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Abstract 

A computer program has been w r i t t e n tha t success
f u l l y discovers syntheses fo r complex organic chemical 
moleculeB. The d e f i n i t i o n of the search space and 
s t ra teg ies f o r h e u r i s t i c search are described in t h i s 
paper. 

I t i s not growing l i k e a t ree . . . 
. . . I n small proport ions we j u s t beauties see; 

- Ben Jonson. 

In t roduc t ion 

The design o f app l i ca t ion o f a r t i f i c i a l i n t e l l i 
gence to a s c i e n t i f i c task such as Organic Chemical 
Synthesis was the top ic of a Doctora l Thesis completed 
in the summer of 1 9 7 I . 1 Chemical synthesis in p rac t i ce 
involves i) the choice of molecule to be synthesized; 
i i ) the fo rmula t ion and s p e c i f i c a t i o n of a plan fo r 
synthesis ( i nvo l v i ng a v a l i d reac t ion pathway leading 
from commercial or r ead i l y ava i lab le compounds to the 
ta rge t compounds w i t h considerat ion of f e a s i b i l i t y 
regarding the purposes o f syn thes is ) ; i i i ) the 
se lec t ion of spec i f i c i n d i v i d u a l steps of react ion and 
t h e i r temporal order ing f o r execut ion; i v ) the exper
imental execution of the synthesis and v) the redesign 
of syntheses, i f necessary, depending upon the exper
imental r e s u l t s . In contrast to the physica l synthesis 
of the molecule, the a c t i v i t y in i i ) above can be 
termed the ' formal syn thes i s ' . This development of the 
s p e c i f i c a t i o n of syntheses involves no laboratory 
technique and is ca r r i ed out mainly on paper and in the 
minds of chemists (and now w i t h i n a computer's 
memory!). 

Importance and D i f f i c u l t y of Chemical Synthesis 

The importance of chemical synthesis is undeniable 
and there is emphatic testimony to the high regard held 
by s c i e n t i s t s fo r synthesis chemists. The l e v e l of 
i n t e l l e c t u a l a c t i v i t y and d i f f i c u l t y involved i n 
chemical synthesis are i l l u s t r a t e d by Vi tamin A 
(example solved by our program) and Vitamin B12. Both 
problems absorbed the e f f o r t s of several teams of 
expert chemists and held, them at bay for over 20 years.; 
Professor R.B. Woodward of Harvard Un ivers i t y was 
awarded the nobel p r i ze in 1965 for his numerous and 
b r i l l i a n t syntheses and t h e i r con t r i bu t i on to science. 

A Design Decision 

A program has been w r i t t e n to execute a search for 
chemical syntheses ( i . e . , formal syntheses) fo r 
r e l a t i v e l y complex organic molecules. Emphasis has 
been placed on achieving a fas t and e f f i c i e n t p r a c t i c a l 
system that solves i n t e r e s t i n g problems in organic 
chemistry. 

The choice of design made very ear ly in t h i s 
p ro jec t is worth ment ioning. We could have aimed at 
an i n t e r a c t i v e system which would employ a chemist 
seated at a console gu id ing the search fo r synthesis. 
The mer i t of t h i s approach, exempl i f ied by Co rey \ 
l i e s in t h i s d i r e c t i n t e r a c t i o n between the chemist 
and computer whereby the designers are af forded rap id 
feedback a l low ing the system to evolve i n t o a t o o l f o r 
the chemists. An obvious shortcoming, however, is 
tha t i t circumvents the questions t ha t are very 

per t inen t t o a r t i f i c i a l i n t e l l i g e n c e . I n con t ras t , our 
approach was to design a non - i n t e rac t i ve , batch-mode 
program w i t h a r t i f i c i a l i n t e l l i g e n c e aspects b u i l t i n t o 
i t . We have tack led the problem of synthesis discovery 
c h i e f l y from the vantage point o f a r t i f i c i a l i n t e l l i 
gence, u t i l i z i n g the task area only as a veh ic le to 
inves t iga te the NATURE OF AM APPLICATION OF MACHINE 
REASONING WITH AM EXTENSIVE SCIENTIFIC KNOWLEDGE BASE. 

Our choice is perhaps v ind ica ted on three counts: 
a) it has f reed us from the d i s t rac t i ons of designing a 
user i n t e r f a c e , which is not a simple task ; 
b) i t has resu l ted in a fas t system tha t runs on 
standard hardware to be found in near ly every medium-
sized computation center , and has produced successfu l ly 
several syntheses fo r each of several complex molecules; 
c) the program works autonomously in searching fo r 
so lu t ions and incorporates i n to i t s task several key 
judgemental c a p a b i l i t i e s of a competent synthesis 
chemist. 

Task Environment 

The program accepts as input some representat ion of 
the target compound together w i t h a l i s t of condi t ions 
and const ra in ts tha t must govern the proposed syntheses 
[Figure l ] , A l i s t o f compounds that are commercially 
ava i lab le (along w i t h ind ica t ions of cost and 
a v a i l a b i l i t y ) can "be consulted. A react ion l i b r a r y 
conta in ing general ized procedures is suppl ied to the 
program. The output is a set of proposed syntheses, 
each being a v a l i d reac t ion pathway from avai lab le 
compounds to the ta rge t molecule. The syntheses are 
a r r i ved at by means of s t ra teg ic exp lora t ion of an 
AND-OR search space. The design of the search st rategy 
concerns us here. 

The search space has cha rac te r i s t i c s tha t make the 
problem a novel one. Well-known search s t ra teg ies 
using AND-OR problem so lv ing t rees 2 concern themselves 
w i t h e i the r opt imal so lu t ions or minimal e f f o r t spent 
in f i n d i n g a s o l u t i o n . Heur is t i c DENDRAL in i t s search 
for a so lu t i on has the d i s t i n c t i o n of knowing tha t only 
one answer is ' the correct answer' and fewer number of 
a l t e r n a t i v e so lu t ions is commensurate w i t h greater 
success for the program. The synthesis program, on the 
other hand, is not aimed toward any opt imal search or 
toward ' the best ' synthesis ( there is not one). Quite 
s imply , the task of the synthesis search is to explore 
a l t e r n a t i v e routes of synthesis and develop a problem 
so lv ing t r e e r i c h in i n fo rma t ion , having several 'good' 
complete syntheses. The success of the program is not 
to be Judged so le l y on the number or v a r i e t y of 
completed syntheses, but w i t h the understanding t ha t 
paths of exp lora t ion not completed by the program are 
very in format ive as well. 

The reader is r e fe r red to the Thesis fo r a 
de ta i l ed expos i t ion of the a lgo r i thm, programming 
d e t a i l s such as chemical s t ruc tu re representa t ion , 
representat ion of r eac t i ons , the setup of a reac t ion 
l i b r a r y and a cata log of r ead i l y ava i lab le compounds. 
This b r i e f a r t i c l e describes one aspect of the problem 
tha t i s o f primary s ign i f i cance to those in te res ted in 
a r t i f i c i a l i n t e l l i g e n c e . Other top ics o f i n te res t to 
be found in the Thesis i nc lude : E l im inat ion of i n v a l i d 
subgoals. I n v a l i d a t i o n of subgoals by cost consid
e ra t i ons , E l im ina t i on of redundant subgoals and 
E l im ina t i on of unpromising subgoals. 
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Basil- Concepts and Terms 

A sample synthesis problem, d e l i b e r a t e l y chosen for 
i t s s i m p l i c i t y , is now fo l lowed p a r t i a l l y through the 
search fo r a s o l u t i o n . The i n ten t of t h i s example is 
mainly to int roduce some basic concepts and to 
i l l u s t r a t e terminology. I t i s not intended t o 
exp l ica te the complexity of the task area. In deal ing 
w i th the example, the hypo the t i ca l course of problem 
so lu t ion by a chemist is given and the problem so lv ing 
components re la ted to the program are presented in 
add i t i on . I t should be mentioned t ha t t h i s problem 
has been solved by the program (w i th f a c i l i t y ) . 

Consider a synthesis is requ i red fo r a compound 
whose s t r u c t u r a l formula is as shown below. 

■CH5 

CH 
Chemists also accept a 
diagram: 

s t y l i zed vers ion of the same 

The usual representat ion of chemical s t ruc tures f o r 
program manipulat ion involves a l i s t s t ruc tu re w i t h 
each item in the l i s t represent ing an atom and i t s 
connections to other atoms by bonds. We have designed 
a var ian t of the connection l i s t to su i t the manip
u la t ions re levant to synthesis . This va r ian t w i l l be 
re fe r red to as the TOPOLOGICAL STRUCTURE DESCRIPTION 
fo r a compound. Deta i l s of t h i s representat ion and 
manipulat ion are described in the Thesis and are not 
needed to understand t h i s paper. 

The chemist examines the molecule and recognizes 
several s t r u c t u r a l features such as the presence of 
the six-membered r i n g w i t h three i n t e r n a l double bonds 
(usual ly ca l l ed the phenyl group). Other not iceable 
features are the ketone,>C=0. and o l e f i n bond, 
-CH=CH- . What is def ined as a feature depends upon 
the purpose of the examination and the chemical 
knowledge one possesses. We use the term SYNTHEME to 
r e f e r to the s t r u c t u r a l features of a molecule that 
are re levant to i t s synthesis . 

The program examines the topo log ica l s t ruc tu re 
desc r ip t i on and through graphica l pa t te rn matching 
techniques develops an ATTRIBUTE LIST cons is t ing of a 
l i s t o f synthemes f o r the molecule. 

Among the features of the molecule, the phenyl 
group is very s tab le and occurs in many commercially 
ava i lab le compounds. Thus, in seeking ways to 
synthesize t h i s compound the chemist considers the 
ketone and o l e f i n bond and not the benzene as poss ib le 
reac t i ve s i t e s . 

The chemist knows of several react ions that can 
synthesize an o l e f i n bond and several tha t can 
synthesize the ketone syntheme. He can consider each 
of these as the t r i a l l a s t step of the synthesis 
sequence he is seeking. 

The program is provided w i t h a c o l l e c t i o n of 
reac t ion schemata c a l l e d the REACTION LIBRARY. The 
reac t ion schemata are grouped i n t o reac t ion chapters 
according to the syntheme they synthesize. Each 

reac t ion schema is provided w i t h a set of t es t s to be 
performed on the ta rge t molecule and s t r u c t u r a l 
pat terns fo r the ta rge t and subgoal molecules. The 
tes t s embody many of the chemical h e u r i s t i c s that 
guide the program. Based on the r esu l t s of some of the 
t es t s the program may r e j e c t the reac t ion schema. Each 
schema has an a p r i o r i assignment of mer i t r a t i n g . 
Based on the r e s u l t s of other t es t s the program may 
a l t e r the mer i t r a t i n g t o r e f l e c t the s u i t a b i l i t y o f the 
schema to the spec i f i c t a rge t molecule. 

We may represent the a l t e r n a t i v e courses of 
syntheses developed for the ta rge t molecule by a 
PROBLEM SOLVING GRAPH {Figure 3 ) . The ta rge t molecule 
is a node at the t op . A ser ies of arrows lead from the 
ta rge t through the chapter, a t t r i b u t e and schema layers 
to the subgoal l aye r . Each subgoal cons is ts of one or 
more conjoined compounds — imply ing tha t they a l l 
enter the reac t ion to generate the ta rge t molecule. 
Thus, the compound layer is an AND-layer in t h i s AND-OR 
graph. 

If a l l the compounds needed for any one subgoal are 
ava i lab le commercially we would consider tha t we know a 
p laus ib le s ing le -s tep synthesis f o r the ta rge t 
molecule. Any compound generated as subgoal which is 
not commercially ava i l ab le needs to be synthesized and 
can be considered in tu rn as a ta rge t molecule. 

Repeating the above considerat ions w i th the new 
ta rge t molecule w i l l open the path fo r mu l t i - s t ep 
syntheses. The problem so lv ing graph branches downward 
l i k e a t ree whereby each path represents a poss ib le 
course of synthesis f o r the ta rge t molecule. 

The above presentat ion is not to imply tha t a 
chemist ac tua l l y fo l lows these steps shown in dev is ing 
syntheses. The method of reasoning a n a l y t i c a l l y from 
the ta rge t molecule in a sequence of s teps, ending up 
in ava i lab le compounds is but one technique in the vast 
r epe r t o i r e a chemist usua l ly possesses. However, the 
a n a l y t i c search procedure is amenable to convenient 
computer implementation and is su i t ab le fo r inves
t i g a t i n g a very la rge class of synthesis problems. The 
s o l u t i o n scheme is described in the next sec t ion . 

So lu t ion Scheme 

The problem lends i t s e l f to an ana ly t i c search 
procedure. The search begins at the ta rge t molecule 
and the l a s t step of the synthesis is the f i r s t to be 
discovered, the next to the l a s t step is found second 
and so on. Thus the discovery sequence is the reverse 
of the synthesis sequence. 

The GOAL is given to the program as a chemical 
s t ruc tu re desc r i p t i on . The d e s c r i p t i o n , whether given 
as a canonical compact l i n e a r no ta t i on {Wiswesser 
Notat ion ) or as a t opo log i ca l s t ruc tu re d e s c r i p t i o n , 
gives in format ion about what atoms are present in the 
molecule and how they are connected. 

The s t ruc tu re of the molecule is then examined to 
i d e n t i f y i t s SYHTHEMES, such as the presence of 
ce r ta i n types of bonds, the occurrence of c e r t a i n 
groups of atoms and genera l ly the substructures of 
g iven types. Such in fo rmat ion is automat ica l ly 
co l l ec ted i n t o an ATTRIBUTE LIST. 

A la rge set of chemical react ions (over 100) is 
compiled and each reac t i on is schematized to be usable 
as an OPERATOR in developing the search space. In 
using the reac t ion schema as an operator the reac t ion 
i s used i n i t s inverse d i r e c t i o n ( i . e . , from the 
reac t i on product to the reactant ) analogous to the use 
o f a r u l e o f l o g i c a l deduction in i t s inverse 
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d i r ec t i on in a theorem proving task. 

The c o l l e c t i o n of reac t ion schemata is known as 
the REACTION LIBRARY. The reac t ion l i b r a r y is 
arranged as several CHAPTERS, each conta in ing reac t ion 
schemata tha t are re levant to or a f f ec t a syntheme of 
a ta rge t molecule — the theme of the chapter. 

Each reac t ion scheme has de ta i l ed TESTS OP 
RELEVANCE and TESTS of APPLICABILITY toward the ta rge t 
molecule. The tes t s are performed before the operator 
is employed. The app l i ca t ion of an operator on a 
spec i f i c a t t r i b u t e of a molecule resu l t s in one or 
more subgoals. Each subgoal in tu rn has one or more 
CONJOINED molecules to be used together in the 
reac t ion . A subgoal thus generated is f u r the r subject 
to TESTS OF VALIDITY. The d i s t i n c t i o n between the two 
sets of t es t s is that one set is conducted on the 
ta rge t molecule, whereas the other set is conducted on 
the subgoals a f t e r subgoal generat ion. 

The successive app l i ca t ion of operators on the 
subgoal compounds and a l l t h e i r subgoals generates the 
SEARCH SPACE. The strongest cond i t ion for te rminat ion 
of path development is the ready a v a i l a b i l i t y of the 
compounds needed. The a v a i l a b i l i t y is checked using 
a compound catalog of a chemical manufacturing company, 
a l i s t of about 4000 compounds. 

Figures 2 and 3 describe the schematic f lowchart 
of the a lgor i thm and the f i ve layers of the PROBLEM 
SOLVING TREE generated in developing subgoals of one 
l e v e l . 

Sample Problem and E f f o r t Spent 

I t i s a matter o f considerable d i f f i c u l t y to 
estimate the s ise of search space e i the r in general or 
f o r a spec i f i c example. An attempt is made here, 
however, to a r r i ve at a f i gu re f o r the search space of 
the compound VITAMIN A. This compound bears a complex 
s t ruc ture (Figure 4) and has held the a t t e n t i o n of 
synthesis chemists fo r more than a decade of research 
e f f o r t . 

There are two synthemes of the molecule fo r which 
the program f inds reac t ion chapters. There are f i ve 
instances of the syntheme DOUBLEBOND and one instance 
of the syntheme ALCOHOL. Thus, there are s ix 
a t t r i b u t e nodes in the f i r s t l e v e l o f subgoal genera
t i o n [ r e f e r Figure 5 ] . The react ion chapters have 
f i v e and four reac t ion schemata in the respect ive 
chapters. One schema is i n v a l i d according to the 
tes ts and one schema f a i l s in matching the goal 
pa t te rn spec i f i ed in the t rans fo rmat ion , w i th the 
s t ruc ture of the molecule. A f t e r v a l i d a t i n g and 
pruning out dup l i ca tes , 43 subgoals are entered in the 
problem so lv ing t r e e to conclude the f i r s t l e v e l o f 
subgoal generat ion, None of these subgoals completes 
a synthesis f o r Vi tamin A. Some of the subgoals are 

of s ing le molecules whi le others are of two. There are 
52 d i s t i n c t compounds in the subgoals and only three of 
these are found read i l y ava i lab le through the compound 
ca ta log . 

The program developed the space to a maximum depth 
of nine subgoal l e v e l s , or (9 times 5 plus 1 =) 46 
layers o f the problem so lv ing t r e e . I f the p o t e n t i a l 
problem so lv ing t r e e were considered to be branching 
uni formly a t a l l l e v e l s , i t would represent a p o t e n t i a l 
search space of (50)**9 or approximately (lO)**ls? 
subgoals. However, the growth of the problem so lv ing 
t ree can be attenuated s t rong ly by a v a r i e t y of fac tors 
such as the dup l i ca t ion of subgoal compounds, the 
completion of syntheses or the reduct ion of the number 
of appl icable operators at deeper leve ls of the t r e e . 
A l lowing such at tenuat ion the search space might then 
be of the order of ( l 0 ) * * 9 subgoals. This estimate is 
conservat ive. 

The prograra explored the search space fo r a time 
durat ion of SIX MINUTES (*) and examined about 120 
SUBGOALS. These subgoals include only those generated 
from appl icable schema, va l ida ted and reta ined for 
f u r the r perusa l . Of these, over 28 subgoals were 
expanded and had subtrees developed fo r them. At least 
6 DIFFERENT COMPLETED SYNTHESES were ext racted from the 
search t r e e , and many more were i n t e r e s t i n g and near 
complet ion. The problem so lv ing t ree ac tua l l y 
developed by the program is summarized in f i gu re 6. 

(*) Program w r i t t e n mainly in PL/ONE running on 
IBM 360/67 under Batch mode. 

Design of Search Strategy 

The importance of gu id ing the search proper ly 
through the search space cannot be overemphasized. 
Many a designer of Al programs has wrest led w i th the 
question of what is the 'bes t ' s t rategy for guid ing 
heu r i s t i c search, tak ing i n to account the character
i s t i c s of the space and the requirements on the 
so lu t i on . The s t ra teg ies considered vary In t h e i r 
choice of p r im i t i ves and t h e i r sources of in fo rmat ion . 

The programmed determinat ion of a search st rategy 
— an aspect of what may be termed the PARADIGM ISSUE 
IN ARTIFICIAL INTELLIGENCE — is worthy of a t t e n t i o n . 
Although we do not have a program to generate i t s own 
st rategy as y e t , we do have a program tha t selects a 
s t rategy su i tab le fo r the s i t u a t i o n from among 
prespecifled a l t e r n a t i v e s . The fo l l ow ing s t ra teg ies 
can e i the r be observed as program's behaviour or can be 
considered usefu l fo r i nco rpora t ion . 

Fixed Strategy in Chemical Synthesis 

Fixed s t ra teg ies are use fu l when one needs to be 
systematic in generat ion. The d e p t h - f i r s t and one 
l e v e l b r e a d t h - f i r s t s t ra teg ies are w e l l known and are 
qu i te unsui table fo r developing syntheses. 

However, under most schemes of evaluat ion and 
subgoal se lec t i on there are s i t u a t i o n s when several 
contenders t i e to the highest va lue. A f i xed strategy-
is usua l ly pursued in those instances. The synthesis 
program w i l l se lec t the l a t e s t subgoal f i r s t among 
those whose p r i o r i t y is not resolved otherwise. 

Most organic compounds of ' s m a l l ' s ize are e i the r 
ava i lab le or can be eas i l y synthesized. When the 
program encounters smal l compounds tha t are r e a d i l y 
a v a i l a b l e , search is terminated along tha t path a f t e r 
assigning a compound mer i t determined by the catalog 
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Figure S. MACHINE GENERATED PROBLEM SOLVING TREE FOR VITAMIN A 

Note on Figure 6. 

Synthesis-search t ree (schematic) f o r Vi tamin A. F I l l e d - i n . c i r c l e s 

represent reactants of subgoals selected for f u r t he r development. Order 

of development is ind icated by the c i r c l e d numerals. Compound nodes 

connected by a ho r i zon ta l l i n e segment (as in subgoal 3) are both 

requ i red f o r a given reac t i on . A l l generated subgoals on the t r e e that 

were not selected fo r exp lo ra t ion ore represented by a h o r i z o n t a l ba r , 

w i t h the number of subgoals in the unexplored group ind ica ted under the 

bar. Subgoals tha t were selected f o r exp lora t ion t ha t have no progeny 

on the t r e e (as in subgoal 8) f a i l e d to generate any subgoalB t ha t could 

pass the h e u r i s t i c t es t s fo r admission to the search- t ree. 
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ent r ies l i k e the cost of the substance. Search is 
terminated fo r smal l compounds even when not read i l y 
ava i l ab l e , w i t h the computation of the estimated 
d i f f i c u l t y o f i t s synthesis . 

P a r t i a l Path Evaluat ion in Chemical Synthesis 

The predominant strategy that the program uses is 
to evaluate every path in the search t ree leading down 
from the prime ta rge t molecule and to choose one that 
gets the highest value. The compounds that terminate 
the branched path and the react ions used in every step 
enter i n t o computing the value f o r each path. The 
program has ru les on computing compound mer i t s , 
combining mer i ts of conjoined compounds to get subgoal 
meri ts and combining those w i th react ion merits to 
ob ta in values t h a t can be backed up the t r e e . 

Conjoined subgoal compounds A and B 

A B 

I t is a lso reasonable to use an est imated s ize of 
search that may ensue on d i f f e r e n t pa ths , in order to 
continue search. I t is espec ia l ly usefu l when such 
program resources as time or storage are dwindl ing or 
when the evaluat ion leaves a LARGE NUMBER of subgoals 
o f equal p r i o r i t y . 

App l i ca t ion of Key Transforms in Chemical Synthesis 

The democratic tenet " A l l react ions are created 
equal" has to be cast as ide, in order to al low 
p re fe ren t i a l treatment f o r key t ransformat ions. The 
present react ion l i b r a r y contains a p r i o r i mer i t 
ra t ings of react ion schemata. The mer i t of each schema 
is fu r the r adjusted when used, to correspond to the 
spec i f i c app l i ca t ion of the t ransformat ion. This 
technique allows prefer red pursu i t of paths having the 
key transforms. 

This a p r i o r i preference system can be overridden 
by the program under special s i t u a t i o n s . An example 
is the technique known to chemists as BLOCKING or 
PROTECTION. Blocking of ce r ta i n s t r u c t u r a l features of 
molecules is a very use fu l synthesis technique 
f a c i l i t a t i n g solut ions to many problems. Sometimes a 
synthesis without b lock ing may not be poss ib le . With 
reference to Figure 7, the reasoning may proceed as 
fo l lows . 

Backup Merit fo r C 
= f[ Meri t of D, Reaction Meri t D — C ] 

Backup Meri t for B 
= f[ Mer i t of C, Reaction Mer i t C — B ] 

Backup Meri t fo r A 
= r[ Mer i t of E, Mer i t of F and 

Reaction Mer i t of E + F — A ] 
Backup Meri t for Subgoal AB 

= g[ Mer i t of A, Mer i t of B ] 

Present ly , the funct ions f and g simply mu l t i p l y t h e i r 
arguments and re tu rn the product normalized to the 
scale 0-10. The d e f i n i t i o n s are present ly adequate 
"but can be changed eas i l y . 

The se lec t ion of subgoal proceeds from the top of 
the t ree downward, se lec t ing the subgoal w i th the 
highest meri t at every l e v e l . However, conjoined 
compounds represent ANP-nodes in this; AND-OR t r e e , and 
so the compound w i t h the leas t mer i t is chosen from 
among conjuncts. This is in accordance w i th the 
general s t rategy of deal ing w i th ANP-OR problem 
so lv ing graphs. 

The eva lua t ion , backup procedure and goal selec
t i o n are described in f u l l e r de ta i l s in the thes is . 

Complex i ty /S impl ic i ty of Subgoal Compounds 

At every stage of evaluat ion and search 
con t i nua t i on , the te rm ina l nodes of the search t ree 
are compounds. A Graph-Traverser- l ike strategy w i l l 
evaluate the te rm ina l nodes and continue search w i th 
one of highest mer i t . In designing syntheses, the 
in te rven ing react ions are as important as the subgoal 
compounds. Thus t h i s s t rategy in i t s e l f is unsui tab le. 
But again, among p a r t i a l paths tha t get equal 
eva lua t ion , i t is reasonable to choose those that are 
terminated by subgoals of higher mer i t . [ I f the 
subgoal is of higher mer i t t h i s would imply t ha t the 
react ions are poorer on t ha t pa th ; thus one may 
ac tua l l y p re fer te rm ina t ing subgoals w i t h the lowest 
mer i t depending upon so lu t i on requirements. ] 

Size of Search Space 

Subgoal compound wi th a t t r i bu tes 
Fa and Fb 

Simpler subgoal 
but the react ion 
is Judged i n v a l i d 

Subgoal where Fb gets BLOCKED 

Ta 

Projected subgoal 
(s imple, va l i d ) 

Figure 7. Appl ica t ion of Key Transform - Blocking 

The t ransformat ion Ta is a prefer red t ransformat ion 
but it is made inapp l icab le as func t iona l group Fb is 
very sens i t i ve to the r e a c t i o n , making i t i n v a l i d . The 
t ransformat ion Tb which does not have a p r i o r i high 
mer i t , however, removes Fb or changes it to F b ' ; and 
Fb' is not sens i t i ve to Ta. Thus subgoal r e s u l t i n g 
from Ta can be terminated. The subgoal from Tb is 
rea l i zed to have higher mer i t in t h i s context , because 
it can now be subject to Ta to y i e l d a simpler v a l i d 
subgoal. Such a sophist icated a t t en t i on refocussing 
scheme using contextual evaluat ion produces exce l lent 
r e s u l t s , by over ru l ing the standard evaluat ion and 
fo rc ing development along l ines that are i n t u i t i v e to 
the consu l t ing chemist. 

Select ion and Ordering of A t t r i bu tes 

Some a t t r i b u t e s of molecules prove to be more 
sens i t i ve than others toward a l l or most t ransforma
t i o n s . Thus, whi le se lec t ing a t t r i b u t e s one may impose 
an order of preference or one may exclude ce r ta in 
a t t r i b u t e s , saving the e f f o r t to be spent on whole 
chapters of the react ion l i b r a r y . The a p r i o r i 
order ing of a t t r i b u t e s w i t h due considerat ion to 
r e a c t i v i t i e s is another piece of chemical knowledge 
thus ava i l ab le . 

Fur ther , a contextual reorder ing is possible here. 
Vi tamin A, f o r example, has four instances of the 

103 



a t t r i b u t e OLEFIN BOND. One of the operators resu l t s 
in a smaller but s im i l a r compound w i t h only three 
OLEFIN BONDs and the reac t ion i t s e l f has high mer i t . 
When cont inuing search v i t h t h i s new subgoal a c lear 
i nd i ca t i on now comes from the above observat ion, to 
prefer to operate on another OLEFIN BOND. The 
s i m i l a r i t y of the r e s u l t i n g compound also raises the 
expectat ion tha t successive app l i ca t ion of the same 
t ransformat ion may solve the problem at hand. 

Key Intermediate Compounds in Chemical Synthesis 
[suggested] 

Some compounds can be changed quick ly i n t o a 
v a r i e t y of s im i l a r but d i f f e r e n t compounds and are 
o f ten used as key intermediate compounds in synthesis. 
When a subgoal compound is s im i l a r to a read i l y 
ava i lab le key in termedia te , synthesis search may 
p r o f i t a b l y be geared toward the spec i f i c in termediate. 
On the other hand, when a key intermediate subgoal is 
generated that is not a v a i l a b l e , a synthesis fo r tha t 
intermediate subgoal is to be ac t i ve l y pursued w i t h 
high p r i o r i t y . 

Use of Analogy in Chemical Synthesis [suggested] 

Quite often chemists a r r i ve at syntheses by 
f o l l ow ing the known synthesis of an analogous compound. 
S i tua t ions where so lu t ion (or s i m p l i f i c a t i o n ) by 
analogy can be appl ied ar ise p ro fuse ly : the goal 
compound is analogous to a compound whose synthesis is 
publ ished, a key intermediate can be synthesized by 
analogy to an ava i lab le key in termedia te , a subgoal 
generated is s im i l a r to one or more intermediate 
compounds generated and solved by the program dur ing 
t h i s run alone. However, the advantages of over ru l ing 
normal search by reasoning through analogy in these 
s i t ua t i ons is not c lea r . 

I t is needless to emphasize tha t the synthesis of 
an intermediate compound solved at one instance in. the 
problem so lv ing t ree is ava i lab le throughout the course 
of the program run and is reused by d i rec t reference. 

External Conditions Guiding the Search 

There is need fo r tempering the se lec t ion of 
syntheses w i th such considerat ions as the t o x i c i t y of 
the substances to be manipulated, spec ia l apparatus 
needed to contain and react gases and cost associated 
w i th expensive commercial compounds, reagents or 
ca ta l ys t s . However, the problem at present is seen as 
being one of f i l t e r i n g out syntheses not desired from 
the output of the program. This allows a f u l l e r set 
of prejudices and personal preferences of chemists to 
be imposed upon the choice of syntheses. 

We have consciously avoided developing an i n t e r 
ac t i ve system where a chemist supplies guidance on - l i ne 
to the program. Our i n t e res t in the problem is mainly 
as an AI endeavour and to t h a t extent our a t t e n t i o n was 
given to designing a good blend of search s t ra teg ies as 
ou t l i ned above t ha t could e f f e c t i v e l y subs t i t u te f o r 
the chemists' guidance. 

Remarks 

The s t ra teg ies discussed above f a l l roughly i n t o 
subgoal-dependence, transform-dependence and 
part ia l -path-dependence. The c r i t e r i a to be used in 
each st rategy ( the l i m i t s , th resho lds , orderings and 
mer i t boosts) can have several sources of in format ion 
[Figure 8 ] . 

F i r s t l y , qu i te o f ten the c r i t e r i a der ived from 
models ( i m p l i c i t or e x p l i c i t ) are in the form of 
absolute l i m i t s or f i xed order ings , r e f l e c t i n g the 
s t a t i c nature of the model one has in mind. In 
" tun ing " these c r i t e r i a , one is read jus t ing the model 
of the problem or so lu t i on space. Secondly, in ce r ta in 
cases, the program can be delegated the task of keeping 
i t s e l f tuned w i th respect t o ce r ta i n c r i t e r i a , using 
cumulated past experience, g i v ing r i s e to an adaptive 
(and maybe learn ing) c h a r a c t e r i s t i c . T h i r d l y , the 
contextual evaluat ions explained in the l a s t sect ion 
i l l u s t r a t e how the program can, using knowledge 
acquired from the current sess ion, temporar i ly over ru le 
a model prescr ibed to a id i t in f i n d i n g be t te r so lu 
t ions fas te r , wi thout lead ing to adaptat ion or 
adjustment of the model. 
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