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Abstract: We describe the program REKEST (REsearch for the KEy STep) the aim of 
which is to research the key step of a synthesis by dissecting the target molecule according 
to formal schemes. These schemes represent generalized reactions which allow to delete 
and/or add one or several bonds in the target compound. By this method the user obtains 
rapidly a view of possible interesting intermediates. REKEST proposed new ideas for the 
synthesis of longifolene and recognized existing ones. REKEST is written in BASIC and 
runs on an Apple II microcomputer.

Introduction
There are presently a great number of 

computer assisted organic synthesis 
(CAOS) programs1'1. Most of these pro­
grams are developed according to the main 
principles defined by Corey and Wipke in 
their first paper121: they work backward 
from the target to the starting materials by

construction of a synthetic tree. But this 
approach leads to a «combinatorial explo­
sion» and the problem is to prune the syn­
thetic tree. When a chemist plans a syn­
thesis, he seldom works out such an exten­
sive inventory. One may compare this 
problem to those associated with chess 
games, where computers analyze thou­
sands of combinations whereas the great 
master concentrates rapidly on the best 
ones. As a consequence, the great masters 
regularly defeat the computer. So in these 
CAOS programs strategies and tactics 
have been elaborated in order to discard 
the bad solutions and to find the inter­
esting ones faster1'1.

Other approaches have been proposed 
to look for syntheses of a target com­
pound. They differ from the classical ap­
proach because they solve only part of the

problem, the chemist having then to com­
plete the solutions. For example:
- Wipke proposed an approach which al­

lows one to find the starting materials 
associated with a given target131; the 
chemist has then to find the best set of 
reactions which connects these reagents 
to the target.

- Winter proposed an approach to code 
synthetic pathways on the basis of stra­
tegies141.

- SAS (Simulated Analytical Synthesis)15,61 
is based upon the analytical approach 
proposed by Corey et al.171 and taken 
further by Hamon and Young[8!. The aim 
of this program is to cut bonds in the 
skeleton of the target molecule in order 
to display potential precursors.
The foregoing references reflect the div­

ersity of the chemist’s reasoning involved 
in the synthesis of a given target com­
pound. The programmed simplifications 
result from the discovery of the key step in 
the considered synthesis.

Deslongchamp’s article191 on strategies, 
or the «chiron» approach developed by 
HanessianlW] provide general illustrations 
of this notion of key step in synthesis 
planning. Hendrickson’s program involves 
initial dissection of the skeleton only, first 
to find all fully convergent modes of as­
sembly, then the shortest sequences of con­
structions only to execute each1111.

The analytical approach allows one in 
some cases to find efficiently the key step 
of a synthesis. For example, SAS suggested 
the possibility of an intramolecular Diels­
Alder reaction as the key step in the prepa­
ration of ellipticine, and a recent synthesis 
confirmed the soundness of this proposi­
tion16,121. However, SAS’s approach is not 
actually comprehensive because it only 
breaks bonds: there is no formation of new 
bonds in the target compound; for exam-
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pie, rearrangement reactions cannot be en­
visaged by this program.

On the other hand, Oppolzer’s synthesis 
of longifolene1'31 shows that the concept of 
strategic bonds may be insufficient in the 
search for the key steps of a synthesis. In 
fact, Oppolzer et al. synthesize longifolene 
by an intramolecular DeMayo reaction, 
and one of the two bonds constructed 
(bond a-b) would not be considered as 
strategic according to the strategic bonds 
principle[13141. The key step is shown in 
Scheme 1.

Scheme 2

1/A-B
2/ A-B-C

3/A-B C-D
4/A-B

5/ A-B-C

6/A-B-C

7/A-B C-D
8/A B

<- AB
<- ABC

<- A B C D
<- A-L + B

<- A + B=C

<- A-C + B

<- A-D + B-C
<- A-B

him to work either on a fragment of the 
target or on it as a whole. To avoid the 
generation of too many solutions, the 
chemist has the possibility of selecting the 
atoms which will participate.

Then the program reads one reaction 
and checks if it is applicable; if «yes», the 
transformations are performed and the 
corresponding solutions are presented to 
the chemist who may either save the inter­
mediate, have a hard-copy of the screen, or 
continue; that is, it returns to the «is the 
reaction present?» instruction, and if it is

Scheme 1

o
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O

I
I

Fig. 1. Example of each transformation 18 (see Scheme 2) applied to target 0.

A

The finding of this key step, that is, of 
intermediate A, may be accomplished by a 
program working simply on the skeleton. 
Seeing the intermediate A printed should 
at once suggest to a good chemist the com­
plete principle of this longifolene synthesis.

We describe in this paper the computer 
program REKEST (REsearch for the KEy 
STep) the aim of which is to discover effi­
ciently the key step of a synthesis.

Description of REKEST
The main idea of the program REKEST 

is to provide a large number of formal 
solutions as propositions for the chemist. 
Instead of constructing a complete synthe­
tic tree it points out some potential inter­
mediates in the tree which may suggest a 
key step for the synthesis. It dissects the 
target with a small library of «reactions». 
These «reactions» are patterns which al­
low to delete and/or add one or several 
bonds in the target compound. The main 
«reactions» are depicted in Scheme 2 (A, 
B, C, D are any atoms; transformations 1 
to 3 allow deletion of one or two bonds).

Scheme 3

Fig. 1 shows an example of the application 
of each transformation on a given target 
(0).

The flow chart of the program is pre­
sented in Scheme 3. The main menu offers 
three options:
(1) Input and storage of the target com­
pound: the user draws the target on the 
screen by means of the keyboard and the 
computer establishes the internal descrip­
tion (list of atoms and bonds) which is 
saved on disk.
(2) Input of «reactions».
(3) Execution of program REKEST.

REKEST begins by reading the target 
and draws it on the screen. An option is 
then provided to the chemist which allows

not it reads another reaction and the sequ­
ence is repeated until the end of file.

When all the «reactions» have been 
tried, the program returns to the instruc­
tion «choice of atoms»: it is possible to 
select other atoms for researching other 
solutions. Of course it is also possible to 
select all the atoms in this step in order to 
be sure to have all the solutions from the 
given set of reactions, but in this case the 
number of solutions may be too large.

Results
We have tested REKEST with the longi­

folene skeleton and we present in Fig. 2 the 
solutions which seem interesting. The ac­
tual number of solutions depends on the 
number of atoms present in the selected
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Fig. 2. Some results provided by REKEST for the longifolene’s case. The circled numbers 
indicate the numbers of the «reactions» ( Scheme 2 ) which generate the intermediates. With 
SAS15-61 solutions 1,2, 5, 7, 9,11,13,14,15,17-22 would have been missed.

Scheme 4

fragment of the skeleton. For example, for 
the fragment formed by the seven-mem­
bered ring one obtains 112 solutions. For 
the whole skeleton there are 348 answers. 
The selection of solutions is made by the 
chemist, the aim of REKEST being to pro­
pose potential intermediates which could 
suggest the key step of the synthesis.

Intermediate 1 corresponds to the syn­
thesis realized by Corey et al.[71, solution 2 
to the one by McMurry et al.[15]. Structure 
3 is the last step of Johnson's approach1161. 
Intermediate 4 suggests an intramolecular 
Diels-Alder reaction which was unsuccess­
fully tried by Brieggerl'71 but also the 
strategy retained by Johnson et al.[161. 
Structures 5 and 16 suggest the synthesis 
involving the key intermediates imagined 
by Oppolzerl>3]. Intermediate 6 suggests 
Schultz’s synthesis via an intramolecular 
diene-carbene cycloaddition1181. Solution 7 
shows the cyclopropane key intermediate 
of the synthesis by Fallis et al.[19].

Intermediates 8-11 suggest internal 
[3 + 2] cycloaddition like:

Syntheses of five-membered rings by this 
sort of reaction have been described120,211. 
However, here the solution is more chal­
lenging because a bridged structure has to 
be built using this principle.

The cyclopropane ring present in solu­
tions 17 to 21 suggests carbene olefin pre­
cursors such as:

for the formation of 17. Such a precursor 
may be found directly by adding the fol­
lowing «reactions» to the ones shown in 
Scheme 2, forming the selected basis for 
the foregoing target:

They represent the overall result of an 
addition of carbene to the double bond, 
followed by the opening of the cyclo­
propane ring. These reactions applied to 
the seven-membered ring give, among 21 
products, the precursors of Scheme 4 
(• stands for carbene).
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These solutions correspond of course to 
rough propositions that the chemist must 
then examine critically.

We have purposely included several 
«silly» propositions to show that the com­
mon sense of the chemist demands dis­
carding many of the intermediates pro­
posed by REKEST. The other ones illus­
trate, however, what kind of aid REKEST 
can provide to chemists. Functionalized 
longifolenes may then be obtained through 
reactions described in Jadhav's review1221.

Transformations given in Scheme 2 are 
not to be considered as comprehensive; the 
user can enter his own «reactions» into 
the file and thereby define his personal 
strategy.

Conclusion
Computer assisted organic synthesis is 

usually dealt with by programs which try 
to create the synthetic tree containing step 
by step all useful routes to the target 
molecule. We propose, with the program 
REKEST, a different, simpler approach to 
search only for the possible key steps of a

synthesis by working on the skeleton of the 
target compound.

Some ot these key steps may then sug­
gest new syntheses to the chemist.

REKEST is specially well adapted to 
treat bridged complex compounds with 
few chemical functions.

The program is written in BASIC and 
runs on an Apple II microcomputer; an 
IBM/PC version is under development. It 
can be made available from the authors.
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