y € Y.
There follows from the mechanism of algorithm STAB that
) =XUY, .

H

1
X'=X U (Y., Y,
i=2

After the introduction of X" into the inequality mentioned above, we have the
assertion. Accordingly, S'(4) € F(S(4/X)).

(B) Let S'(A) € F(S(A/X)) = S'(A) be an element of the stable X-neigh-
bourhood of the synthon S(A) generated by the synthon S'(X), and let it satisfy
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conditions (1)—(4) of definition 4. Then there exist two possibilities:

(i) S'(A) is formed by the immersion of S'(X)into S(A4)and, accordingly. it
is generated in step 1 of algorithm STAB. Then S'(4) € V.

(ii) S'(4)is not formed by the immersion of S'(X)into S(A4) = there exists a
set Z, A D Z D X such that S'(4) is formed by the immersion of §'(Z) into S(4).
Let us consider minimal Z with this property. Then there exist two possibilities,
Z=XUY orZD XU Y (from the definition of ¥'in step 5 of algorithm STAB
there cannotbe Z C X U Y').

(iil) Let Z= X U Y'. We show that S'(Z) satisfies the conditions of the
stabilization (definition 6). Conditions (1).(2), (3), (7) follow directly from defini-
tion 4. We show conditions (4), (5). (6). First we prove condition (4) by contra-
diction. Suppose that there does not exist kK € K such that CA (S(Y'"uiq,h).
S'(Y'U{d4,}) >0, then for each k € K: Cj (S(Y' U {4}, S(Y U {4 })~
and S'(A4) is formed by the immersion of S'(X)into S(4), Wthh is case (i).a contra-
diction. Consequently. condition (4) is satisfied. Now we show (5). Suppose that
i€ l—-K and j € E such that Py * 0. 1t follows from the definition of the sets /, K
that there cannot exist j € J (and 7 € E) such that pij .= 0. If CA (S(X),S'(X)) =1,
then it means that one new bond has been formed, whlch is in LOI]trddICthH with
the requirement of condition (3) of definition 4. The C,‘iEz.(S(X). S'(X)>1
during 1-stabilization is impossible because of condition (5) of definition 3. During
the following stabilizations, condition (1) of definition 4 must be satisfied, so
Cf’i(S(X), S'(X)) < 1 must hold. The same follows from condition (3). Accordingly,
condition (5) is satisfied. Condition (6) follows directly from condition (3) of defini-
tion 3. Accordingly, S'(4) is formed by the immersion of S'(Z) into S(A) and
S'(Z) is formed by the stabilization of the S'(X') with respect to S(A4),and S'(4) € N.

(ii2) Let ZDZ'=XU Y/, where Y, =Y and Y' is defined in the first
way through algorithm STAB. We show that S'(X U Y')is formed by the 1-stabiliza-
tion of the synthon S'(X) with respect to the synthon S(A), i.e. we show that condi-
tions (1)—(7) from definition 6 are satisfied. The first condition is satisfied because
each subsynthon of the stable synthon is stable. Condition (2) follows automatically
from definition 4 (condition (2)). Condition (3) follows from condition (2) of defini-
tion 3, and further from condition (1) of definition 4 and from the construction of
the set Y’ in algorithm STAB. Condition (4) we can show analogically, as in case (iil).
In the same way, we can show condition (5). Condition (6) follows from condition (3)
of definition 4, and condition (7) follows from condition (4) in definition 4 (because
there is Y' = Y). Accordingly, the synthon S'(X U Y') is formed by the 1-stabiliza-
tion of the synthon S'(X) with respect to S(4), and S'(X U Y')is the product of
the first way through algorithm STAB. Further,let ¥, (I=1,2...., — 1) denote
the set Y’ defined in the /th way through algorithm STAB. It follows from condi-
tion (1) of definition 4 that there exists / such that
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l
Z=XuuUuy,/ .

i=1
With the help of the same consideration as that used above, we show that the synthon

-1
S(XU U YU Y))
i=1

is formed by the 1-stabilization of the synthon

-1
S'(Xu u Y
i=1
with respect to the synthon S(A). From this, we have that S'(Z) has been formed
by the stabilization of S'(X) with respect to S(A). and because S'(4) is formed
by the immersion of S'(Z) into S(A), it holds that S'(4) € N and the theorem is
proved.

3. Construction of the reduced set of SPS

In practical applications, it is very important to determine not only the atoms
of the reaction center but also the aioms which we want to exclude from the chemical
process (e.g. the skeleton creating atoms). The conditions of the conservation of
the skeleton or its part or of a functional group is very important in, for example,
the synthesis design of biologically active compounds. Therefore, we introduce the
notion of the set of all SPSs of the synthon S(A4) with respect to the synthon S(X)
reduced by the synthon S(X).

DEFINITION 7

Let A ={4, ..., A,}. Let S(X)and S(X) be its subsynthons, respectively. Let
XNX=0. LetS4)e (i’(S(A/X) Let M = (m; )and M'= (m; )be the S-matrices
of the synthons S(4) and S'(4). Let P = (p,) M —M. Let [ = {it4,€e X or
there exists j such that A € X and my; #0},I'={i l4; € X }. We call the set

F(S(A/X/X) = {S'(A) € #(S(4/X)) I p;=0 foreachi€ ', jE€ I}

the set of all SPSs of the synthon S(A4) with respect to the reaction center S(X)
reduced by the subsynthon S(X) (denoted as F(S(A4/X/X)).
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EXAMPLE 6

Let us consider the same synthon S(4) and the same set X as in example 2.
Let X ={C*.C?,C*}. Then only the synthon S;(A) is an element of #(S(A/X/X)).

THEOREM 9

Let S(4) be a synthon and S(X) its subsynthon. Let A D Z D X. Let
S'(A) € S(S(A/X)). [=1il4,€Z} Let P= (p;;) be the SR-matrix of the isomeri-
zation S(4)~ S'(4). Suppose that the isomerization S(Z) = S'(Z) satisfies the
condition (*). Then S'(Z) € F(S(Z/X)).

Proof

S'(Z) is an element of the stable X-neighbourhood of the synthon S(Z)
because S'(A4) is an element of the stable X-neighbourhood of the synthon S(4).
Therefore, the synthons S(X) and S§'(X) satisfy conditions (1)—(5) from defini-
tion 3. We show conditions (1)—(4) of definition 4 for S'(Z). Condition (1) is
formulated in the assumptions. Condition (2) follows from the fact that S'(Z) C S'(4),
Z C A4, and condition (2) is satisfied for each x € A and. consequently, for each
x € Z. We can show condition (3) analogically as for condition (2). Condition (4)
follows from the satisfaction of the condition (%) for the change S(Z) -~ S'(Z) and
from the satisfaction of condition (4) for the isomerization of the whole synthon,
and the theorem is proved.

THEOREM 10

_Let S(X) and S(X) be two subsynthons of the synthon S(A) such that
XNX=0Q.If S"(4) € F(S(A4/X/X)) then there exists S'(4 — X) € F(S(4 — X /X))
such that §”(4) is formed by the immersion of S'(4 — X )into S(4).

Proof

If $"(A) € F(S(4/X/X)) then S"(4) € F#(S(A/X)) and p;=0 for each
i,j €1 (the notation is the same as in definition 5). Let us put Z2=4 - X.
Since 4 =4 -XUX =ZUJX, the atoms of the set X are without a change,
and the isomerization S(A4) = §'(4) satisfies the condition (%), the isomerization
S(Z) = S'(Z) must also satisfy the condition (*). Then from theorem 4 we have
S"(Z) € S(S(Z/X)) = F(S(A4 — X/X)). Since p;; =0 for each i,j € I, and since
S"(4) € #(S(4/X)) and, therefore, condition (3) from definition 4 is satisfied,
it is possible to immerse the synthon S”(Z) into S(A4) by the formation of S"(A4).
Accordingly , we can put §'(4 — X) = S"(Z) = §"(4 — X) and the theorem is proved.

The assertion of theorem 10 is very important for the convergent generation
of F(S(4/X/X)) because it follows from this that we need not generate the whole
F(S(A/X)) but only F(S(A4 — X/X)).
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Now, let us formulate algorithm SPS-GEN-1. It will generate the SPS of the
synthon S(A4) with respect to the synthon S(X) reduced by the synthon S(X). The
input structures are S(A4). S(X) and S(ff), where 4 DX, A DX. XN X = Q. The
output is the set of results &.

The algorithm SPS-GEN-1

Step 1. Initialization: & = 0.

Step 2. Do algorithm SPS-GEN for the synthons S(4 — X), S(X). Let the results of
algorithm SPS-GEN (i.e. the synthons S'(4 — X)) be saved into the set V.

Step 3. For each synthon S'(4 — X ) from the set NV, do step 4.

Step 4. If it is possible to immerse the synthon §'(4 — X) into S(4), then do this
immersion (the synthon S'(4)is formed) and put ® = & U S'(4).

Step 5. The end of the algorithm.

THEOREM 11

Let A =1{4,... ., .A,} be a set of atoms, and S(X) and S(X) be two sub-
synthons of S(A4) such that XNX=0. Let & denote the set of the results of
algorithm SPS-GEN-1 by input S(4), S(X ), S(X ). Then:

R = S(S(4/X/X)).

Proof

(a) Let S'(4) € F(S(A/X/X)). We have, from theorem 10, that there exists
the synthon S'(4 — X) € F(S(4 — X/X)) such that §'(4) is formed by the immersion
of §'(4 — X)into S(A),ie.in step 4 of algorithm SPS-GEN-1. From theorem 9, we
have that the synthon S'(4 — X) is formed by algorithm SPS-GEN (by the input
S(A4 — X)and S(X)).ie.in step 2 of algorithm SPS-GEN-1. Accordingly, S'(4) € &.

(b) If §'(4) € K, then S'(A4) is formed by the immersion of the synthon
§'(4 — X), generated by algorithm SPS-GEN (by input S(4 — X), S(X)), into S(A)
and, consequentiy, §'(4) € S(S(A/X)) (because (A —X)C A). If P= (pz) is the
SR-matrix of the isomerization S{A4)~ S'(4), and 7 and I’ are the sets defined
analogically as in definition 5, then it follows from the definition of the immersion
that Py = 0 for each i € I',j € I. Consequently, S'(4) € F(S(4/X/X)) and the
assertion is proved.

It follows from theorem 11 that algorithm SPS-GEN-1 may be used for the
generation of the whole set #(S(A4/X/X)).

The following theorem introduces an important property of the set
PS4/ X/ X)),
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THEOREM 12
_Let S(X) and S(X) be two subsynthons of the synthon S(A4) such that
XNX=0,X"CX.Then:
(1) F(S(A/X) D F(S(A/X/X).
(2) S(S(A/X/X")) D F(S(A/X/X)).

Proof
(1) If S'(4) € S(S(4/X/X)), then from definition 7 we have that
S'(4) € F(S(4/X)).
(2) Let S'(4)€ S(S(4/X/X)). Let M and M’ be the S-matrices of the
symhons S(4) and S'(A4), respectively. Let P=(py) = M =M. Let
I, J,I',J be sets defined as follows:

{i14,€ X or there exists j such thatA € X and n; #O}
{z]A € X' or thu’e exists j such thatA € X'and mﬁ#O}
{ziAEX} {IIAEX}Ewdently JcrJcr.

From the definition. we have Py= =0 for each i € I, j € [ and. therefore,
"OforeacthJ jeJ.

I

Il

!
J
!

4. An order of SPS

We introduce. to improve the regulation of changes which are accompanied
by a splitting of the skeleton, the notion of the order of SPS.
DEFINITION S

Let S(A) be a synthon, S(X) C S(4), S'(4) € F(S(4/X)). We define the
order N of the synthon S'(A4) with respect to S(A4) as follows:

N=({(k+1)+ 4)+1,
where

k= 2 RD(SUy). SUrH)

yEA-X
and the operation + denotes the so-called integer division.

The order of SPS is a measure of changes of valence states of atoms out of the
set X.
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EXAMPLI 11 \ 5
Let us consider the Kekule structure of benzene 6 @3
4
Here. A = {C',.... C®}. Let X ={C'.C?}. ’
I 31 4l <l
(a) An SPSof the order 1 is. for example, Se=ch + e teSe-

; !
(b) An SPS of the order 2 is, for example, Se=ch + c2cfe
(c) An SPSof the order 3 is, for example, Se=ct + o=t + o=t
Intuitively, the order of the SPS is connected with the length of the reaction

path. However, this connection is not always linearly proportional. If we study, for
example. the tele-elimination reaction S(A4) - S'(4):

*
N*

~(G=6-CECT (=0 6= > - g=(-G=C
and we denote X ={C",C"}, then the order of S'(4) with respect to S(A4) is two
and RD(S5(A4), S'(4)) = 9. However, in example 11(c). the order of the SPS is equal
to threc and RD(S(A), S'(4)) = 6. The order is added fast if the skeleton is split,
and it is added slowly if. for example, an electrocyclic reaction takes place. Upper
bounds of the order of SPS are formulated by the following theorem.

THEORIEM 13

Let S(A4) be a synthon, S(X) C S(A4). Let N, denote the maximal order
of S'(A4) € #(S(A/X )) with respect to S(4). Then:

Npax S ((2(card 4 —card X) +1) = 4) + 1.

Proof

This follows immediately from the definition of the order of SPS. from condi-
tion (2) of definition 4, and from the corollary of theorem 4.

5. Conclusions

The purpose of this and previous [2] communications is to form a mathe-
matical model of chemical reality which is potentially applicable as a basis for
computer-assisted organic synthesis design. The principal notions and concepts defined
in the model correspond to the actions or thoughts of a synthesizing chemist. There-
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fore, the model is defined for synthons and not only for whole molecules, and the
chemical distance [3,28] is substituted by a much more appropriate reaction distance.
The idea of the virtual atoms considerably increases the deductive power of the model.
The ability of the model to find ESRE enables us to use the theory for an exhaustive
construction of reaction mechanisms.

The ability of the model to serve as a basis for the formation of computer
programs for organic synthesis design was verified during the implementation of the
program for the generation of the set of all SPSs [29].
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