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I t  i s  n o t  growfng l ike  a  t ree  .  .  .

. . . In small proport Fans we just beauties see; - Ben Jonson.

I INTRODUCTION

T h e  d e s i g n  of appltcatlon  o f  a r t i f i c i a l  i n t e l l i g e n c e  t o  a  scientifk

L- task such as Organic Chemical Synthesis was the topfc of a Doctoral

L

I
I”

L
L

L

ThesFs completed in the summer of 1971 (Reference 1). Cheml cal

synthesfs in practice Fnvolves i) the choice of molecule to be

synthesized;  =.FF) t h e  formulatFon a n d  speclftcatfon o f  a  p l a n  f o r

synthesis (Involving a valid reactfon pathway leading from commercial  or

readFly available compounds to the target compounds with constderatfon

of feaslbllfty regarding the  purposes of  synthesis) ;  FFF) the  se lect ion

of  spaclftc indiv idual  s teps of  react ion and the i r  tempora l  orderfng for

executton; iv) the  exper imenta l  execution of the synthesfs and v) t h e

redesign of syntheses, i f  necessary, dependfng  upon the experfmental

r e s u l t s . In contrast to the physical synthesfs of the molecule,  the

adtivlty  in iFI above can be termed the ‘ formal  synthesis ’ . This

development  of the spectf icatlon of syntheses involves no laboratory

techn!que  and is carried out mainly on paper and in the minds  o f

chemfsts (and now withFn a computer’s memory!),

IMPORTANCE AND DIFFICULTY OF CHEMlCAt  SYNTHEStS

The importance of chemical synthesfs is undentable  and there is

emphatic testimony to the high regard held by scfentlsts  for synthesis

chemtsts. T h e  l e v e l  o f  i n t e l l e c t u a l  a c t i v i t y  a n d  dfffteulty Fnvolved

1



in chemical synthesis are illustrated by Vitamin A (example solved

*L by our program) and Vitamin R12. Roth problems absorbed the efforts

of several teams of expert chem.ists  and held them at bay  for  over

20 years. Professor R.B. Woodward  of Harvard Untversfty was a w a r d e d

I the nohel prize in 1965 for his numerous and brilliant syntheses a n d

their c o n t r i b u t i o n  t o  scFence.

L A DESIGN DEClStON

c A program has been written to execute a search for chemical

syntheses ( i .e . formal syntheses) for relatively complex organk
)c
b molecules. Emphasts  has been placed on achieving a fast and ef f ic ien t

practical system that solves Interesting problems in organic chemistry.

L The choice of design made very early in this project is worth

mentioning. We could have aimed at an Interactive system which

L would  employ a  chemtst  seated at a console guiding the search for

synthesfs. The merit of this approach, exempllfFed by Corey

(Reference 41, l ies Fn this direct interaction between the chemist

-and computer whereby the designers are afforded rapid feedback

a l l o w i n g  the system to evolve into a tool for the chemists,

obvious shortcoming however, is that  i t  c i rcumvents  the  quest ions

t h a t  a r e  v e r y  p e r t i n e n t  to art if Tclal Intel1 Fgence. In c o n t r a s t ,

our approach was to design a non-InteractIve, batch-mode program with

a r t i f i c i a l  i n t e l l i g e n c e  a s p e c t s  b u i l t  i n t o  F t . We have tackled t h e

problem of synthesis discovery chiefly from the vantage point of

artlflcial  Intel 1 igence, ut i l i z ing  the  t a sk  a r e a  o n l y  a s  a  v e h i c l e

to investigate the NATURE OF AN APPLICATION OF MACHINE REASONFNG

2
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WITH AN EXTENSIVE SCIENTIFIC KNOWLEDGE RASE.

Our choice is perhaps vtndfcated  on three counts:

a) It has freed us from the“ dlstractions  of designing a user

Interface, which is not a simple task;

b) i t  has resulted In a fast system that runs on standard hardware

to  be found Tn near ly  every  medium-stzed computatfon center,  and h a s

produced successfully several syntheses for each of several c o m p l e x

molecules;

cl the program works autonomously In searchfng for solutfons and

Incorporates--into  i ts  task severa l  key Judgementa l  capabll  it ies of

a competent synthesis chemtst.



TASK ENVIRONMENT

ii The program accepts as input some representation of the target

compound together  wtth a ltst of condit ions and constrafnts that must

govern the proposed syntheses (Figure 1). A list of compounds that a r e

L commercia l ly  avaf lab le  (a long wi th  indicat ions of cost and availability)

can be consulted. A reaction 1 ibrary containing general Ized procedures

t

is suppl ted to the program. The output is a set of proposed syntheses,

each being a valid reaction pathway from available compounds to the

target molecule. The syntheses are arrived at by means of strategTc

expToration of an AND-OR search space. The design of the search strategy

c concerns us here..

The search space has characteristics that make the prohlen a novel

one. Well  known search strategies using ANP-O?  problem solving

c t rees (Reference 2) concern themselves with either opt imal  s o l u t i o n s

or  minimal  e f for t  spent  tn f ind ing a  so lut ion . HeurtstIc DENDRAL

in i ts search for a solution h a s  the  d is t inct ion of k n o w i n g  t h a t

only one answer is ‘the correct answer’ and fewer number of

alternative solutions is commensurate with greater success for the

L

-program. The synthesis program, on the other hand, is not aimed

toward any opt imal  search or  toward ‘the best’  synthesfs  ( there  is

not- one). Quite simply, the task of the synthesis search is to

explore alternative routes of synthesis and develop a problem

c solving tree r ich in information, having several  ‘good’  c o m p l e t e

syntheses. The success of the program is not to be judged sole1 y

L

on the number or variety of completed syntheses, but with

the understanding that paths of exploratton not completed by the

program are very informative as well .

4



i-

i.

L
!

Name of compound to synthesize
+ constraints

Library of
Reaction <+--!%------g
Schema .

-=.

Proposed Syntheses

1

Solution Evaluation

Verified Syntheses + Byproducts +
Yield + Mixture Separation

l

Note: This paper concerns
solution generation

FIGURE 1. PROBLEM SCHEMATIC
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The reader  i s  r e f e r r e d  t o  t h e  T h e s i s  ( R e f e r e n c e  1) for  a  deta i led

exposition of the algorithm, programming details such as chemical

structure representat tan, representat ion of react ions, the setup

of a reaction library and a catalog of readily avai lable c o m p o u n d s .

This brief  art icle descr ibes one aspect  of  the  problem that  is  o f

p r i m a r y  s i g n i f i c a n c e  t o  t h o s e  i n t e r e s t e d  i n  a r t i f i c i a l  i n t e l l i g e n c e .

Other topics of interest to be found in the Thesis include:

Elimination of inval id subgoals, Invalidation of subgoals by cost

considerations, Elimination of redundant subgoals and Elimination o f

unpromising subgoals.

-=.

BASIC CONCEPTS AND TERMS

A sample synthesis problem, de1 iberate ly  chosen for  i ts

simpl t c i ty , is now fol lowed part ial ly through the search for a

solut ion. The intent of this example is mainly to introduce some

basic  concepts  and to  i l lust rate  terminology. It Is n o t  I n t e n d e d

to expl icate  the complexi ty  of  the  task area, In deal ing with

the example the hypothetical course of problem solution by a chemist

fs given and the problem solving components related to the program

are presented in addit ion. It should he menttoned that thts problem

has been solved by the program (with faci l i ty) ,

Consider a synthesis is requfred for a compound whose st ructura l

formula is as shown below.

6



Chemfsts also accept a stylrzed  version of the same dfagram:

The usual representatfon  o f  c h e m i c a l  structures for program

manfpulation  Involves a  list with each I tem representlng an atom a n d  I t s

connections to other atoms by bonds. We have designed a variant of thet

c o n n e c t i o n  list to suit the  manipulat ions re levant  to  synthesfs;  This

variant will be referred to as the TOPOtOGtCAL  STRUCTURE DESCRIPTION far

i - a compound. D e t a i l s  o f  t h i s  representation  a n d  manfpulatfon  a r e

,

i
described In the Thests (Reference 1) and are not needed to understand

this paper .

L
I

The chemist examtnes the molecule and recognizes several

L

L

,

structura l  features such as the presence of the stx-membered  rfng wtth

three internal double bonds (usually ial led the phenyl group) . Other

notkeable f ea tu res  a r e  t h e  k e t o n e , -‘d- ,  and olcftn b o n d ,  -CH=CH- .

1
W h a t  is deflned as a feature depends  upon the purpose of the examfnat)on

and the chemical knowledge one possesses. We use the term SYHTHEME

to refer  to  the  st ructura l  f e a t u r e s  o f  a  m o l e c u l e  t h a t  are r e l e v a n t

to its syn thes ts .

The program examines the topological structure descrfptlon and

through graphical pattern matching techniques develops an ATTRIBUTE

L I S T  consTstlng  of a list of synthemes for the molecule,

7



Among the features of the molecule, the phenyl group Is very

I IL stable and occurs In many commercially avatlable  compounds. Thus,.
I in seeking ways to synthesize this compound the chemist considers

the ketone and olefin bond and not the benzene as possible reactive

c s i t e s .

The chemist knows of several reactions that can synthesize an

L olefin bond and several that can synthesize the ketone syntheme.

He can consider each of these as tr ial  last steps of t h e  s y n t h e s i s

sequence he is seeking.

P-
-=

L
The program Is provided with a collection of react ion schemata

called the REACTION LIBRARY. The reaction schemata are grouped

Into reaction chapters according to the sjrntheme they synthesize .

c Each reaction schema is provided with a set of tests to be performed

L on the target molecule and structural patterns for the target and

subgoal molecules. The tests embody many of the chemical heuristrcs

that guide the p r o g r a m . Based on the results of some of the tests

e the program may reject the reaction schema. Each schema has an

a prfarl a s s i g n m e n t  of meri t  ra t ing. B a s e d  o n  the results of o t h e r

tes ts  the  program may a l ter  the  mer i t  ra t ing to  ref lect  the  suftability

c
of the schema to the specif ic target molecule.

L We may represent the alternative courses of syntheses developed

for the target molecule by a PROBLEM  SOLVING GRAPH (Figure 3). The

. target molecule is a node at the top. A serfes of arrows lead from

the target through the chapter, attr ibute and schema layers to the

8



subgoal layer. Each subgoal consists of one or more c o n j o i n e d

; compounds -- imply ing that  they a l  1 enter the reaction to genera te  t h e

target molecule. Thus, the compound layer is an AND-layer in this

AND-OR graph.
. .

If all the compounds  needed for any one subgoal  are  avai lab le

commercially we would consider that we know a plausible single-step

L
synthesis for the target molecule. Any compound generated as subgoal

which is not commercially available needs to be synthesized and

can be considered in turn as a target molecule.

Repeating the above considerations with the new target molecule

WI 11 open the path for mu1 t i -step syntheses. The problem solving

graph branches downward like a tree whereby each path represents

a possible course of synthesis for the target molecule.

I

t

I

The above presentation is not to imply that a chemist actually

follows these steps shown in devising syntheses, The method of

a reasoning analytically from the target molecule in a sequence of steps,

ending up In available compounds is but one technique in the vast

repertoi re a chemist usual ly possesses . However, the analytic search

procedure is amenable to convenient computer implementation and is

L suitable for investigating a very large class of synthesis p r o b l e m s

The solut ion scheme Is descrlhed in the next section.



SOLUTlT)N  SCWEMFT

The problem lends itself to an analytrc  search procedure.

The search begins at the target molecule and the last  s tep of  the

synthesis  1 s  t h e  first t o  b e  di

is found second and so on.

red, the next  to  the last  s tep

Thus the discovery sequence Is

the reverse of the synthesis sequence.

The GOAL is given to the program as a chemical structure

1.

L

descrtptton. The description, whether given as a canonical compact
-=.

l i n e a r  n o t a t i o n  (Wiswesser  N o t a t i o n , Re fe rence  3) or as a topological

structure description, gives information about what atoms are present in

the molecule and how they are connected.

The structure of the molecule is then examined to identify Its

L SYNTHEMES, such as the presence of certain types of bonds, the

occurrence of certain groups of atoms and generally the substructures

of given types. Such I n f o r m a t i o n  Is col lected automat ica l ly  In to
1
I -an ATTRIBUTE LIST.

L A  l a r g e  s e t  o f  c h e m i c a l  r e a c t i o n s  ( o v e r  100) is compfled

/
L

and each reaction is schematized to he usable as an OPERATOR in

developing the search space. In usfnE the reaction schema as an

L

c

operator the r e a c t i o n  i s  u s e d  In i t s  i n v e r s e  direction (i.e. from

the reaction product to the reactant)  analogous to the use of a rule

of logical  deduction in i ts inverse direction in a theorem proving
. task.
b 10



The collecttan  of reaction schemata is known as the REACTION

LfSRARY. The reaction lthrary is arranged as several CHAPTERS, each

containing reaction schemata that are relevant to or affect a syntheme. .
of  target molecule  - - the theme of the chapter.

Each reaction scheme has detaIled TESTS OF REtEVANCE  and TESTS

OF APPLICABILITY toward the target molecule. The tests are

c performed before the operator Is employed. T h e  appl icatfon of an

operator  on a  specific attrfhute of a molecule  resul ts  In one or  more

subgoals. Each subgoal in turn has one or more CON301NED  molecules

1 .c to  he  used tog&her in t h e  r e a c t t o n . A subgoal thus generated is

1

L

further subJect  to TESTS OF VALIDITY. The dtsttnction  between t h e

two sets of tests is that one set i s  conducted o n  t h e

1 target molecule,  whereas the other set is conducted on the subgoals after

subgoal generation.

. The successtve  applicatfon  of operators on the subgoal compounds

L and all their subgoals generates the SEARCH SPACE. The strongest

eondttion for  terminat ion of  path  development  is  the  avallahtffty  of the

compounds needed. The availability is checked using a compound catalog

of a- chemical  manufacturing company, a ltst of about 4000 compounds ,

F i g u r e s  2  a n d  3  descrthe the schematIc  f lowchart  o f  the  algortthm

and the five layers of the PROBLEM SOLVING TREE generated In developing

subgoals one level.

11
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1

+
SELECT TARGET

SELECT ATTRURUTE TYPE

i
SELECT ATTRIBUTE INSTANCE

SELECT OPERATOR
1

J,
APPLY OPERATOR -- I) Test relevance and appl fcabil ity

It) Apply transformation;  Get s u b g o a l s
ill) T e s t  valldtty  o f  r e a c t f o n ;

Test  valtdtty of s u b g o a l s

+
EVALUATE CONJOINED COMPOUNDS

Figure 2 . FLOWCHART OF SEARCH ALGORITHM
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COb'iPOUND LAYER (OR type)

CHAPTER LAYER

ATTRIBUTE LAYER

REACTION SCHEF!!

SUBGOAL LAYER -

COb?POUND LAYER

FIVE-LAYER STRUCTURE OF THE AND/OR PROBiEM SOLVING TREE

(OR type)

(OR type)

LAYER
(OR type)

(OR type)

(AND type)

Figure 3
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SAMPLE PROBLEM AND EFFORT SPENT

It is a  matter  of c o n s i d e r a b l e  d i f f i c u l t y  t o  e s t i m a t e

t h e  size of  search space etther’ in general  or for  a spectfic

example. An attempt ts made here however, t o  a r r i v e  a t  a  f t g u r e  f o r  t h e

search ipace of the compound VITAMIN A. Thts compound bears a

complex st ructure  (Figure 4) and has held the attentton of synthesfs

chemtsts for more than a decade of research ef for t .

There are two synthemes of the molecule for which the program

f tkds react Ion chapters . There are five fnstances of t h e  s y n t h e m e

DOURLEBOND  and one instance of the syntheme ALCOHOL, Thus there

are stx attr ibute nodes in the f irst level of s u b g o a l  g e n e r a t i o n

(Refer  Ffgure  5). The reactton chapters have five and four reactfon

schemata fn the respective chapters. One schema is invalid accordtng

to the tests  and one schema fa l ls  fn matchfng  the goal pattern s p e c i f i e d

14
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.

in the transformation, with the structure of the molecule. A f t e r

val idating and pruning out duplicates, 43 subgoals are entered in the

problem solv ing t ree  to conclude the f irst level of subgoal

generat ion. N o n e  of these s&goals completes a synthesis for
I

‘L
Vi tamin A. Some of the subgoals are of single molecules while others

are of two. There are 52 distinct c o m p o u n d s  in the subgoals

and only three of these are found readily available through the

c
compound catalog.

The program developed the space to a maximum depth of nine

L
subgoal  leve l -s , or (9 times 5 plus 1 4 46 layers of the problem

solv ing t ree . i f  the  potent ia l  problem solv ing t ree  were  constdered

to be b r a n c h i n g  u n i f o r m l y  a t  all leve ls ,  i t  would  represent  a

1

t c
potent ia l  search space of  (SO)*+9 or  approximate ly  (10)++12

subgoals. However, the growth of the problem solving tree can he

L a t t e n u a t e d  s t r o n g l y  by a var ie ty  of  factors  such as  the  dupl icat ion

/
1

of subgoal compounds, the completion of syntheses or the reduction

of  the  number  of  applicable operators  at  deeper  l e v e l s  of the tree,

1
d Allowing such attenuation the search space might then be of the

order  of (lo)*,+9 s u b g o a l s . This estimate is conservative,

T h e  woaram explored the search space for a time duration of

L SIX MINUTES (*I and examined about 120 SURGOALS, These subgoals

L
include only those generated from applicable schema, vat Mated and

r e t a i n e d  for  fur ther  perusal . Of these, over 28 suhgoals were

expanded and had suhtrees developed for them. A t  l e a s t  6  DIFFERENT

COMPLETED SYNTHESES were’ extracted from the search tree, and many

t 16
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more were interesting and near completion. The problem solving tree

actually developed by the prop;ram is summarized in figure 6. ’

-------------------------------------------------------------

(*I Prop;ram  w r i t t e n  m a i n l y  i n  PL/ONE  r u n n i n g  o n  IRM 360/67

under Batch mode.

-------------------------------------------------------------

c ._

17
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Note on Figure 6.

Synthesis-search tree (schematic) for Vitamin A. Filled-in circles

represent reactants of subgoals selected for further development. Order

of development is indicated by the circled numerals. Compound nodes

connected by a horizontal line segment (as in subgoal 3) are both

required for a given reaction. All generated subgoals on the tree that

were not selected for exploration are represented by a horizontal bar,

with the number of subgoals in the unexplored group indicated under the

bar. Subgoals that were selected for exploration that have no progeny

, on the tree (as in subgoal 8) failed to generate any subgoals that could--.

pass the heuristic tests for admission to the search-tree.

l

18



Figure 6.
-.

MACHINE GZNERATED PROBLEM
SOLVING TREE FOR VITAMIN A
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DESIGN OF SEARCH STRATEGY

The Importance of guTdlnpC.  the search properly through the

search space cannot he overemphas t zed. Many a designer of

Al programs has wrest led wtth the questlon of what ts the ‘best’

strategy for  gufdfng  heur is t ic  search,  t ak ing  Into a c c o u n t  t h e

character tst fcs  of  the space  and t h e  requfrements  on the  solut ion.

T h e  strategies considered vary  in the i r  choice  of  pr imi t ives

a n d  their sources of Informatfon.

The programmed determination of a search strategy -- an aspect

of what may he termed the PARADIGM ISSUE IN ARTIFICIAL INTELLIGENCE --

Is worthy of  a t tent ion. Although we do not have a program to generate

tts own strategy as yet, we do have a program that selects a strategy

suitable for the st tuat ton f rom among prespeci f fed a l ternat lves.

The following strategies can either be observed as program’s

hehavlour or can be consldered useful for Tncorporatfon.

20



FTXEn STRATEGY IN CHEMICAL SYNTHFSIS

..b
Fixed strategies are useful when one needs to be systematic in

generat ion. The depth- f i rs t  and one level  breadth-firth  strategies are

well known and are quite unsuitable for developing syntheses.

However, under most schemes of evaluation and subgoal selection

there are situations when several contenders t ie to the highest value.

L
A f ixed strategy is usually pursued in those instances. The synthesis

program wil l  select the latest subgoal f irst  among those whose

pr ior f ty  is  not  resolved otherwise .

I
--

Most organfc compounds of  ‘smal l ’  s ize  are  e i ther  ava i lab le  or

i can he easily synthesized. When the program encounters small

,v L
compounds that are readily available, s e a r c h  1s terminated along that

path after assigning a compound merit determined by the catalog

L entries l ike the cost of the s u b s t a n c e . Search is terminated for

small compounds even when not readily available, with the computation

o f  t h e  e s t i m a t e d  d i f f i c u l t y  o f  i t s  s y n t h e s i s .

1

m

PARTIAL PATH EVALUATION IN CHEMICAL SYNTHESIS

L The predominant strategy that the program uses is to evaluate

every path in the search tree leading down from the prhe target

L m o l e c u l e  and to choose one that gets the highest value. The compounds

that terminate the branched path and the reactions used in every step

enter into computing the value for each path. The!  program has rules

I on computing compound merits, combininz  merits of conJoined compounds

to get subgoal merits and combining those with reaction merfts to

obtain values that can be backed up t h e t r e e .
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Con,joined  subgoal compounds A and B

A B

c

E F

c

b Backup Merit-. for C

= f( M e r i t  o f  0 ,  R e a c t i o n  M e r i t  D  --> C )

Backup Merit for B

L = f( M e r i t  o f  C ,  R e a c t i o n  M e r i t  C  --> B )

Backup  M e r i t  f o r  A

- f( M e r i t  o f  E ,  M e r i t  o f  F

React ion Mer i t  o f  E  +  F  -4 A 1

React ion Mer i t  o f  E  +  F  -4 A )

m B a c k u p  M e r i t  f o r  Subgoal A B  = .g( Merit  of A, Merit  of B 1

Present ly , the functions f and g s imply  mul t ip ly  the i r  arguments

and return the product normalized to the scale O-10.

are present 1 y adequate but can be changed easily.

The def in i t tons

The selection of subgoal proceeds from the top of the tree

downward, s e l e c t i n g  t h e  s u b g o a l  with  the  htghest mer i t  a t  every  level .

However, conJoined  compounds represent AND-nodes in this AND-OR tree, .

22



and so the compound with the least merit is chosen from among

conjuncts. This is in accordance with the general strategy of

dealing with AND-OR problem solving graphs.

The eval uat ion, backup procedure and goal selection are descr ibed

i n  f u l l e r  d e t a i l s  i n  t h e  t h e s i s  ( r e f e r e n c e  1  I.

P

L

COMPLEX I TV/S IMPL  I C 1 TV OF SOBGOAL  COMPCNJNDS

At every stage of evaluation and search continuation, the terminal

nodes of the search tree are compounds. A Graph-Traverser-1 Ike

strategy wil l  evaluate the terminal nodes and continue search with

,
k-

L

one of highest merit . In designing syntheses, the intervening react ions

are as important as the subgoal compounds. Thus this strategy in

i

i t s e l f  i s  u n s u i t a b l e .  B u t  a g a i n , among partial paths that get equal

,iL

1

1

evaluat ion, it  is reasonable to choose those that are terminated

by subgoals of higher merit. ( I f  the  subgoal  is  of  h igher  mer i t

this would imply that the reactions are poorer on that path; thus

one may actually prefer terminating subgoals with the lowest merit

depending upon solution requirements. 1

SfZE OF SEARCH SPACE

L ; I t  is also reasonable to use an estimated size of search

L
that  may ensue on d i f ferent  paths,  in  order  to  cont inue search.  I t

is especially useful when such program resources as time or storage

are dwindling or when the evaluation leaves a LARGE NUMBFR  of

subgoals  of  equal  pr ior i ty .
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APPLICATION OF KEY TRANSFORMS IN CHEMICAL SYNTHESIS

The democratic tenet “Al 1 reactions are created equal” has to b e

cast  a s i d e , in  order  to  a l low preferent ia l  t reatment  for  key. .

transformat fans. The present  react ion l ibrary  conta ins  a  pr ior i  mer i t

ratings of react ion schemata. The merit of each schema is further

adjusted when used, to  correspond to  the  speci f ic  appl icat ion of  the

c

i

L

transformation. This technique al lows preferred pursuit  of paths having

the key t ransforms.

This a priori preference system can be overridden by the  program

under  specia l  s i tuat ions. An example is the technique known to chemists

as BLOCKING or PROTECTION. Blocking of  cer ta in  st ructura l  features

of molecules is a very useful synthesis technique facilitating

.solutions to many problems. Sometimes a synthesis without Hocking

may not be possible. With reference to Figure 7, the reasoning may

proceed as fol lows.
i

L

c
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Subgoal compound with attributes Fa and Fb

Subgoal where Fb gets RLOCKED

but t h e  reactron

1s j u d g e d  Tnvaltd
Projected subgoal (simple,val  Id)

Ffgure  7 . APPLICATION OF KEY TRANSFORM - RLOCKtNG

The t ransformat ion Ta fs a  preferred t ransformat ion but  it Is

m a d e  InapplTcahSe as functfonal group Fb ts very sensrtjve to the

r e a c t  I o n ,  makIng it inval  Id. The transformatton Tb which does not

have a  prforf high merit, h o w e v e r , removes Fb or changes it to Fb’;

‘ a n d  Fh’ Is n o t  sensitive t o  T a . Thus subgoal resulting from Ta can

be terminated. The subgoal  f rom Tb Is realized to have htgher merit

In  th is  context , b e c a u s e  i t  c a n  n o w  b e  subJect to la to yield a slnpler

val id subgoal. Such a sophlstfcated a t tent ion refocussing scheme

usfnF: contextual evaluation produces excel lent results,  by overrul fng

the standard evaluatron and forcing development along ltnes that are

tntuf t tve  to  the consultfng c h e m i s t .

SELECtION  AND ORDERING OF ATTRIBUTES

Some attributes of molecules prove to be more sensftfve than

others toward al l  or most transformations. Thus,  while selectfng

attributes one may Impose an order of preference or one may exclude

certain a t t r i h u t e s , saving  the effort  to be spent on whole chapters

of the reactfon 1 Thrary. Th& a  pr ior?  order ing of  attrlbutes w i t h
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L

due consideration to reactivities is another piece of chemical

knowledge thus available.

Fur ther ,  a  contextual  reorder ing is  posstble  h e r e . Vttamin A

for example, h a s  f o u r  i n s t a n c e s  o f  t h e  a t t r i b u t e  OLEFIN BOND.

One of the operators results in a smaller but simtlar compound wi th

o n l y  t h r e e  O L E F I N  BONDS  and the  react ion i tse l f  has htgh mer i t .

When continuing search with this new subgoal a clear indication now

comes from the above observation, to prefer to operate on another

OLEF I N BOND. The similarity of the resultfng  compound a lso ra ises
-=.

the expectation that successtve  appl icat ion of  the  same t ransformat ionL

may solve the problem at hand.

i
c KEY INTERMEDIATE COMPOUNDS IN CYEMICAL SYNTHEWS  (suggested)

Some compounds can be changed qutckly  into a variety of stmilar
L

i

but dffferent  compounds and are often used as key intermediate

compounds In synthesis. When a s&goal compound is s?m?lar  to a

readi ly  avai lable  key intermediate , synthesis  search may prof I tab1 y

L ‘be geared toward the speclftc Tntermedfate. On the other hand,

I
L

when a key intermediate subgoal Is generated that  is  not  avai lable

a slynthesis for  that  in termediate  subgoal  is  to  be  act ive ly  pursued

w i t h  h i g h  p r i o r i t y .

L USE OF ANALOGY  IN CHEMICAL SYNTFlESlS  (suggested)

Quite often chemists arrtve at syntheses by followTng the known

synthesis of an analogous compound. Situations where solution

(or simpltftcation) by analogy can be applied ar?se p r o f u s e l y :
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the goal compound is analogous to a compound whose synthesis is

pub1 ished, a key intermediate can be synthesized by analogy to

an available key in te rmedia te , a subgoal generated is similar to one

or more intermediate compounds generated and solved by the program

during this run alone. However the advantages of overruling normal

search by reasoning through analogy in these sttuations is not clear.

lt is needless to emphasfte that the synthesis of an i n t e r m e d i a t e

c o m p o u n d  solved at one instance in the problem solving tree ?s avai lable

throughout the course of the program run and is reused by d i rec t

reference.

EXTERNAL CONDITIONS GUIDING THE SEARCH

T h e r e  is need for tempering the selection of  syntheses wi th

such considerations as the toxicity of the  substances  to  be

man I put ated, special apparatus needed to contain and react gases

and cost associated with expensive commercial compounds, reagents or

ca ta lys ts . However the problem at present is seen as being one of

filterfng out syntheses not desired from the output of the program.

this al lows a ful ler set of preJudices and p e r s o n a l  p r e f e r e n c e s  o f

chemists to be imposed upon the choice of syntheses.

: We have consciously avolded developing an interactive system

where a chemist supplies guidance on-line to the program. Our

interest in the problem is mainly as an A? endeavour and to that

extent our attentfon was given to designing a good blend of search

s t r a t e g i e s  a s  o u t l i n e d  a b o v e  t h a t  c o u l d  e f f e c t i v e l y  subs t i tu te  for  tr?e

chemists’ guidance.
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REMARKS

The strategies discussed above fal l  roughly into subgoal-dependence,

transform-dependence and partial-path-dependence, T h e  c r i t e r i a  t o

b e  u s e d  i n  e a c h  strategy ( the  l imi ts ,  thresholds,  orderinKs a n d

meri t  boosts) can have several sources of information (FTgure 8).

SUBGOAL MODEL OF PROBLEM OR
OF SOLUTION SPACE

TRANSFORM CUMULATED PAST EXPER I ENCE

i

L

-=.
PATH

OTHERS

TEMPORARY SETTINGS DERIVED
FROM KNOWLEDGE OF
CURRENT SESS I ON

L F i r s t l y ,  q u i t e  o f t e n  t h e  c r i t e r i a  d e r i v e d  f r o m  m o d e l s  ( i m p l i c i t  o r

IL
e x p l i c i t )  are  in  t h e  f o r m  o f  a b s o l u t e  l i m i t s  o r  f i x e d  o r d e r i n g s ,  r e f l e c t i n g

the static nature of the model one has in m i n d . In “tuning”  t h e s e

L c r i t e r i a , one is readJusting the model of the problem or  solut ion space.

Second1 y, in certain cases, the program can be delegated the task o f

L keeping i tse l f  tuned  with  respect  to  cer ta in  cr i ter ia ,  us ing cumulated

I past experience, giving rise to an adaptive (and may be learn ing)

c h a r a c t e r i s t i c . Thi rd ly ,  the  contextual  eva luat ions expla ined in  the

last section illustrate how the program can, using knowledge acquired

from the current session, temporar i ly  overru le  a  model  prescribed to aid

i t  i n  f i n d i n g  b e t t e r  s o l u t i o n s  f a s t e r , without leading to adaptation or

adjustment of the model.
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