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MARSEIL/SOS is a new computer-aided organic synthesis program. We describe its main characteristics: 
(i) the program is open to the user who may add his own perception of the target; (ii) the input of reactions, 
i.e., the knowledge base of the system, is mainly graphic; (iii) a graphical description of the bibliography is associated 
with each reaction; (iv) the possibility of graphical evaluation of solutions; and (v) the possibility to  modify the 
evaluation tests during the retrosynthesis, which gives a property of self-learning to the program. These features 
allow a quick and easy way to enter new reactions. New syntheses for yohimbine and bulnesol are presented. 
MARSEIL/SOS runs on a Macintosh+ microcomputer and is user-friendly thanks to the mouse, scrolling menus, 
and multiple windows. 

Computer-aided organic synthesis (CAOS) is now almost 
20 years old’ and has evolved in divergent directions2 since 
the first days. Originally mainly backward, it has been 
more recently developed in the forward direction to give 
the high-performance CAMEO3 or, in the specific field of 
catalysis induced by transition-metal complexes to give 
TAMREAC.4 On the other hand, the relative positions 
of strategies and tactics have been clarified with the sim- 
plifying and organizing approaches of Hendr i~kson .~  
Unfortunately, except in some famed industrial firms, the 
computer approach has not yet very much changed the 
everyday life of the synthetic chemist. This partly comes 
from the cost of the programs and hardware equipment. 
To circumvent these drawbacks and to take advantage of 
the dramatic progress in microcomputer capabilities, we 
have been developing for more than 5 years an approach6 
able to be used in any laboratory. Before describing it, we 
must clearly state that it is not competitive with sophis- 
ticated approaches but complements them in the same way 
as HMO methods complement ab initio ones in molecular 
orbital theories. 

The main characteristics of MARSEIL/SOS are that (1) 
it works on a Macintosh, an inexpensive, widely available 
microcomputer, (2) it has a starting basis of 350 reactions 
covering approximately the content of the third edition 
by March7 (this basis may be easily extended by the user 
to adapt the program to his specific field), (3) the evalu- 
ation of reaction feasibility is self-improving as it starts 
from a basis but may also be continuously and directly 
improved by the user, and (4) the design of MARSEIL/ 
SOS, being centered as it is on the simple, everyday 
graphical representation of structures, reactions, and 
evaluation, makes it friendly to even a non computer 
specialist. The aim of this paper is to detail the foregoing 
points that establish MARSEIL/SOS as the first program 
usable as an electronic lab note for organic synthesis, ex- 
tending the field of computer aided synthesis to every 
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medium-sized synthetic laboratory. 

Description of MARSEIL/SOS 
MAR+SEIL/SOS is the first program of a general system 

called MARSEIL (Multi Approaches for the Research of 
Synthesis by Efficient and Interactive Logic). This system 
will offer several programs to help the chemist in solving 
a synthetic problem; SOS (Simulated Organic Synthesis) 
is the CAOS program of MARSEIL. Other programs have 
been developed or are still in development, such as TAM- 
REAC4 and REKEST (REsearch for the KEy STep),8 
which helps the chemist in finding the general strategy to 
reach a given target. 

MARSEIL/SOS follows the retrosynthetic approach 
previously developed for SOS.9 The flow chart of Figure 
1 summarizes the main steps of the program. 

A. Input of the Target. The chemist/computer com- 
munication is made possible by the mouse and the scrolling 
menus. The chemist moves the mouse on the desk and 
a cursor follows the movement on the screen. When he 
clicks on the button of the mouse, an atom is drawn on 
the screen and added in the table of atoms that describes 
the compound; a bond is created with the previously en- 
tered atom (excepted, of course, for the first one) and is 
added in the table of bonds. By clicking twice on the last 
atom, the mouse is made free, and one may come back to 
a previous atom in order to enter a substituent. The choice 
of atoms, bonds, and charges is made by means of pull- 
down menus. Figure 2 shows the content of the atoms 
menu. In the menu, L stands for a leaving group, X for 
a halogen, T for any heteroatom, Nu for a nucleophilic 
center, and R for a carbon chain. The option “others” 
allows one to choose an atom in the periodic table or a 
superatom such as Z for a withdrawing group, Ar for an 
aromatic ring, or A for any atom. The program may handle 
compounds with up to 64 atoms (other than H). The 
atoms and bonds tables that describe the target are similar 
to the ones used in the SECSlO program. 

B. Perception. When the input of the target is done, 
the connectivity table is developed and the program ana- 
lyzes it in order to extract a binary description in which 
the main features of the target (rings, functions, nucleo- 
philic centers,  et^.)^ are coded. The perception of struc- 
tural features is one of the most important parts of any 
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Figure 1. Main steps of the program 
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Figure 2. Input of target. Scrolling menus allow the selection 
of options. 
CAOS program because it is used in the search of reactions 
and their evaluation. 

In al l  other programs, this part is done by one or several 
subroutines, which are modifiable only by the writers of 
the program. The users have no possibility to modify this 
perception. 

We developed a new approach, which allows the user to 
introduce his own perception a t  will. Thus, he has the 
possibility to introduce the particular functions of his 
specific field of chemistry. 

The perception of the structural features of the target 
is done in two part. The first one is a "classically" pro- 
grammed one: routines have been written to find rings and 
standard features such as nucleophilic enters, withdrawing 
groups, etc.; 60 groups are found by this approach. The 
second part is made from a file of substructures, which are 
matched with the target. These substructures constitute 
a modifiable knowledge base of the target. The input of 
these substructures is done hy drawing them on the screen 
as done for the target. A graphical editor is provided to 
the user to enter and/or modify this data base, so he may 
add the desired groups. The program may handle up to 
512 groups. The time to analyze the target is proportional 
to the number of substructures to find. For example, the 
perception of the 60 groups and 25 "graphical" substruc- 
tures in a target with 15 atoms and 3 rings is made in 20 
s. This method is slower than the programmed one be- 
cause the program has to make an atom hy atom match 
from the tables that describe the target and the sub- 
structures. We prefer it, however, because the program 
is open to the user who may add the desired substructures, 
therefore adapting the program to his own chemistry. 

C. Description of Transforms. The search for a 
transform is done in three parts: (i) looking for a char- 
acteristic substructure, (ii) evaluation, and (iii) building 
of the precursor. In the first version of SOS, the input of 
all these different data was alphanumeric and, therefore, 
tedious. In contrast, the graphical possibilities of Macin- 
tosh allow the input of a transform in a natural way, i.e., 
graphically, hy drawing it on the screen, which is divided 
into three windows, one for each part. 

C.l. Input  of the Substructure That  Describes the  
Transform. This is drawn by the user in the substructure 
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Figure 3. Input of the substructure, which describes the reaction. 
The screen isdivided in three parts, the first one for the input 
of the target substructure, the second one for the nrecursor. and 
the third one for the alphanumerical tests. 

window as for the input of the target but with more pos- 
sibilities. For example, in order to generalize some reac- 
tions, one indicates that a bond may he single or douhle, 
or double or triple, and such bonds may be visualized on 
the screen. In the Diels-Alder reaction, the hond between 
atoms 5 and 6 may he single or douhle (Scheme I), and one 
describes these two cases by only one reaction (see Figure 
3). The substructures are internally described by an 
atom-bond table similar to the one developed for the 
target. They are found in the target according to an atom 
by atom matching of the connectivity tables and through 
the binary description of the target! Figure 4 shows the 
internal description of a substructure. 

C.2. Building of t h e  Precursor. The modifications 
to he hrought to the substructure must be indicated in 
order to build the precursor. When the user clicks in the 
OK rectangle of the substructure window, the substructure 
is drawn in the second window, and the user modifies it. 
He may add, delete, or modify atoms and/or bonds. These 
changes are saved and constitute the set of modifications 
to be applied to the target to build the precursor (Figure 
5). 

C.3. Evaluation. This evaluation is performed by 
several tests, which check if some specific substructures 
susceptible of having an influence on the planned reaction 
are present in the target. 

In some programs (LHASA, SECS, PASCOP, PSY- 
CHO)? the writing of these tests comes to the writing of 
subroutines in a special language: ChmTrn in LHASA," 
Alchem in SECS,'* Class in The writing of 

(11) (a) Pensak, D. A.; Corey, E. J. Computer-Assisted Organic Syn- 
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American Chemical Society: Washington, D.C., 1977: p 1. (b) Corey, E. 
J.; Long, A. K.; Rubenstein, S. D. Science (Washington, D.C.), 1985 228, 
408. 
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ACS Symposium Series 61; American Chemical Society: Washington, 
nc., 1977, p 97. 
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Figure 5. Input of the substructure precursor. Bond 5 (between 
atoms 5 and 6) may be single or double in the target and hecomes 
double or triple, respectively, in the precursor. These bonds can 
be visualized on the drawing. The 'bonds" menu shows the 
possible bond orders available. 

such subroutines may be long and delicate."8 
Our mechanistic approach, being more general, does not 

necessitate the development of a detailed description for 
the reactions. Therefore, it does not require the devel- 
opment of sophisticated tests. So, we prefer to develop 
simpler tests, without any links between them, without 
instructions such as GOTO, in order to input the knowl- 
edge without having to worry about the sequence. Each 
time a new test is added, it is stored at  the end of the file. 
These tests have the following form, where Fi is a sub- 
structure, a group found during the analysis of the target 
(See part B) 

IF ATOMIBOND NO IS (NOn PI  AND/OR (NOT] F2 ANDIOR (NOT] F3 
AND/OR ATOMISOND No IS (NOT] F4 ANOIOR (NOT) F5 ANDIOR (NOT) F6 
ANMOR ATOMISOND NO IS (NOT) F7 ANOIOR (NOT) FB ANDIOR (NOT) F9 
THEN ACTION1 ELSE ACTION2 

ACTION may be: OK, impossible, favored, unfavored, 
or protect. 

(131 Jauffrer. P, Laureneo. r , Kaufmann. G Computers ,n Chemis- 
try; Euehem ronferenre. Compiegne. October 1983. 

Figure 6. Input of tests. The possible keywords are activated 
(dark area): impossible, favored, unfavored, OK, protect. The 
test is: if there is au electron withdrawing group (Z) in a (1) of 
atom 5 or 6, then the reaction is favored. 



Microcomputer and Organic Synthesis. 3 J. Org. Chem., Vol. 53, No. 4, 1988 723 

& Choice Rtoms Bonds Charges Reaction Tests Biblio 3 

Bibliography l_- 

1 /E 
THE INTRRMOLECULRR DIELS-RLDER RERCTION 
R 0 F R L L I S ,  CRNRD J CHEM , 1984. 62(2),  183-234 
see a l s o  OPPOLZER, Rngev Chem In1 E d  , 1977, lb, I O  
BRIEGER RND BENNETT, Chem Rev , 1980. BO, 63 

Figure 8. Input of references. 

6 Choice Atoms Bonds Charges Options 

I 
R 

Figure 9. Output of the program. The main options are displayed 
at the bottom of the screen. Others options are available in the 
scrolling menus. 

D. Program Flow. The flowchart of the program is 
similar to SOS.699 Precursors are presented one after the 
other. Figure 9 shows the screen during this part: The 
user sees the solution and has several options a t  his dis- 
posal: 

RXN-: returns to the preceding reaction. 
RXN+: stops the search for the current reaction and 

jumps to the following one. 
FILE: changes the current file. Reactions are saved in 

several files: mechanisms, syntheses of alkenes, acids, etc. 
PRNT: hard copy of the screen. 
EDIT to move atoms in order to make a better drawing. 

I t  also allows changing the nature of an atom, for example 
the letter L represents a leaving group; the user may 
change L to Br, C1, or whatever he wants. 

Fx: there are x favorable conditions in the solution 
shown. 

Uy: there are y unfavorable conditions in the solution. 
Pz: there are z functions to protect. 
To locate the different groups (favorable, unfavorable, 

protect), the user clicks on the letter, and the groups are 
displayed. Figure 10 illustrates this point. 

If the reaction that is displayed is not familiar to the 
user, he may choose the option BIBLIO in the menu, and 
references for the reaction appear on the screen. Several 
references may be associated with one reaction. 

If the solution presented is not good, because a test is 
not present, the user has the possibility to activate the test 
option (+TEST) in order to enter a new test for the cur- 
rent reaction. Therefore, the program has a kind of self- 
learning ability. Since the tests are unordered, it is possible 
to have such an option. The new test is added a t  the end 
of the fiie. When the chemist codes a reaction, it is difficult 
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Figure 10. It is possible to display the group that favors the 
reaction. 
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Figure 11. R2trosynthesis tree. 
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Figure 12. New synthesis of yohimbine found by the program. 

to foresee all the conditions influencing it. I t  is during the 
retrosynthesis that one can see the lacking tests. So, the 
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Figure  13. New synthesis of bulnesol found by the program. 

program allows the simple addition of tests during the 
retrosynthesis and the immediate perception of their ef- 
fects. This interactive procedure avoids time consuming 
shuttles: quite the retrosynthesis, enter in the input re- 
action module, come back to the retrosynthesis. 

In order to visualize the retrosynthesis tree and/or select 
a new target among the precursors, the tree option is 
available. Figure 11 shows the screen when this option is 
activated. Precursors are stored on the internal drive of 
the Macintosh. The size of this file is 200 Kb. The number 
of saved precursors is a function of the number of atoms: 
approximately 300 precursors of 64 atoms or 600 of 32 
atoms. 

E. Results. MARSEIL/SOS has been used to solve 
several problems and is used by students.I4 Figures 12 

and 13 show two new examples of synthesis found by the 
program for yohimbine15 and bulnesol.16 These schemes 
show the main weakness of the program: presently, there 
is no treatment of stereochemistry and this evaluation is 
left to the chemist. Nevertheless, the program is able to 
propose interesting ideas such as an internal Diels-Alder 
reaction to build the D and E rings of the yohimbine 
skeleton or an intramolecular De Mayo reaction to build 
the seven-membered ring of bulnesol. For step 5 in this 
synthesis, the program indicates that the other ketone 
must be protected. For the synthesis of bulnesol from 
precursor 3, the program proposes another sequence: CO - CHOH - CHBr - CHMgBR + CH,COCH, - bul- 
nesol. 

Con c 1 us i o n 
The program MARSEIL/SOS offers new features in the 

field of computerized organic synthesis design, such as 
personalized analysis of the target, which allows the user 
to easily add his own chemistry; graphical description of 
reactions, which allows their easy input; graphical de- 
scription of bibliography; and the possibility of graphic 
evaluation. The program is also able to show the different 
groups that may influence the reaction. Then, because the 
program is interactive, it is also possible to add new tests 
during the retrosynthesis. 

The next stage of this project will be the development 
of stereochemistry. 

MARSEIL/SOS is written with MacFORTH and runs 
on a Macintosh+ microcomputer with one external drive. 
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Rates and products for solvolyses of p-nitrobenzoyl chloride in aqueous binary mixtures with acetone, ethanol, 
and methanol are reported. Product selectivities, S = [ester] [water] / [acid] [alcohol], increase in more aqueous 
media, in contrast to published data for solvolyses of benzoyl chloride. Logarithms of first-order rate constants 
are relatively insensitive to solvent ionizing power (Y), showing marked dispersions for the three aqueous binary 
mixtures and unusual rate maxima for aqueous alcohol mixtures. Logarithms of calculated third-order rate constants 
for solvolyses in aqueous acetone (assuming these solvolyses are second order in water) show a linear Grun- 
wald-Winstein plot (m  = -0.18), interpreted as the medium effect. Similarly, third-order rate constants for ethanol 
and methanol are calculated from solvolyses in the pure alcohols. Rate data in aqueous alcohols are explained 
quantitatively by an additional third-order pathway (first order in alcohol and in water), and product data are 
well explained if this process leads to ester. Thus mass law and medium effects of solvent molecules are separated, 
and it is shown that rate-prcduct correlations of acceptable precision explain the unusual features of these solvolyses. 

Classifications of reaction mechanisms in solution are 
usually based on the concept of molecularity: the number 

0022-3263/88/1953-0724$01.50/0 

of molecules necessarily undergoing covalency change 
during the rate-determining stage of the reaction.ls This 
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