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ABSTRACT

A new system is presented for mathematical description of chemical functional
groups. The system is an extension of the Hendrickson 's (6) . We developed a
computer program using this system to caiculate all the possible interconversions
between the groups, to display these interconversions on the screen and to find the
shortest pathways linking two  groups.

INTRODUCTION

One of the most fascinating challenges in the field of chemical information and
computerized chemistry is to find a simple mathematical description of compounds in
order to manipulate chemical knowledge simply and quickly, by means of simple
mathematical calculations.

This need is very important in the field of computer-aided organic synthesis. In this
field compounds are generally described by atom-bond tables (1), by a BE matrix in the
EROS program (2), by the linear DARC system in the SYNOPSYS program (3) and by
the character of carbon atoms in the SYNGEN program (4). Kratochvil and coworkers
proposed also a simpie description of atoms (5) and Camps (6) proposed an extension
to Hendrickson's system .

From these descriptions, only the models of Hendrickson and Kratochvil allow one
te code the reactions by a simple addition or subtraction, the other programs needing
more sophisticated computer programs.



But these two models do not allow one to describe all the functional groups with
accuracy , so we searched for a more detailed model.

We present in this paper a new description of simple chemical functional groups in
order to develop a new computer-aided organic synthesis program. We present the first
step of this project : the construction of all the theoretically possible interconversions
between functional groups.

MATHEMATICAL MODEL

The model that we have developed presents some analogies with those of
Hendrickson (4a) and Kratochvil (5) in that we describe only carbon atoms and their
first environment.

The Hendrickson model is very general to describe a class of functional groups by
a number but does not distinguish all the functions, for example the atoms A and B of

scheme 1 have the same character 22 : 2 ¢ bonds and 2 “functional” bonds.

o c

c—c? >C<CI c=c<CI
c C Cl o
A B (o
Hendrickson: 22 22 22
Kratochvil: 0210 0400 0210
Scheme 1

In the Kratochvil model (5) , only the number of free electrons, single, double and
triple bonds are given : atoms A and C, of scheme 1, are described by the same
formula : 0210 (0 free electron, 2 single bonds, 1 double bond and 0 triple bond).

In  Hendrickson's model four kinds of attachment are considered : H (bond
between carbon and hydrogen } , R (o bond between two carbons) , IT (m bond

between two carbons) and Z (o and = bonds between carbon and heteroatoms). A



transformation at a carbon is described by two letters, the first one indicates the bond

formed and the second one the bond broken. For example in the reaction :

Cl-H +C=C >Ct-C-C-H
t 2

For carbon 1 the kind of reaction is ZI1 (formation of a C-Z bond, and loss of a Il

CC bond) and for carbon 2 the code is H I1 (+H , - [1). From these 4 attachments there
are 16 possible reactions at a carbon site (4a).

In order to describe all the possible functional groups we searched for a more
detailed model. In a first attempt we developed a code with four digits, 2 for the CC
bonds and 2 for the C-Heteroatom bonds (designated by CZ in this article), and for

each bond we distinguish the ¢ and n bonds. The code was :

C=1000" OCC + 100" TLCC + 10* OCZ + MCZ

and for the carbon atoms of scheme 1 we obtain : A = 2011, B = 2020 and C =
2110.

One may remark that the sum of the 3 last digits gives the f value of the
Hendrickson code (4a) and so it would be possible to generalize the class of the
functional group, if needed .

All the possible groups may be easily written by hand or calculated by a simple
program. They are displayed in column 1 of table 1.

With this model we are considering five attachments : H , GCC , TTCC, OCZ and
TLCZ, where O CC and JUCC are identical respectively to the R and IT values of

Hendrickson, whereas O CZ and TUCZ represent o and n bonds between carbon and

heteroatoms. Having defined these five attachments, a carbon atom may then undergo
25 formal reactions which are listed in table 2. The bond made (+) and the bond breken



No model 1 model 2 No model 1 madel 2
! ¢ 00,00 000 000 22 €-C-z 1010 100100
c
2 |c-c le.00 100 000 23 3c-2 2010 200100
3 | c-c-C 20 00 200 000 c "
c-c-C 3000 300 000 |
o 24 c-¢-2 3010 300 100
c
i
5 C-II:-C 40 00 400 000 25 Z-C=¢ 1110 010 100
Cc C\
6 c=C 1100 010 000 26 =€ 2110 110 100
7 | c-g=¢ 21 00 110 000 4
¢ - 1210 001 100
8 | ‘e=c 3100 210 000 27 Z-CcEC
c 2
9 | czec=c 2200 020 000 28 c-e{, 1020 100200
10 c= 1200 001 000 B2
11 | c-esc 2200 101 000 29 o 2020 200200
12 { z-c 00 10 000 100 2
13 | z-¢-2 00 20 000200 30 z/c:c 1120 010200
14 | z-c-z o030 000300 z
1
z 31 c-c-z 1030 100 300
2 z
15 z—ll:wz 00 40 000 400 32 c-c=2 1011 100 010
z o
16 €=z o011 000 010 33 =2 2011 200010
17 | z-ezz ooz 000 110 ¢
Z 34 czeczz 1111 010010
18 ,/55%  oo3 000 210 &,
c=7
19 | z=c=z 0022 000 020 35 2 ¥ 1021 100110
20 Z=C 0012 000 001
21 |z2¢-z o022 000 101 36 |c-C=Z  q012 100001

Table 1. Codes developed to describe simples chemical funclions.




(-) are indicated for each case. For the third case { + H - ®mCC ) we show only the
modification on one carbon and we do not specify what is added on the other carbon of
the double bond. This model  presents nine more reactions than Hendrickson's (4a).

+ - Examples + - Examples

H H C-H + H-C

H Gee c-¢ + H-C e Gez c-C-2 » C=C

H flee =C + H-C-C flee rez ¢c-C:2 4 C=C-2Z

H oc¢z B | o o o
i CHa+ 2Z-

flce TLCC c-C=C + c=C-C flez ez 2-C:=2Z

Table 2 . Types of reactions at one carbon site

However, in spite of its qualities, this model does not distinguish the functions 9
and 11 and 19 and 21 of table 1 (scheme 2) :

C-€=C and C=C=C code =22 00
N-C=N and N=C=N code = 00 22
scheme 2
So we developed another model indicating clearly the number of single, double

and triple bonds for the CC and C-hetercatom bonds. We obtain a code with 6 digits,
the first three for the CC bonds and the others for the C-heteratom bonds :
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C=C1 C2 C3 2" 22 23

in which Ci designates the number of CC bonds with multiplicity i, i.e. the first three
digits indicate the number of single, double or triple CC bonds ; similarly for Zi, i.e. the
last three digits denote the number of single, double or triple C-heteroatom  bonds.

Thus the ambiguities indicated above are removed (scheme 3) :

C-c=Cc c¢ode = 101000 N-C=N code=000101
C=C=C code = 020 000 N=C=N code = 000 020
Scheme 3

Column 2 of table 1 lists the code obtained for all the functional groups.
With this model the value of f (Hendrickson's model) is given by the formula :
f=C2 +2*C3 + Z1 + 2'22 + 3'7Z3

COMPUTER PROGRAM

With the developed codes we  constructed an functional group interconversion
(FGI) matrix between the groups. The elements of the matrix are : FGI {lJ) = K in which
K=1 it there is a reaction in one step from group number | to group number J,
and K = 0 if there is no direct reaction between the two groups.

Then from this interconversicn matrix we developed a subroutine which allows us
to construct a pathway between any two groups .

The construction of such a matrix is done by a BASIC program which has the
following steps :

FORI=1TON-1 {N = number of groups)
FORJ=1+1TON

is there a one step reaction between groups | and J ?
if yes then FGI (1J) = 1 and FGI (J,]) = 1

NEXT J

NEXT |



To construct such a matrix we followed some rules which predict it a reaction in
one step is theoretically possible between two groups. For each reaction the program
calculates the variation A of the number of CC and C-heteroatom bonds, and the
variation of sigma and n bonds (CC and CZ); it one of these |[A| > 1 then the reaction is
discarded. If the number of variations is greater than 2 the reaction is also discarded : it
means that several elementary reactions occurred.

Some examples are given in table 3 :
c—ct=Z ——+ C=C—2

AnCC =+
AnCZ =-1

. reaction allowed

z
c-c=z — C=C<Z

AnCC =41
AnCZ =-1 © 3 A : reaction disallowed
AoCz =+1

4

|
c—C=Z —> C—li'.'— z

4

AnCZ =-1
AoCZ =+2 : |A| >1 : reactiondisallowed

Table 3. Examples of evaluation made by the program.

These calculations are easily made by means of-the descriptions adopted and the
matrix obtained is presented in figure 1.

This matrix indicates the theoretical possible interconversions for each group. For
example, the elements (2,1) , (2,3) , (2,6) , (2,12} and (2,22) are equal to 1 , which
indicates that a one step reaction is theoretically possible between group 2 and groups
1,3, 6,12 and 22 ( scheme 4) :
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1234567890123 45678901234567890123495G¢6E
01 - 01 000O0OCO0OO0O0100000000O0CO0O0O0OCOO0O0OO0OOCOOO0OGCOO

101001000001000000000100000000D0000O0O0CD©DO

03 -01010110000000000000011000000000900000

-00101011000000000000001100000000000°0
05-00010001000000000000000100006000000O0RN

04

011000100100000000000100100000090000

06
07

0000

0001101010100000000000010100000000©O0°T0
0000001101100000000000000110C600000000O0°T0
000001101010000000000000101000000O00O0T¢0
0C000011110000000000000060110000002300
1100000000001 00100000100000000000000

]
13-000000000001010110000100000100000000

00110110111100000000000101100000

08

09
10
11
12

- 0000000000001 010110000000001001000070
15-0000000000000106001000000000C000100000
16 -000000000001100010010100000000010000

14
17

-0000000000001101011110000001000109010

000000000000 O011010101000000000100010

19 -0000000000000000110110000000060000011

0O 00D0D0D0D0CO0O0O0DO0O0O601101010000000000100¢01

20 -
21

0Oo0o0000D00CO0OCO00O0COCO0111100000000000000C11
22-0110010000011001000000102100100010000

0011001000000000000001011101110011000
-000110010000000000000010010010001000
25 -000001100100000000000110012101010100

23
24

26 -000000111010000000000011101011001100

27 ~000000001110000000000000110C001000100

28-000000DO0O0O0CO0ODO0O0110010000110100011110010

29 -000000O0ODO0COOO0OOOQOCODOOOOOCOD11010101101010

30 -00000000D0000000000000000111110100110

31 -000000000000011001000000000111000010

32-000000000000000110010110100100001111

33-00000000000000C0000O0CO0CO0CO011010010010111

34

coo0oO0OOQOOQOCOOOOCOOCOOOOOOOCOOO0OO011 110010110011

0Oopo0oODOQOOODOOGQGOOODODOO0O1111010000600111111101

35

co0o0OCvuOODOOOODOOOOOCOO1110000000O0O0CD111110

36

12345878901 23456789801234%67,8901234¢5%%

Interconversion matrix for the 36 groups

Figure 1



' 1 (0000)

CHa

+H -0Occ
c-¢c-¢ 3 (2000 H C-CH2-C  # O¢ce - H
|
c-¢ c=¢ 6 (1100) = ¢-C-H CICH2 #Tce « H
2 c-2 1z (0010) i CH3-2 1 o
(1000) c-c-7 22 (1010) C-CH2-Z + 2 - H
Scheme 4
The program  offers two options the first one is the visualization of the

interconversions and the second one is the construction of a pathway between two
groups.

In option 1, the screen of the microcomputer is divided into two parts and in each
window the wuser may display the different groups. He has again two possibilities :
(1i) he may visualize what it is possible to obtain from a group : in this case the user
selects a group in has the other groups defile i n window B ;
{ti) he may visualize the precursors of a group : in this case the group of window B is
fixed and the user has the precursors defile in window A. Figure 2 shows the screen of
the computer when option 1 is selected.

window A and

PRESS A OR W PRESS UOR N
c
GrGC =t G-
2100 3000
110 000 300 000
DELTASIGMA=+1 DELTAPI =-1

Figure 2. A view of the screen when the user lists the possible interconversions. An
option allows the user to display left and right groups one by one. For each reaction
presented, the result of the calculations for its validity is indicated.

When option 2 is selected the user has to choose two groups. This is done by
having the groups defiling in each window. Then the program searches the shortest
pathways between them and displays the theoretical reactions.

interconversions found by the program.

Figure 3 shows some
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2
— C-C-Z — C-C,_z —|
—+ C-C-Z — ¢c-Cczz —
G2
» C:C-Z — C C\Z =] 7
c:¢c — 5 }—-c—cfz
——+ C:C-Z — (::(Zi2 —
b+ C:C-Z — ¢-C:2 —
— C:C-Z — (¢:C:2 ._.‘

If we display hydrogens we obtain :

— 3CH-CH3-Z — 3CH-CH’

z
Z

'

— JCH-CH2-Z — SCH-CHzZ —|

L, 3C:CH-Z — >CH-CH'§ —
) z
deieH; - z — ScH-c&,
I+ >C:CH-Z — ><::¢:<Z

l

3C:CH-z —* JCH-CH=Z

l

3C:CH-z — 2C:C:Z

Figure 3. Solutions given by the program for the problem :

£ 4 Z
c:c — c-cfZ or >C:CHy —s ScH-cd,
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CONCLUSION

We propose a new code to descripe simple chemical functions. From this code by
simple mathematica! calculations we developed an interconversion matrix between the
different functions and we developed a computer program which allows one to find a
pathway between two groups. Work is under development to describe more
complicated functional groups.

The program is written in BASIC and runs on an IBM/PC. It is available from the
authors on request.

Acknowledgement : We thank Prof. J.B. Hendrickson for useful suggestions during
the writing of this paper.
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