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RAR HRUPISTIOC PROGHRAR TO DISCOVER SYNTHESES FOR COMPLEX ORGANIC MOGLECULPES

T. TNTRODUCTION

Organic chemical synthesis is found to be a suitable probles for
devc loping sachine .telligence vhere the resulting systems prcecaises to
he nf genuine utilitv., The challenge of the work of progras design
irises oit of the complexity of the task of synthesis, the large base
of scientific knouledge and vocabulary required, and the abstruse
tnles of reasoning employed by the “experts” in the field. A previous
paper (9) described thc problema, giving a general approach based
on the techniques of heuristic search for solutions and some interesting
exanples of the results produced by the programs.

We wish to describe in the present coamunication, details of the
proaram design.

f.1 PROBLEM DEFINITION

Synthesis in practice involves i) the choice of molecule to be
dynthesized; 1i) the formulation and specification of a plan for
synthesis (involving a valid reaction pathway leading from coamercial
or readily available compounds to the target compounds vith consideration
of feasibility with regard to the purpose of syathesis); iii) the
salection of specific individual steps of reaction and their temporal
ordering for execution; iv) the experimental execution of the synthesis
and v) the redesign of syntheses, it necessary, depending upon the
experimental results,

In contrast to the physical synthesis of the solecule, the activity
ti) ibove can be termed the *tormal synthesis®. This development of the
specification of synthases involves no laboratory technique and is carried
aut mainly on papar and in the sinds of chesists (and nov vithir a
compnter?s seaory!). PTormal synthesis is our only concern in this
Froject.

1.2 SPECIFICATION

The proarams and results described herein represent the cospletion
of the tirst phase of an ambitious research jJoal to design a
system vhich takes as input some representation (nov the Wisvesser
linear name - see fef. 4) of the target compound together vith a
list of conditions and constraints that sust goverm the solution
of the probles. The program (see Pig. 1) has at its disposal a
list of compounds, the "shelf library”, that can be assumed
available with some inlication of cost and availability (avail-
ahle or-hand or in industrial, pilot or laboratory quantities) and
so on. The proqrams use a reaction library containing generalized
ptocadures for the synthesis of functional groups amd structsral
features 3ingly or in combination. The output is to be a set of
proposed synthesis procedures (notimg the absence of a theoretical
"bha2st™ or “only” solution). Pach proposed synthesis is to be a
valid reaction path- way from the available coppounds annotated
vith rstisated yields for each step of the procedure together with
by-product predictions and target solecule separation procedures
(vith estimated separation efficiency) for each step. The
syntheses are to be rated ad hoc oh the estisated degree to vhich
each procalure satisfies the conditions of the probles.

1.3 CHARACTBRIZATION

The reader can readily realize that such of our effort
vas directed into building up a chemical structure representatios and
a large vocabulary of chemical terss defined wupoa the structure
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representation. Perhaps the sore fascinating challenging facet
of the problem was that of constructing a rational basis for the
reasoring process involved in dnsigning syntheses. Syntheses are not
brought forth in a flash of understanding but are developed one step
at a time. The Aaveloprent of these steps are highly interdependent
and occur with general techniques which can be learned. We have
vatched and interacted with a chemist, Dr. Prank 8. Powvler, while he

dev-loped syntheses, We atteaptel to isolate useful components® in
Dr. Fowler's problem-solving activity. Some of his technigues have
heer incorporated as heuristics within the synthesis search algoritha.

ssec chapter 2 of thesis for a discussioa of this.

[T. OVERVIEW

We have approached the design of our system at two levels:
soncopts and implementation. The conceptual divisions are the heuristic
program, overall methodology, the reaction library and its use, the
information store and its utilization, and the list of available
compounds, The isplemantation of these on a substructure amade of a
system for information representation, storage, retrieval and sanipulation,
will be reviewed here first. Readers wishing to skim, may safely go
cn to section <.2.

2.1 THE SUBSTRUCTURE SYSTEN

The principal aim in the design of this system is to facilitate
crmaunication with the computer regarding chemistry. Based upon a con-
venient structure representation we have built up a vocabulary of
chemical terms and concepts about chemical structures. There is a
separately designed representation of reaction schesa and manipulative
transforaations. The interface between the library of reactions and
chemical structures is a question-ansvering package. Another important
part of the implementation is the inforsation structure used by the
heur istic program to record partial discovery sequences. The programming
support systea for information representation and sanipulation is the
subject of a Doctoral thesis in preparation by A.J. Hart (Ref. 2).

2.1.V STRUCTURE REPRESENTATION |

A representation is designed for basic chemical eatities like
atoms, ions, free radicals and compounds. These potions are inseparable
from their cheaical structure. The strecture represeatatios therefore
provides for the actual topological properties aad the stereochenical
datails ot the cospound. The structure is sade amenable to inspection,
andlification and manivrulation. A linear and casomnical nase is

indispensable for indexed lists of coapounds and for coapounds to Le
compared for equivalence. The linear camonical notation developed
by Visvesser (Ref. &) is used, with our owa sodificatioas iatroduced for
expe dience. One noteworthy feature of the Uisvesaer setation is that
it preserves full structural inforsatioa (although this information is
not handy for sanipulation). Therefore algoritheic intercoaversion
0of¢ the linear notatioan and the topological notation is feasible aad
has heen progransed to tramslate a large class of notations.

Bach topolirgical description is accompanied by am attribete
table of interesting atoss, boads, groups aad riags, vhich serves in
two major capacities. First, it forms the basis for aasveriag several
juestions directly and for building answers to coaplex questioms.

Second, it provides handles to specific groups aad atoas of the top-ological description and thus helps the reaction selection rostises aad
structural transforsatioa routines.



2.1.2 CHEMICAL VOCABULARY

Starting with basic ideas such as the number of umshared electroams
in an atoa, the number of hydrogens connected to an atoa and the degree of
linkage, ve have developed a vocabulary of nearly 150 terss. Exasples
of some of the higher level teras are 0 uasaturatioa, acid sen-
sitive, dejree of sensitivity, atrong electroa-releasing groups, base
sensitive groups.

21.3 QUESTION-ANSHERING PACKAGE

The heuristic program requires ansvers to maay questions about a
structure hafore it decides on the class of reactions to attespt, and
requires sany more ansvers as individual reactions are tested for
validity and side-effects. These questions are answered fros the
attribute table, the Wisvesser name, the structure description or fros
an cctended attribute vector derived for the structure. The guestion-
answer package is concerned chiefly vith ‘yes~-no® gmestions.

2.1.4 REACTION LIBRARY

The reaction library is a collectioa of reaction schema grouped
into several sets. All schema in a set synthesize the same structural
feature but may use different reactions, reactants and reaction
conditions. A reaction schema consists of a rule for structure trans-

formation and several sets of tests on the structere of a cospound.
The reaction conditions to be used and preference ratings have initial
values, and modifications are indicated based on test results.

2.1.5 RRACTION BOOULE

The reaction module is a set of coaveations aad prograss that
utilize the reaction library. There are routines to read in the
transformation, paraseters of the reactios and the associated tests.
The tests are conducted through the interface vith the question-
answering module. The changes occurring at the reactive site are
carried out in tvo steps. In the first step, the structure of the
given compound is examined around the reactive site are identified. In
the socond step, the substituticn fragmseat structures are recombined
around one or more other reactive groups thus generating the traasformed
structures.

2.1.6 PROBLEM SOLVING TREE

The heuristic progras uses a tree-~-like structure to store
partial results and alternative courses of action. The data {teas {in
the tree cam be naves of compounds, functiosal groups, schesa
references and status and cross-reference inforsation. The data structure

for the problema solving tree is discussed fully in a forthcoming
thesis (Ref. 2). In the terminology of heuristic search, the probles
solving tree for synthesis is an AYD/O0R tree.

It is convenient to isagine the tree to be sade of a set of
compound names, one tied to amother by relational pointers.
Townrver, there are tive layers of structure in the tree (rig. 2).
Below a compound are a list of modes indicating the chapters of the
reaction library that were used. Bach chapter is folloved by a list

of references to functional features of the pd pi that vereconsidered relevant to the chapter. Rach reaction schema agplied to
this feature is listed belov it. The reaction schesa leads to a

sa of subgoals each of which, in turn, is a set of 1 pps neededfor the reaction mentioned in the schesa. TO allow efficient saiantenance

and processiag of the tree, sach cospound occurcing is the tree is
entered in a Sysbol Table. The tree is stilized chiefly to store
telationships between compounds and to maintaia probles solving



information. The program can find from the tree and the sysbol table
aAnsvers to such questions as:

How difficult does this compound seea to be?
How good is this sequence of steps?
Is this cospound solved?
Has this coapound been atteapted to be synthesized?
Tf so, vhat vas the result of the atteapt?
What is the best sequence of steps developed till now?
What are all the instances of this cospound occurring in the

tree? and so on.

We have briefly described the various data structures and
routines that forms the tools of the heuristic synthesis prograa.
Bvidently, this same set of tools could be used to build not only a
synthesis programs but also an analysis progras or a reaction
simulation programs.

2.1.7 LIST OF AVAILABLE COMPOUNDS

The ALDRICH chemical catalog (Ref. 3) of 7547 iiswesser manes of
compounds was used to geirerate the shelf library. The initial version
used a reduced set of 365; Aldrich listed compounds aughented with
names of commonly available reagents and certain gases. The list vas
set np for direct look-up by cospound hase.

22 AN OVERVIEW OF THE HEURISTIC PROGRAN

Bafore a program to automatically specify synthesis procedures
could ba written, the elements of synthesis had to ba isolated and
defined. Their sutual interaction were considered in a general sense.

The input to the programs, consisting of the aane of the compound
to he synthesized, constraints on the result, and the list of available
componnds, sets the context of the syathesis. The information store
can supply reactions and can aasver questions of cheaistry. The
programa therefore is made up of a definition of synthesis together with
a repertoire of techniques for syntheses.

The definition of a synthesis is isplicit ia the prograas and
is as follows:

i) The starting materials are to be available cospounds and the
sequence of reactions should lead up to the goal coaposnd

ii) The intermediate compounds in the syntheses nay be kaowa or |
unknows compounds, but each must be a valid structure and stable
under the comnditicns of the synthesis

iit) It is {important to develop and to ideatify syntheses vhich have
a good yield, vhere the teactioas will take place with Ligh
probability and with ease. Extreme demands are not to be placed
on equipment and starting materials. Sequences of reactions are
to be simple, involving specific tramsforsations vith ainisal
side-effects and correctional steps.

22.1 OVERVIR4 OF THE SOLUTION GENERATION PROCESS

The process of finding a synthesis for a compound is to some
extent analogous to the process of proviag a theores in gecsetry
or to that of establishing proofs in forasal logic. The parallels
ve can drav between oer progras and the Geosstry Theores Proving
Programe (lef. 5) are: |

Theorena . Target cospouad
Rules of deduction Generalized reactions

Proof A synthesis sequence
Axioas and preaisses List of available cospouads
The Geometry Theorem Prover provided soee dicectioas aad ve

patterned the present prograa to follow it. However, sigaificant
ditf~rences arise oving not only to the differences ian the definitions



of the problems but also to the dissisilarity in the natuie of the
probleas themselves. We will stress the differences in the probles
solving procedures.

Potential reactions to generate a coapound can be devised by
examining the structural cosposition of the molecule. This formas the
basis for working backward. The major sethod of the prograa is an
analytic search procedure, vhereby the last step of the synthesis is
the first step to be discovered, the next to the last step is the
second step to be discovered aad so on. Thus the discovery
sequence is the reverse of the synthesis sequence.

The vorkirg btackward procedure has five sajor steps. Initially
the generating goal is the target compound.

1. Analysis of the generating goal
2. Selection of reaction schema and its validation

3. Subhgoal generation
4. Entering information in the problem solving tree
S. Selection of next generating goal from the problem solving

tree

Analysis of the generating goal: the structural deacription is
developed from its Wisvesser name and its attribute table is constructed.
The latter task incorporates the identification of functional groups
and ring structures of importance. A choice of fumctiomal group to
synthesize is made by consulting the attribute table. Attemtion is
given to diverse functionality and suitable choice is nade among
ayltiple occurrences,

Schema is chosen from asong the schema that synthesize that
given type of functional group. These are reactions that cam lead to
the generating goal in cae conceptual step, although several reactions
may be involved. The set of tests to be perforsed, soae oa the
generating goal and some on the subgoals embody many of the cheaical
heuristics that guide the progras. Detailed consideration is given
to reactive sites in the molecule, cospeting reactions and side eftects.
It any serious conflict is detected, the associated reaction schesa
(or the subgoal whea the test is sade oa a subgoal cospound) is
re jected. Based on the results of tests the ad heC aerit rating say be
podi fied (raised if a conjugated activatiang® group is preseat and
lownred if steric hindrance is detected) the reaction procedures say
be modified ( a different reagent might be specified ia the presence
of. groups sensitive to the usual reagent) or protectioa reactions
initiated for sensitive groups.

*see any standard textbook on orgamic cheaistry (Ref. 6) or
glossary in thesis.

Subgcal generation: The transforsation rule contained ia the
schema is interpreted in the generating goal and the reactants needed
for the reaction are defined following the two steps that were
sentioned before. The Uisvesser names are computed fof the reactants.

Entering information into the probles solving tree: The shelf
library is consulted to identify reactants that are available. An
estimate of cost and availability is obdtaimadble at this poiat. An
ad hoc overall merit is coaputed for each subgoal based oa the adjusted
reaction merit and the estimated simplicity of reactaat coaspowmds
(available coapounds get the highest siaplicity values, coapounds that
resulted in total failure in aa attespt for their smmthesis get
the lovest values). If aay reaction has all its reactasts availadle
or synthesized in the course of the program's working, it cospletes
a synthesis. All completed syntheses are collected oa a list. If a
syathesis-search termination condition has aot Deea sigaaled, the “hbest®™

suhgoal is selected for further developseat aad the precedece istecursively coatinued. A syathesis~seagch tree is thus geaerated, the
structure of vhich depends uj on the algexitha chosear for detecnining



the hest subgoal for further consideration. This algorithm will be
discussed further in this report. A discovery sequence is ccaplete
vhen it leads from th: qoal cospound to a set of available starting
materials. The progras does nat halt after finding just amy synthesis.
It parsues subgoals till either all prospective syatheses are found to
be of significantly lower serit or it Consumes one or more available
raesnurces,

ITI. THE EXECUTIVE PROGRAM AND PROBLEM SOLVING HRURISTICS

3.17 THE ORGANIZATION OF THRE EXPECUTIVE PROGRAN

The sisplified flowchart of the heuristic search process
embodied in the executive programs is shown in Pigure 3. The folloving
discourse explains the flowchart using Vitamin A (top of Figure 8) as
the example input cospound.

3%. INITIALIZATION

The standard reaction library is iaitialized for use, unless sose
changes are indicated by input. The provision for designating amy sat
nf reaction schema in the library as temporarily unusable and the
facility for reordering the priorities assigned to reactions help
one to customize the reaction library for any particular run.

The standard catalog of available coapounds is also initialized
for use.

The name of cospound to be synthesized is subsequently read in
by the program. A problea =molving tree is created vith one subgoal
At its root. (The tree, for us, grovs dowavard vith the root at the
top!) The subgoal consists of a single compound -- the goal compound.

3o 1.2 HEURISTIC SEARCH |

rolloving initialization, the program eaters the sain part,
repeatedly selecting a goal from the problema solving tree and
sprouting subgoals for it.

Je 1.2.1 GOAL SELECTION

The selection of a goal from a problems solving tree follows a
siaple heuristic algorithm and is further explained ia section 3.2.4.

The first time, of course, the goal to be selected is the only
compound in the tree - the target amolecule.

3.% 2.2 SUBGOAL GENERATION

The details of subgoal generatioam for a chosea goal are given in
Pigure 5 and are followed in detail vith an exasple is section 3.1.4,
We shall presently skip over the details and note that for the goal
selected all valid subgoals will be generated using all applicable
teaction schema. For Vitamia A, the subgoal geaeratioa process enters
83 valid subgoal at the first level directly below Vitanin A,
representing as sany distinct vays of getting Vitamin 2 in one
reaction step. Out of the 43 valid subgoals, 9 sabgoals have tuo cospounds
together in each vield amd a count of 52 subgoal compounds. Out of these,
3 compounds were fouad avajlable through the Aldrich Cheasical Catalog.

- The problea solving tree after the subgosl generation vould appearas shovn in Pigere 6. The detailed diagrams shovs that 8 reaction
schepa vere essed and that no subdgoal represeats a coapleted synthesis
for Vitamin 4, after the first level of subgoal gemeration.

The decisions ahout the applicability of a reaction scheaa and
the validity of a sebgoal in relation to a probleas solving tree are
not forsal but are heuristic. Such decisions iavelve the

ttilization of judgemental kaowledge culled fros cheaists and thus is
a heuristic procedure. All subgoals judged worth retaining are entered
into the problems solving tree. Coapounds are chesked for availability
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in th» compound catalog and are marked 'available® vhen they are. The
Alirich Cataleg nusber is also enterad at the same time.

The availability of certain coafounds might have completed the
syntheses of caspounds higher up in the tree.
If all compounds needed for any reaction are either marked ‘available’
or 'solved' then the subgoal higher up in the tree which linked
to the reaction is subsequently marked *solved®.

If no valid subqoal could be generated for the goal coapound
then it is marked ‘stuck’, Por a higher level goal if all subgoals
are ‘stuck’ then the higher level goal is also marked ?stuck’.

3.7.2.3 HEURISTIC BVALUATION OF MERIT

Pirst, all newly created subgoals
and compounds are evaluated and assigned a merit rating in the
scale of 0-10. Avaliable compounds receive the highest (best)
possible rating 10. ™ultiple occurrences of a compound im the
tree are cross referenced so that they receive eyual ratings.
Compounds not available through the Catalog are evaluated by a
function based on their structural characteristics amd location

and environsent in the problem solving tree. The reaction used ou
each subgoal is assigned a merit as well. The selection of a
subgoal is based upon both these values as will be explained in
section 3.2.8.

The evaluation function is ad-hoc and volatile aad does not

perfectly characterize the difficulty of synthesizing a compound.
However, it is an excellent hauristic in that, for large classes
of compounds it characterizes well the difficulty of synthesizing,
andl is coasputationally sisple and inexpeasive. Purther, our
procedure for backing up evaluations from lover levels and saking
continuous revision of serit ratings as the search unfolds,
compensates for any ispertections of the evaluation.

Thus, the second aspect of the heuristic evaluation of subgoals
is the backing up and revision of merits of all affected subgoals
higher up in the problea solving tree. As mentioned above this is
an essential step and permits goal selection to proceed top-down
beginning at the root of the probles solviag tree.

Je1a?2.84 STOPPING CRITERIA

Each time through the main cycle of the prograas, after
evaluation and before invoking subgoal selection,
the program considers a decision to stop.

The progras takes stock of
resources used up and resources remaining. Those resources
2xamined include tise, memory space in core, and the disc space
used to store the problea solving tree. The size of the probles
solving tree can also be nsed to limit iavestigation.

If all subgoals are either *available?, 'solved®, or stuck’, no
further work cab be carried out and the progras aust halt,

At present, no limits are placed oa the nusber of cospleted
synthases that may be discovered. The program thes has the aaandate of
exploring the best aveauyes available vithout exhausting any critical
resources,

It is conceivable that one could cospare the merit of the best
unsolved subgoal with the aerit of completed syatheses thus far, aad
decide wpon the usefnlness of further exploratioa.

"3.1.3 RESULTS OF HEURISTIC SEARCH

After several repetitioas of the heuristic search steps described
above, one expects to have z well developed problea solving tree, which is
richly inforaative potenti] and solved syatheses for the target |



maolrcule., One must be ciutioned against hastily assessing the progras
perforasance by counting completed syntheses only. Potential
syntheses at any stage are of value because
cospletad syntheses for intermediate coapouads
are suggestive and significant in themselves.

Furthersore, it is not the number but the quality of the proposed
syntheses that need be assessed. More importantly, for those of us
investigating artificial aspects of this work, it is the intelligence
exhibited through the vell-lalanced tree developusent and controlled
attention switching that is of value.

With that word of caution, the reader is nov refered to Figure 4
tor a schematic of the state of the probles solving tree for Vitaain A
after six minutes of total machine time had elapsed.

The probles solving tree has subgoals that vere ‘solved’ (e.g. 4,5)
that vere ‘stuck! (e.g. 8, 16) and that vere
not explored (not nuahered, indicated by horizontal bars). There vere
over 120 subgoals generated, the saxisum depth of any subgoal in the
tree being 8. The branching of the tree was 43 at the first level;
this nusber dropped sharply to 17 and 30 at the next level amd
to 10 at the next further level. The circled numbers indicate the

nrder in which subgoals vere selected for developseat. The pattern
of tracking is intere- ‘ng to us, as it seeas
indicative of the art. .cial intelligence imparted dy the
heuristics. It is certainly far fros the ideal ome would want, tut
is superior to the plodding of a breadth or depth search

We pursue details
of the heuristic search in subsequent sections. Readers wishing to
avoid details of subgoal generation and the search strategy say skip
to the last section, IV.

3.1.4 DETAILS OF SUBGOAL GENERATION

The subgoal generation details are givea as a flowchart in
Figure 5S. The probles solving tree for Vitaain A (Piguce 6)
vill be referred to in the following explanation.

The subgoal generation is entered with the VWiswesser linear
string corresponding to Vitamin A as the goal (Step 1). The explicit
topological structure description is devised (Step 2) before scanning
i+ fer recognizable attributes or features. (Step 3). The feateres
relevant to aspects of synthesizing the solecule are sought. Por
Vitamin A, several structural features are recogaizsed and labelled
accordingly as cagbocyclic ring, olefin boad aad alcodol.

The latter two attributes have reaction schemata available in the

reaction library. (The sclesata in the library are grouped into
teaction chapters and are jdentified vith the name of the structural
feature each group car synthesize).

When the 'oclefin boad’ chapter is chosen (step 8), a further
salection of a specific site has to sade £fros the five
1ifferenat occurrences of olefin bond in Vitasin A. Referriag to
Pigure 6, the reader can sce the five-fold branching from the
olefin bond chapter layer, one branch for each site chosen.

Considering the first iastance of olefin boad (step 5), the
reaction chapter for olefin bond synthesis has 5S schemata is it. One
of thea fails the heuristic tests for applicadility (Step 6 and 7).
Thus in Figure 6, the attribute instance (=1) layer branches four-fold
to the reaction schesa layer.

Bach schema in the reaction library has a definition
of the structural transforaation executed by the reaction. The
transforsation is written as a goal patteca (ia aa
appropriate language designed to represent structural
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patterns) and a subgoal pattern. The application of the transforsationinvolves satching the goal pattern to the goal compound (step 8). The
pattern satching programs, a graphical pattern-contirolled sub-structure
matching algorithm, has been described in fell ia the thesis (ref. V)..
The matching routine can fiad all vays of satching the patters
vith the compound. Bach such successfil match will lead to a set
of subgoal coapoinds (step 9).

If a reaction transforas one compound into another each subgoal
generated will always consist of a single compound. However,
reactions utilizing tvo or sore compounds ia geseratiag a prodsct
coapound will yield a set of two or more compouads for each
subgoal. In such cases the subgoal anode is said to fore and
AND-node implying that this subgoal vill be considered solved only
if every compound in the set is considered solved. AND-nodes are
marked in Pigure 6 by short horizontal bars over the cospounds. :
Por the first instance of olefin bond attribute, schesa 3

generates tvo subgoals each of which has two compounds jin {t.
The programs that carry out the pattera satchiag aad subgoal

definition, vork with the explicit topological descriptions, and the
subgoal so defined is given explicitly. These subgoals are
reduced to the compact Wisvesser names (step 10). The generation of
Wisvesser names provides not only savings in storage space but
also has the more jisportant benefits of a) allowing ome to recognize
inexpensively and efficiently occurreacesof the sase coapound
in several nodes of the probles solving tree, using the canonical
nature of the Wisvessar names (step 11) and b) allowing ome to query
the Alirich Chemical Catalog for the availability of compounds (step 13).

The subgoals are posted into the problea solving tree (step 12)
after pruning out those that are duplicate or circular (step 11).

In step 18, a check is nade to see if any of the ssbgoals cas be
marked *solved' and if so, a further check is wade for compounds higher
up or elsewhere in the tree that might have beea newly synthesized.

Following this expansion of the problem solving tree, the progras
cycles through all attribute instances and all
reaction chapters. When all valid chapters have been dealt with the
subgoal generation process is completed aad coatrol is retaraed to
the executive.

3.2 SEARCH PROCEDURE

TO generate multi-step syntheses the prograa seeds a rule for
selecting froma the probles solving tree the next compousd to
develop. One can either set up a conveatioa to specify selection
leading to such well-known strategies as depth-first or
breadthvise development. Soae theores provers and look-ahead tree
saarching programs in game-playiag eaploy such tactics.

There are several vays of guiding a heuristic ssarch when
subgoals can be evaluated s0 that subgoals cai be coapared with a view
to making a choice. Using an evaluator, ia AND/0R trees such as our
problema soiving tree, ona gereral principle is to select:
i) among altarnative subgoinls one with the highest value, and
ii) among conjoint entries in a subgoal ome vith the lowest value.

Our progras presently utilizes a static evaluation function
(involving no lookahead, no heuristic prediction of the probability of
fuccess) that is meant to be a crude nodel of the probleasolviag
coaplrxity of a compound, a subgoal and a reaction segueace. It
represnnts a zero-order attempt to abstract the orgaaic chemists’
judgement to provide heuristic guidance for the programa. He anticipate
that safor chanaes and isproveasents vill be forthcoaing 1a this phase
of research.

//



3.2.1 MERIT OF A CONFOUND

Compounds are evaluated on a scale of 0-10. A compound that is
available commercially, cheaply and in bulk gets the highest rating,
1). A coaspound for which syntheses have been found by the proqgraas is
assigned the best merit among its syntheses. A coapound which kas been
developed iu the tree (i.e., itself has subgoals) bears the best merit- —
nf irs subgoals. Por other compounds the merit is calculated according
to a function that has heen and vill continue to be highly volatile.

10

CPMERIT =\1.2 ) (exp(-0.1385%7G) +0.2 exp (~0.0346¢C))

C = nusber of carbons not belonging to any ring
PGC = veighted sum of entries in attribute table

thus intended to yield higher merit for compounds with fewer
identifiable featires and lesser size as counted by carbons. Bvideatly
there is a higher weighting for PG tkan for C.

1.2.2 NERIT OF A SUBGOAL

The merits of each of the compounds im the subgoal is multiplied
together, and compourled with the adjusted ease assigned to the reaction
involving this subgoal, the resulting value vhen norsalized to a 0-10
scale gives the merit of a subgoal. For exasple, consider a scheae that
generates two subgoal compounds by splitting the goal at strategic
locations. The above cosputation scheme for merit will prefer to split
the goal at its middle, to get nearly equal sized molecules in the
subqgoal,

3.2.3 BERIT OF A SEQUENCE
The merit of a reaction sequence is computed by starting at the

toerainal elements and iteratively computing the merit of the final
compound that is syuthesized. The merit of the sequence is the cosputed
scrit of the final coxpound.

Ihe process of devising a good computational scheme for merits is
one of trial and error. ¥#hen the chenist reviews the pattern of tracking
the space exhibited by the program, ve may freely taaper vith the
factors entering into merit cosputation and the way in vhich they are
combined together.

Jo2.4 GOAL SELECTION

After each cycle of yoal selection, ssbgoal gemeratioa, aerit
evaluation, the tree is updated so that each coapound correctly
reflects the effects of the latest cycle. Some of the origimal
saquence3 can now he found solved, or stuck or to be of a greater
ar lover merit than previously supposed. Such updating is done by
A merit backup procedure. Pollowing that, a siaple subgoal
s=»lection algoriths is used. At cach level of the problea sclviag
tree, starting froe the top level, the subgoals at the next level
are exaained and the bent one is selected. Among the compounds in
that =1bgoal, the one with the least merit is selected. This is
carried out till a cospound that has not yet beea sprouted is
gotten.

Thus the algorithe can svitch atteatioa fros cae sebgoal to
another quite ecasily. Hovever, fregueat attention svitching is not
desirable and a hesitation is programmed ia the algoritha. This is
1one by forbidding switching attention ifthe aecit of the newly
sclected goal is not 'sigaificantly’ larger thas the last goal that
vas sprouted.
Rile for hesitation in atteation svitchings

If (merit of new goal chosen ~- merit of last loal sprested] > hesitation
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threshold

then pursue new goal
els2 pursue old goal.

Thr hesitation threshold in the above rule can be set extermally and
when set to zero would indicate no hesitation to attention changing.

Though sisple in description, such a procedure does deaonstrate
quite a complex tracking hehavior in the tree. (See Fiy 5.5) rirst, by
repeatedly working on thn most meritorious subgoal the tree generated
is rich in information, vith cosplex subgoals left relatively undeveloped
and siapler subgoals pursued sostly to completion. This algoriths is
expected not to give very narrov and deep, nor broad and shallow trces,
but tno allow development of aultiple syatheses routes. The success of
the 1lgorithe surely depends on the ability to prune the tree
efticiently of invalid and potentially sterile subgoals and on the ability
tn recognize prcaisingly good subgoals.

When a goal compound sprouts suhgoals of good serit, one expects
that the algorithm may plunge deepsr into the tree. However, the
possibility of working oa a conjunct cospound of higher complexity does
help to broaden the tree.

AS syntheses for intermediate compounds are completed, they
ar« evaluated and then accepted or rejected. This is in consonance
with the notion that short syntheses are aot necessarily the best. hen
aach synthesis is discovered for the target cospound the progras is
afforded a chance to broaden the saarch and diversify the approach to
solutions. It is an iagortant ability for the programa to judge comg.eted
syntheses and compare them against promises held out by the unsolved
subjoals. Subgoal selection strategies in a problem solving tree
containing several complete solutions are interesting but will not be
discussed here.

The criteria by vhich syntheses are accepted need not be static.
If a synthesis of lov serit is forced upon one conjunct (because no
better synthesis is possible with the given data base of knowledge) other
conjuncts should have their level acceptable merit lowered accordingly
in ord=r to keep decisions consistent.

The following flowchart fllustrates how the selection of subgoals
is done.
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3.8 PRUNING THE PROBILY SOLVING TktE

The power of the Leuristic search technique depends not only upon
a good subgoal selection sethod but also crucially on the tree pruning
trulas that can be formulated. Even though within the framework of
solution generation there are similarities in techniques eaplocyed by
the Geometry Machine and the Synthesis Program, major departures occur
in the rules for tree pruning. Whereas PFuclidean Geosetry vas genuinely
formalizable and Organic Chemistry is not, our pseudo-forpalizatiom of
organic cheaistry is very complicated. Thus the direct cost seasured
in teras of computing effort of subgoal gemeratioam is substantially
jreater for chemistry. Tnvestment of effort to cast off invalid and
anprnductive branches of the tree hrings greater returns in our case

than in that of the Geometry Hachine. The problems of eliminating
invalid, redundant and unpromising subgoals is analyzed below.

3.3.1 ELIMINATING INVALID SOBGOALS

The purely mechanical generation of subgoals can ian general give
rise to invalid structures. We do not foresee valence violations to

7ccur in our system but generated structures may violate spatial con-
straints not adequately represented in our sodel of chemical structures.
Certain structures can be subject to thermodynamic or kinetic instabilities

(that is, may decompose when left alone, self-polymerize or adversely
react vith th2 products of the reaction). The Geometry Hachine could
test the validity of a generated expression by interpreting it in a
model of the formal system, a diagram. There appears to be no simple
model or rule that vill indicate instabilities for arbitrary structures.

ne could, of course, make use of the available cheaical literature
and compile tables of instabilities. Structures reported ia the
literature could then be cleared for instabilities by simple table look
up. The practicality of this sethod is questioaable. Even on other
grounds, to restrict the class of acceptable intermediate subgoals to
tabulated coapounds alone would saverely lisit both our interest and
the range of possible syntheses.

There are tvo other possible approaches in invoking vhatever
results of physical cheaistry ve can systeaatize, generalize and
formalize sufficiently tno be of help in pruning invalid subgoals. We
have made proyr-ss in extractir) sisple models of instabilities.
A series of tests against these models can aid in detersiaing cosson
tnvalidities.
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Example: There is a model of alpha-proton migration to a carbonyl
group by which a’ ketoae can becose a hydroxyl group.
Another rule states that an aromatic ring is sore stable
than a cyclo-diene. Thus when the structure A (fiexadiene-~
ketone) is examined for validity, the structure C (Phenol)

is tound to be its more stable configuration. |

{pe
(» \.

Example: Consider the structure ©

If one follovs the ring a bc d ef keeping track of bond
angles, one vould find that the orbitals of atos £ and
atom a which are to fors a double bond, are perpendicular
to each other and that the strain of formigg the bond will
be excessive.

The programaing of these models is not complete. Just as a
chemist does not derive all his iaforsatioa theoretically, the
progras too can suggest oxperiseats to answer sose¢ @uestioas, upoa
vhich certain critical choices will be nade. As the pregran
develops sophisticatios there are excitiag prospects fet using |
quantus mechamical considerations. Wahl (Ref. 8) has reported om
BISON vhich uses quantum mechanical concepts of strecturs to
calculate molecular orbitals. An extension of such a progras say
vield criteria for stability of arbitrary strectures.
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Jo 3,2 TJAVALIDATION BY COST CONSIDERATIONS

In general, reactions have yields that are far less tham 100%.
Thus, Lif a compound C is used as a starting saterial to produce
soae tixed amount of the goal compound, one wodld expect to
require aore compound C if the synthesis involves long sequences.
Thus, at deeper levels in the problem solving tree one would tend
to disfavor expensive starting materials more strongly than one
vould near the top of the tree. Compounds that are mot available
in hulk can be removed trom consideration for those sequences
vhere the expectad yiwsld becomes low. This kind of behavior is
not to be foumd {fn Theorem Proving programs because occurrences of
a theorem or an axiom are identical no matter where they appear in
the tree.

3.3.3 ELININATION OF REDUNDANT SUBGOALS

Many ‘problem independent' tree pruning rules
applicable to problem solving tree vere developed in earlier Al
dorks. It is our observation that these syntactic rules for
pruning from the problem solving tree those subgoals which though
valid, would lead to circular, redundant and othervise
gnsatistactory syntheses are not directly applicable. Syntactic
grounds alone are not sufficient to answer the question: “To
orane or not to prune?” Let us consider some situations in
detail.

In order to eliminate redundancies, the names of the cospounds
alone cannot be compared, but must be treated along with the nase of the
reaction schema used in the generation ana the saerit of the partial
1iscovery sequences,

Consider a subgoal S$ on the tree. Subgoal S' is newly gemerated
and is a duplicate of S in having the sase conjunct compounds. The
chri.™ which subgoal to eliminate and which to retain is not siagle.

ydS \.. S and S' on same level
Tha unoretry Machine eliminates S' ag it cannot lead to a Letter

or shorter proot than can S. In our prograa, if the two reaction
sequences are the same, any one of the two subgoals can be eliminated.
Jith unlik2» reaction sequences, the program has to evaluate the
sequenc2s ahd retain the nne that is significantly better.
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shan sukgoal S* has all the compounds of S plus more, let us
represent it as S'S.

pd° /°
Se Ss 3' occurs lower in

the tree

S=S! S'S

“he joo0setry Machine vill clearly eliminate S®* givin preference
to A shnrtar proof. The Synthesis Program has no preference for
shorter sejuences urless they have greater serit evaluations. A long
3eJuence ot qood and officient rcactions may be better than a short
sr 1nence Of poorer reactinns,

°
Se

S at lover level

| S than S°

S5'>S

or the Geometry Machine the decision at this point is arbitrary.
[t wnauld retain both but may prefar to try solving S before attempting
S'. The decision tor the synthesis Prograa is again not made on
syntactic grounds alore.

Our program would without jucstion torbid circular subgoal
se jnenced, such as

; |

Ny uy
2 "cont:\ cenavet!

Se

S'=S or S'>S

There are two 3pecial situations that are not allow~d in order
*o permit pruning of circular subqgoals.

First, there are known instances of syntheses where a sasall
amcunt of rare but naturally occurring saterial is used in a seguence
nf reactions which vill generate a larger quaatity of the sase coapound
13 <nd-projuct. Our program does not allov such syntheses. But if
there vere interest in seoking recirculatory syntheses the progras
could be ren without this rule,

Secondly, our program is concerned only vith prodecing a chemical
path for synthesis. Before the synthesis procedure is executed, it is
necassacy to decide upon the timc sequence in which the reactioas will
be carried out, Her», on: of the considerations to be sade is about

1n3table compounds that cannot he kept in a test tube or ia a contaiaer
for any lenjth of timo,

*xapple: G
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paTSe N\, D |
If C and F are both un:itable ther one of them, say C, has to
be produced by reacting A and NB and converting to a stable
form P. After F is produced by reacting D and E, P is
converted back to C ani then allowed to react with F,

assuming that couversion froma P to C is yuick and the FP can
be kept for that length of time. Thus, if the program were
tine sequencing the path, a graph such as the following

ya E
/ / $F\ 1Ko of v 2K

/ 4
\/ Rn

containing a circular secuence CPC would be a valid path.

Tt is clear that syntactic pruning is powerless im cuching the
2xponer tiation of the problem solving tree. As explained betore,
some npruning can be achioved by introducing limited solution path
avaluation even during solution generation. Domain-specific
bouristics are necessary and ve have freely introduced such
chesical heuristics as could be simply specified. These
heuristics are of help in eliminating inapplicable reactions,
reactions with adverse side-effects, and reactions vhere the
specific structure of th: generating goal hinders the course of
the reaction. These are powerful heuristics and ve expect such
domain- specific heuristics vill increase as ve gather experieace
vith the prograa.

3.3.8 PLIMIKATION OF UNPRONMISING SUBGOALS |

The next task is that of removing from further consideration those
3ubjoals <~hat hold no proeise of successfully completing a sclution
path. This is a desiralle aim wvhich depends almost entirely on the
ccmputed seasure of proepise exhibited by a subgoal. If this scasure is
tested ani proven, it is reasonable to 40 the pruniag. If not, there is
the urncartainty that even subgoals vhich sees proaising may fail to jive
4 synthesis and the other subgoals may in reality, be the only ones which
lead to a synthesis,

The information available in the problems solvimng tree pertains
to *he complexity of the compounds, the nusber of conjuncts in the
suhgni1l and the level ausber of the suhgoal. A aeasure of prcaise does
not nm computable from this available information.

For the present, w~ shall not atteapt to eliminate unprcaising
subtgnals, hut retain all of them. Ge shall, however, atteapt to be
judicions about the mann>r {a which subgoals ace selected for developsent.
Ir this vay it {s possible that unpromising sebgoals vill pever be
selected initially, dat will be available on the probles solviag



tree 1t needed.

IV PROGRAM PERFORMANCE AND CRITIQUE

The program has hean rur on several molecules successfully.
d> avoid arntioning the specific nuaber of molecules as it is of
no consequence in evaluating the program's performance. The
corpounds used range widely in their complexity, and the proltbles
solving tree reflects tc a degree, the complexity of the target
molecule, The computing time can vary from a minute to a few
minutes as in the case of Vitamin A.

Often the syntheses proposed by the progras are claimed to
be ynvorkahle and this {3s attritutable to the limited knowledge
present in the reaction library. This situation vill iasprove as
the reaction libharay and the heuristic rules contained in it are
nxpand2di. On the other hand, the program has applied well-known
reactions in unfamiliar contexts and has surprised the cheaists hy
the novelty of the syntheses. The latter case arose particularly
tor molecules whose tcpological cosplexity sade thea hard to
visualize. The progras however, unconstrained by amy need to
visualize molecules, vas able to apply familiar reactions to
achieve syntheses that some chemists vould not have considered.

The assessment of complex heuristic programs, especially those
that attempt to emulate higher santal processes, has remained
problematic. In attcapts to make such assessments, one finds that
subjective value judgements quickly overtake other considerations.

Wa shall conclude by saying that examination of the programs runs
hive shown us ways to adjust search strategy including the merit
evaluation functions, the back-up and revision of aerit, and the
affective aethods of subgoal selection. The progras has been
henefitting consistently from each critical evaluation of a run.
Par formance necessarily depends on the extent of the knowledge fase
provided in the fore of the reaction library amd on the guality
of heuristic judgement presented through it. Thus immediate
facture work will be directed mostly toward buildiag up a better
and larger reaction library.
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Note on Figure 3 :
Synthesis-search tree (schematic) for Vitamin A. PFilled-in circles

‘represent reactants of subgoals selected for further development. Order

of development is indicated dy 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

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

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

bar. BSubgoals 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.

28



- CCSTOM VITAMIN A
A

’ a

~~~

BAN
A® 5 Caan Op Oh y \ >@h



| NN Nv NN OH Vitanin A

oo 1

i yd AN 0
| a

S48 A Br ~~
A

pS =Ionore 70

0 :

an FTSA
/ -Ionone I :

0 0 .

AN + No

A oH 0INT I AN SN
. OH 0

i + N | “on OC |be Br AL | 0

A / N\ A A| OM

BeCY me \ - AX
A A | A

| Figure b. Syntheses found for Vitamin A.

A7



'« Enter with given goal (Wisvesser name from problea solving tree)
|

\ 4
2. Create topological structure description

|

4
il. Create table of attributes

(recognition of rings and structural chemical features of
compound)

|

hf, =-=-=> Hauristically Veolact a valid reaction
{ chapter (selection ot type of cemece=ed> Done
| structural feature froa attributes

i table) |
| |

| {

| no mora v

“". <€=--Select attribute location on compound
(In case of multiple occurrence of given structural
feature on a compound, need to select reactive site.)

{

he ©=====) Select rerctioy schema froma appropriate chapter of
reaction library.

! |

| fail y7. =<«-=--~< Check applicability of schema using heuristic tests
Lg
| |

Ino satch ¥
J. <-@—= Hatch reactioa goal pattern to goal compound

4 !

Y7. | Por each match, detine sabgoals
i

10. | Pind canonical ranys of subgoal coapounds (Uiisvesser names)
| |

'11. | Prune subgoals that are duplicates of others aad circular
{ in the tree )

| 4
12. {| Enter rest into problems solving tree

| |

! V
13. | vark swubgoal cosponnd available in compound catalog

| {

| \ 4
18. | Mark all compounds ia the tree nevly synthesised.

| |
' |

[DU

Pigure 5. De®uils of Subgoal Geseratioa



COtIPOUND LAYER (1) VITA IN A

CHAPTER LAYER () oer Bond atcowor {_ )

a tance 1 2 ' «3 - os olstrove C C C ® C

SEACTION SCHEMAYER

0 CO ® 0D O OC ® OO O O O DO O O OO CC O O

COMDINED SULLOAL | \ |
§ Cowromo ’ p ®.08 LP LO ( (I oA QO 00

43 SUEGOALS. SL COMPOIADS. 7 REACTION SCHEMA

| © FICuRE § OWE LEVEL OF PROBLEM SOLAWG THEE

ASNEAATED AY TWE PROGRAM

Legend: Compounds found in the Aldrich Chemical Catalog are shown as filled-in circles.



REPPRENCES

¥. Sridharan, N.S., An Application of Artificial Imtelligence to
Organic Chemical Synthesis, Doctoral Thesis, Departasent of
Computer Science, State University of Wew York at Stony BRrook,
Now York, July, 1971. (available through University Microfilms.)

2. Mart, A.J., Doctoral Thesis in preparation, State University of
Now York at Stony Bronk, New York, 1972.

1. Aldrich catalogs, Aldrich Cheaical Company.

4, “mith, E.G., The Wisvesser line-fcorasula Chemical Notation,
McGraw-Hill: Wew York, 1968.

% C=2lernter, H., "Realization of a Geometry Theorea Proving Bachiae%™,
in Information Processing, UNESCO, 1960.

— eo "Machine Generated Problem Solving Graphs®™, in the
Proceedings of Polytechnic Institute of Brooklyam, Sysposius on
the Mathematical Theory of Automata, Bev York, April, 1962.

6. Fiecser, L.P. and Pieser, #f., Advanced Organic Cheaistry, Reinhold:
New York, 1961.

7. Fortes, d., Unpublished Naster's Thesis, SUNY at Stomy Brook,
Now York, 1971.

RB. Wahl, A.C., et.al., "BISON: A new instrument for the Bxperisemtalist®,
i. the Tnternational Journal of Quantua Cheaistry, Volume IIIS,
1970.

3. fRnlernter, H., Sridharan, ¥.S5., et.al., "Computer HNethods in
Organic Synthesis", Topics in Current Chemistry (to appear),
Springer-verlag, 1973.

Jo


