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Summary

This thesis addresses itself to the automatic seneration

of machine readable descriptions of the substructurzl changes
~occurring in chemiecal reactions; the primary aim of the work

is the inclusion of such data in current compgter fased cheniezl
information systems.

Invthe first chaptef a reviéw is given of the mefhods,‘both
menual and automatic, which have been described for th=z indexing
of chemical reactions. In particular, a critical evaluation i§
made of the work on automatic reaction indexing carried o#t in
Sheffield over the paét'decade.. This work, which used both
Wiswesser Line Notation(WLN) and connection tables as the structure
.representation, has formed the basis for the multi-level, whole
structurs, WL fragmentation procedure described in the second
chapter. The basic fragmentation algorithms are outlined
togetﬁer with their implementation in a program for producing
printed reaction indexes. Experience of the use and retrieval
effectiveness of such an‘indsx is comparei with that of a
commercially available reactions documentation service.

"hilst of wide applicability, the use of a notation leads to
difficulties both in.cqmputef proceSSing and in the quality and
level of description of the analyses produced. Many of these
problems are eliminated if connegtion tables are used as the
structure representation and in the third chapter we present-
an approximate structure matching algorithm which enabies the
rapid identification of many of the subgranh isémd}ﬁhism; presenf
between the sets of reactant and product molecules in a reaction.
The technique is based upon an adaption of the Morgan algorithm
1o the descriptiog of circular substructures and this has permitted

the developrment of a systematic method for the selection of



fragm§nts as screens for use in cheniecal susbtructure search
systens.

Finally an experimental reactions retrieval syétem is described
which uses both the methods of analysis described earlier to
§haracterise'the reactions in the ssarch file., A fange of
reaction queries have been put to the system with reasonable
results in terms of the materinl retrieved, The tschniquos
could be easily implemented in a conventional substructurs
search ;ystem.

(214 references)
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CHAPTER T

Previous work in

the field.



T.4 Introduction

"The advent of the computer has led to rapid changes in the methods
used for the analysis, storage and retrieval of (primarily) scientific
and technical information(1). Thé primary epplication has been in the

rationalisation and mechanisation of the procedures necessary for the
publication of printed secondary sources of informatioﬁ i.e. indexing
and abstracting tools(é). Secondly, the availability of a machine-
readabie form of the source material, the data base, has allowed the
development of computer based informatlon services which provide users
with a variety of access mechanisms by which they may interrogate the
data base. Batch processed current awareness and retrospective search
facilities became geherally‘available about twelve years ago in the |
shape of tapes from Chemical Abstracts Service(CAS) and the National
Library of Medicine(B,h). The rapid development of telecommunication
networks and of disc storage and multiprogramming £echnology has meant
that both of these functions are now frequently performed using online
 systems which allow both a greater immediacy of response and the potential
for more refined search techniques(5); online searchiﬁg has indeed
proved so popular tha# the continued produ;tion of the source hard
copy publications has been called into doubt(6). |

'It.ﬁust be emphasised that these systems involve 6perations primarily
bupon the form of records i.e. manipulations sw_ri:th (su’b)strings ‘of é.lpha-
numeric characters in specified data elements of the document file. The
decisions as to which character strings should be conslidered as
'representing the content of the document are, in largé part, still
performed manually although research in thekfieldibf ‘content analysis!
i.e., the automatic indexing of natural language documents, is being

carried out by many workers(7). In the case of chemical structure
information, the differentiation between form and content. is much less

well defined since the form, the structure diagram, is a much closer



representation of the content, the wave equations describing the molecule,
than in the case of natural language words. It is primarily for this
reason that computer based information systems are, perhaps, most
widely established in the field 6f chemist:y(8,9,10,11) where although
many of the items to be handled ére textual or numerical in nature, the
heart of a system is:the chemical structure file which contains the
machine readable representatiohs of a large number of chemical compounds,
The development of methods for the notation of molecules has been a
long, not to say tortuous, process(12,13,1L4) but in the context of
this dissertation we shall be concerned mainly with three of the
methods that have been used to describe compounds in a machine readable
form: these are fragment codes(15), cormection tables(16) and Wiswesser
Line Notations(VIN)(17,18). The th largest compound files are those
belonging to CAS which contains over four million compounds in connection
table form(19;20) and to the Institute for Scientific Information
which contains about three million WLNs(21). Commercial files, such
as are operated by the research departments of many agrochemical,
pharmaceutical and petrochemical firms, are substantially smaller but
may well contaip over fifty thousand coméounds(22,25,24,25). These’
files, together with the systems that control the storage and retrieval
of information from them, represent a considerable investment of time,
money and expertise and it would seem worthwhile to consider other
uses to which they might be put. |

This thesis considers the application of current structure handling
techniques to the provision of rapid and easy access‘to chemical |
reaction data(26,27). This is of fundsmental impoftance to several
branches of chemistry(28) but we shall be primarily concerned with the
field of synthetic organic chemistry where the need for adequate
means o? retrieval has been apparént for many years; the preface of

the firat edition of VWeyl's famous book on organic chemistry contained



the statement that a scientist could hardly hope to be familiar with
every one of the innumerable methods deseribed therein(29). More
recently, both Meyer(30) and Valls(27) have called attention to the
importance of providing adequate reaction information; it has been
stated that approximately one half of all the organic queries put

by chemist§ to the BASF Ludwigshafen Documentation Group were concerned
. with reactions(31). As there are now over four million compounds
knovm and any one may be transformed into many others by suitable
reactions, it can be seen that the amount of potential data is enormous
and it is also constantly increasing(32,33). Hendrickson, indeed, has
pointed out that there are large clésses of reactions fdr whicﬁ there
are as yet no known memberskja). There are often many ways in which

a molecule may be synthesised and yet there are currently few aids to
help the chemist in his search for a viable synthetic pathwaye. The
difficulty of the probiems involved may be evidenced both by the ﬁide.
recognition of the achievements of chemists such as Corey and Voodward
and by the frequent use of terms such as 'elegant' in reviews of
syntheses: synthetie organic chémistry has indeed been described as
"an ert in the midst of, a science"(35).

It might have been expected that computers, with their ability to
cbmﬁare ahd collate large volumes of data would provide a ready means
for the control of chemical reaction data but -this has not proved to
be so.‘ At least in part, this lack of sﬁécéss has been due to the
limited amount of research carried out in the field - the documentation
of a reaction presupposes a method fgr the encodipg of the reacting
molecules, or some portion of them, which has oniy become feasible
within the last ten years or so - but the main problem, as has been
pointed out again and again(26,27,36,37,28,39,40), is that whereas
a chemical molecule is a unique entity and thus susceptiﬁle to listing
in a canonical form, such as via the CAS Registry System(20), a reaction
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has many perts, all of which may need to be stored for subsequent
retrieval. The large number of characteristics - starting materials,
products, reaction sites, catalysts, conditions, bond changes and
yields - makes the organisation of the information and the selection
of sultable data items quite difficult(37).

There seems to be fairly general agreement that at least the
following four data elements should be present in a reaction file if
it is to be capable of handling a reasonable range of query typés(27)=
(1) compound information: ideally this should include details of any
infermediates formed in the course of thé reaction but in general the
reactants and products alope will be encoded.

(11) éxperimental conditions: these include such things as catalyst,
concentration, temperature and solvent,

(i1i) reaction analysis: a definition of the changes occurring during B
the course of the reaction,

(iv) bibliographical details.

Of these the reaction analysis is both the most important énd the

leasf well defined. Outside'of this department, almost all of the
systems that have been examined or implemented to data, hoﬁever
effective in operation, have been very expensive to create and use
Siﬁce the reaction analysis has been performed manually. A large scale
reaction file can only be efficient in operation if the analysis for
storage and retrieval can be performed automatically. There are thus
valid economic grounds for the development both of general techniqués
of representation and of software systems for "in héuse" processing;
were such packages to become generally available, it seems probable
that machine readable reaction data would become available from
commercial sources such as ISI. The availability of large machine
readable reaction files would also form a natural complement to the

rapidly grow;ng area of computer aided synthesis design(h1). Sinée the



potential reaction data base is potentially very large, reaction
indeiing programs must be simple in concept and efficient in operation
if economical processing rates are to be achieved; synthesis programs,
on the other hand, perform sophisticated manipulations using a limited
file of, perhaps, three hundred basic reactions (42,43,40)s A
potentially useful approach woﬁld be to use the transformations output
by a synthesis program as the basis for 'searches in a more substantial

reactions file.



T.2 Manual methods of indexinz reactions

In the hext two sections we shall consider some of the many methods
that have been proposed for indexing chemical reactions; for the
present we shall 1imit ourselves to those where the intellectual tasks
of analysis and representation have been performed manually, albeit
for subsequent mechanised storage and retrieval in some cases.

As with compound informatlon, the earliest forms of reaction
indexing were based upon nomenclature and to this day the most widely
emplqyed and most easily understood description is the use of a
trivial name, usually that of the chemist(s) who originally discovered
the reaction. Terms such as Skraup synthesis; Claisen condensation
and Clemmensen reduction are common in the literature and several
compendia are available, the most comprehensive of these containing
several hundreds of entries(45,45,47,48). Nomenclature may occasionally
'prove very powerful in rapidly describing complexés which can be
difficult to characterise using more systematic methods e.g. the Cope
rearrangement. Generally, however, the use of indexing terms which
have no direct relationship with thé reaction that they are supposed
to describe may'lead to severe problems in retrieval; Thus structurally
similar trahsformations may be separated which might be considered
more f;uitfully in conjunction and, as was pointed oﬁt by Clews(49),
there may also be disagreement as to the exapt extent of the feactions
that should be considered under a singlé}headihg. However tha
greatest deficiency is simply the lack of coverage offered by such ;
sjstem since the overwhelming’number of reactions have not been graced
by a suitﬁble appellation. J

A more syﬁtematic use of nomenclature has been suggested by
Patterson and Bunnett(50) and by Kunz(51). The former authors
propose@ that the name of a substitution reaction should be composed

of the name of the incoming group, the syllable 'de', the name of the

.



outgoing group and the suffix ‘'ation': thus the hydrolysis of an

alkyl chloride would be called hydroxydechlorination. Vleduts has
shown thatthe scheme is ambiguous even for some cases in the limited
field of functional group interconversion reactions(52) and the
authors give no indication as to how the system could be extended to
cover more complex processes. Nomenclature has also been used by
Ursprung-Fischer who found that the uneven distribution of reaction
types amongst ths 61asses of a proposed notation scheme for reactions
necessitated the subdivision of several of the classes by the use of
trivial nomenclature(53). Dyson and Riley‘described reactions by a
mnemonir code descriptive of the reaction type e.g. Chl-O1 represented.
chlorination(54). None of these schemes appear to have been used in
practice although the International Union of Pure and Applied Chemistry
(TUPAC) has recently shovm interest in an extended version of Patterson
and Bunnett's system, «

Of greater practical importance is the annual publication "Organic
Syntheses" which is devoted to the description of the preparations of
specific compounds so that the indexing is primarily upon the basis
of the name of the ppoduct(SS). Mischenko has described an index to
the Russian translation of this publication in which broad classes,
such és halogenation or nitration, are subdivided by a structural
expression of the particular reaction class(56). Structure based searches

are the prime means of access to Chemical Abstracts and Current Abstracts

of Chemistry(CAC) for reaction queries; in the latter case an 'autornatic
search 1s also possible since a WIN magnetic tape is available which
contains a list of all the new compounds(21) whilst 1imited substructure
searches of CAS files may be performed online using the CHEMLINE file(57).
It should be noted that there is no inherent differenca between a |
systématic nama and a unique linear notation so that compound names

may become widely used as a machine readable structure representation.



Work is currently being carried out, primarily by CAS, upon the use
of systematic nomenclature for structure sforage and search(58,59)
and algorithms are belng developed to generate connection tables from
an input compound name(60,61). Applications of this fesearch to the
area of reaction indexing are not impossible(62).

It is convenient at this point to mention the use of indexes of
functional groups.and of reagents. The former are usually arranged
by the functional group of the product and then subdivided by the
functional group of the reactant which has been involved in the change,
Obviously, such an approach can only deal satisfactorily with simple
changes, especlially if the reacting molecules are polyfunctionél(29,63,
64). Examples of reagent based indexes are "Synthetica Merck" and the

'well knom Fieser and Fieser(65,66); under each reagent is listed the
types of reactions for which it may be employed, usually with details
of the appropriate reaction conditions.

A more systematic'approach is to classify reactions according to
the bonds broken or formed in the course of the reaction, an 1dea
first proposed by Weygand(67). Theilheimer developed Weygand's system
to produce a simple classification based on the types of bonds brokén
and fq;med and on thé nature of the reaction(68). Reactions are described
by'a three part symbol string; the first pért reéers to the bond formed
in the reaction, the second is a bond changé indicator and the third
the bond broken. The indicators represent addition, rearrangement,
exchange and elimination reactions though these terms are used in a
very broad sense., Furthur subdi§ision is possible on the basis of
the reagents but this is not included in the symﬁol string. Vhen a
reaction involves more than one bond change, multiple entries are
supposed to be made although this does not always appear to occur(69)

and one also finds that the set of reactions denoted by a single symbol

string often bear 1little relationship to one another(26): both of



these poinfs are discussed at some length by Vleduts who also points
out that it is often easier to find a reaction via the subject index
rather than,;ig‘the bond classification(52). The French firm Roussel-
Uclaf operate a card file based'on bond formation and réacting group
data and this method of classification has been employed in the series
ﬁCahiers de Synthese Organique"(70). Bond change data is also included
in the "Chemical Reactions Documentation Service" run by the Derwent
organisation(71) but it is not clear whether the ﬁond change indexing
involves mechanistic considerations(72).

The most fruitful development of Veygand's idea has been the concept
of the reaction céntre, or reaction site, which seems to have been
first describgd by Vieduts(52). " In his paper, he advocated the use of
all the bond changes occurring during the reaction, rather than the
single changes conﬁidered by Theilheimer, As he points out "a distinctive
feature of organic reactions, which involve cdmpiicated molecules
containing almost exclusively covalent bonds, is the destruction and
creation of a comparatively small number of bonds in such a way that,
during the process, fairly exteﬁsive portions of the molecules do not
change their structures"., This being so, we may éttempt to classify
reaction information upon the basis of the bonds @hat have been altered
in éhe course of the reaction; taken together, these bonda représent
the partial structures involved in the changé, the reaction centre. To
quote again "the essence of the work in devéloping a skeleton scheme
of a particular reaction lies in the comparison of the structure of the*
final and initial molecules and in discarding the fr;gments of the
structure not undergoing changes in the course of the reaction". Such
a skeletal reaction scheme will generallyﬁrepresgﬁt séveral:;imilar
reaction types since groups adjacent to the reaction sites are omitted
although. they may play a significant part in determining the course of

the reaction in terms of yield, stereochemistry and overall structural
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change. The neglect of the nonreacting parts of the molecules is claimed
as an advantage(52,73) since supposedly useful analogies may be
detected between different reactions belonging to the same basic class
but, as we shall see later, there are no generally available guidelines
as to exactly what should be included in thé reaction centre. Vleduts
suggested that the site should consist of all the bonds altered during
the reaction plus the following:
(i) any heteroatoms that are directly connected to an atom in the
reaction site(a key atom)
(11) any atoms connected by multiple bonds to a key atom
(111) any groups of the form A=B or ASB wherelA and B are any atoms
of which at least one 1s attached to a key atom,.
Mockus has pointed out that this selection of "agtivating groups" is
made upon a structural basis rather than upon the basis of any
mechanistic considerations. Of greater importance ih the context of
this thesis is that such groups could be detected algorithmically
with relatively little effort whereas the identification of the actual
activating substructures would imply a high degree of machine
intelligence and significantly greater computational requirements.
A greatly extended list of features has been described by Bersohn and
Esack(43). | |

Vleduts described a method for the unambiguous linear codification
of reaction.centres eand stated that, the resultant notations were to

be used as the basis of a systematic reactions index to the Russian

abstracts journal Khimiya, the chemistry section pf Referatiwmyi
Zhurnal. Mockus(36) states that no such index has actually been
produced bﬁt Vleduts later described a simplified version of his approach
which had been applied to a file of reactions involving organofluorine
| compounds (74) o

Ziegler, in the"Reactiones Organicae", has produced a set of punched
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cards embodying the reaction site concept(73). Fach.card bears a
skeletal reaction scheme and the structure of the product, these

being described by a simple fragmentation code, as well as a printed
abstract and additional physical information such as conditions

and heighbouring groups. The advantages cited by Ziegler are

(i) a precise definition of the reaction type, independent of generic
types such as oxidation

(11i) easy detection of analogous reactions as only the reacting parts
of the molecules are coded

(iii) no assumptions are made as'to the mechanism of the reaction

(iv) the use of traditional symbols since the skeletal scheme is printed
upon the card as well as being punched for machine use ‘

(v) independent of nomenclature

(vi) easy linking of the reaction centre with the whole molecule

(vii) easy classification of reactions. u

Some of these advantages seem rather trivial whilst (vi) has been
shown to be incorrect(see below) and (vii) is highly optimistic but

it does seem that a reaction cént:e approach holds distinct promise
and it has played a large part in the fully automatic indexing
procedures to be described in the third section of this chapters The
Pharma system, which forms the basis of Derwent's CRDS and is prepared
manually(36,71), has a limited amount of reaction centre information
.and the experimental reaction file at ICI Pharmaceuticals, again

based on computer prdcessing of manual input, is based entirely on the
reaction centre approach(37,75,76). This system has been evaluated(77)
and the conclusion reached that in many cases, fhe reaction centre
alone is insufficient to characterise the reaction which implies that
information is required about the widér chemical environment of the

site, Tdentical conclusions have been reached by Osinga in his

use of 'direct annotating environment nuﬁberﬁ'(78).
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Two widely uged reaction documentation services are thos;
developed by the Internationale Dokumentationsgesellschaft fir
Chemie(IDC)(26,79,80) and by the Pharma Documentation Ring(26,38,71),
these being two consortia of PEuropean chemical and pharmaceutical firms.

Both systems employ manually assigned fragmentation codes which are
stored for subsequent machine search. In the GREMAS code of IDC(81)
each carbon atom i; coded by at least one term consisting of three
letters and a reaction is described by  pairs of these terms corresponding
to the initial and final states of every functionalvcarbon atom
modified in the course of the reaction. Various subsidiary terms are
used to indicate the general type of the reaction, e.g. chain elongatioﬁ
or ring closure, and a variety of search techniquesi;‘;.available.

The Pharmé service, which is now marketed by the Derwent organisation,
is based on the fragmentation code of Derwent's RINGDOC patent
alerting service and a limited amount of bond change and cﬁndition
data are also included., Other methods of reaction indexing have been
described in the literature but‘the majority are of limited historical
interest(82,83,8%4,85).

The great triumph of physical organic chemlistry over the last
thi?ty;years or so has been the development of mechanistie theofy by
wﬁich it is possible to rationalise a large measure of knovmn reactions
upon the basis of inter- and intra—molecﬁlgr'electronic effects(86).
Presumably a compafable degree of coverage could be achieved in the

documentation area by‘employing some sort of mechanism based indexing..
Qualitative descriptions of reaction mech“nlsms have been suggested
(87,88,89,9) but a quantitative description could only be achieved
by wave mechanics equations, these being pictorially represented
on a feaction diagram by electron shifts, charge transfer complexes and

the like.
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Despite the variety of approaches outlined above, it seems not
unlikely that most retrospective searches for reaction information

are currently made via the CAS Subject and>$ub§tances indexes whilst

current awareness facilities are provided by CAC,
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TI.3 Automatic methods for reaction indexing

The earliest suggestion that reaction énalysis could be carried
out automatically was made by Vleduts(52) and shortly at'terwards,
Mischenko et al.described an algorithm by which this might be performed
(91)« The underlying assumption was made that the bonds formed in
the reaction would be different from those destroyed; thus a simple
comparison of the bonds in the reactant and product molecules would
reveal those that had changed. The input to the program consisted
of the redundant connection tables of the reacting molecules and
these were used to generate the lists of reactant and product bonds,
the bond representatives consisting of the component atoms plus the
bond order i.e. simple pairs in the terminology of (92). Bonds
cormon to the two sides of the equation were deleted nd ‘the remaining
bonds were used as the basis for binary descriptors in a punched card
retrieval system. Analyses were produced for 85%lof a sample file
of ten thousand reactions and of those analysed,circaﬁ75%'were judged
as being correct. Such a method of analysis will be at fault if some
of the bonds that have been broken are identical with some of those that |
have been formed since the procedure would have registered them as
having played no part in the reaction; such incorrect equivalences
might ;ave been expected to be quite frequent dué to the very small
size of the fragnents used but, in faet, the results are very encouraging
when one considers the simplicity of the procedure. The authors B
state that the detection of the changed bonds should be a mere precursor
to the automatic production of a skeletal reaction séheme but this
does not seem to have been carried out(93). It is perhaps worth
mentioning at this point that this simple algorithm has formed the
basis of much automatic analysis research to date; this includes the
program to be described in the second chapter of thié dissertation.

An alternative to the direct identification of structural
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differences is their detection asa‘'result of the identification of
structural similarities and this was first attempted by Armitage
and Lynch(69,94,95,96), similarity being defined as the largest
connected set of atoms and bonds cormon to the structurés on the

two sides ofAthe reaction equation. The method was based on the

generatioh of fragments of each structure, starting with the individual

atoms of each, and, by concatenation, fragments of increasing
size., At each step in the process, the fragments formed from one
structure were compared with those from the other, non-common items
discarded,:and-growth continued inAthe subgsequent iteration
only ffom those fragments which were common to bothe. The procedure
terminated when the structural ‘highest common factor', i.e. the
largest connected set of atoms and bonds, had been identified. Most
of the work concentrated on acyclie structures where the building
blocks of the common structure were linear chains of atoms. Once
these substructures could be grown nofurther, the maximal common .
substructure was obtained by joining the straight chains together,
thus allowing the identification of branched substructures(96).
Although intuitively appealing in that the procedure to some
exfent mimiced the mental processes of a chemist who, upon
scanning an equation, identifies the common features as a preliminary
to pinpointing the differences,it was found that the complexity
of the programs became quite unmanageéble for all but the simplest
molecules since the number of chains that needed to be considered
rapidly became very large.. This was partially alleviated by pruning
those smaller chains which were completely contained in larger
ones but even with this modification it was found that one of the
examples, in a sample file of 22 reactions from CAC, produced over

80 common chains of varying sizes. A recent development has been
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reported by Cone et 2l(97) who found that the identification of
all common substructures larger than some threshold size required
upto a hundred seconds of CPU time per reaction so that it would
seem that other épproaches must be considered if the detection of
similarities is to be of use in a practical environment where many
thousands of reactions need to be processed.

By far the most sophisticated application of Vledufs' original
suggestion has been described by Harrison and Lynch(98). The
differences between the reactant and product structures were again
determined by analysing the two sets of reacting molecules into
small bond centered fragments; a variety of fragment types were
investigated but most work employed the bonded pair(92). After

fragmentation, the two sets of pairs were compared with regard to
vboth the type and to the number of occurrences pf that tyfe. The
analysis yielded three fragment sets, any or all of which could
be empty, for each side of the reaction equation., The cormon pairs
represented features that were unchanged in the course of the
reaction and could be eliminated; the extra pairs corresponded

to types which contained a greater number of pairs on one side of

the equation than on the other whilst the non-common pairs represented
fypés which were not present at all 6n one side of the equation.

If the palr analysis was successfuligin detecting some structural
differences the fragments were Jjoined togefher to form a skeletal
reaction scheme. The assembly of the reaction sités,,, which was
carried out separately for each half of the equation, was esseﬁtially
the construction of a partial connection table récord of the reaction,
fhe assembly being carried out in much the same way as one might
construct a jigsaw puzzle with the parent tables acting as a sort
of template for the rebuilding., The non-common péir types were

specifically defined so these caused no problems when the reaction
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sites were reassembled. Vhere extra pairs were concerned however,
a number of the pairs needed to be selected from the total of this
type. The algorithm was constructed so that it would choose those
extra'pairs which, for the given sets) of non-comnon pairs, would
‘yield the most compact reaction site(s) if an'alternative were
possible, Once the sites had been generated and validated,they,
or rather the bartial connection tables that répresented them, were
compacted for storage and written to an output file; in effect
this meant that the nodes in the site were renumbered and correspondence
vith the parent.molecule loste As the OSTI report points out(99),
it would be possible to form reaction files difectly from the pair
analyses but in this form it would not be possible to investigate
the pair interconnections; furthermore, recbuilding the analysis
fragments into paftial reaction sites was found useful in
‘validating the analyses,

To test the worth of an automatic analysis program, three
features need to be evaluated:
(1) the percentage of the file analysed
(ii) the percentage of (i) which ié'correctly analjsed
(iii) the usefulness of the analyses in a retrieval system;_
A11 three were investigated(49,77,100). Tt was found that analyses
were produced for betwsen 79 and 97% of the régctions in a variety

of files; of these circa 95% were analysed correctly, that is to

say in an intuitively reasonable manner, the failures occurring primarily

in reactions where extra pairs played a large part in the rebuilding
of the reaétion site. However severe deficienciesﬁwere revealed
when test searches were carried out on the residue files which
contained the partial reaction sites with simple molecular formula
and bond.count screens; if a query passed these screens; the search
progran then attempted to match the query and reaction site bonded

pair sets. Queries were run against a file of 4306 reactions from
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CAC and retrieved a total of 582 reactions, 53% of which were

considered to be false drops(400). Queries involving acyclic
features were generally reasonably effective, the failures being
overwhelmingly due to the search program's inability to differentiate
either the size or the nature of the monocycles in fused heterocyclic
ring systems. This lack of success would seem to be primarily

due to the rudimentary screening system employed; this could, of
cdurse, have been improved in the light of furthur expérience. A
much more serious objection is made by Seddon who, after comparing
the analyses produced by three reaction centre analysis methods,
states "the problem with all reaction centre analysis methods is that

they may not include sufficient informaiion about a reaction to

characterise it. The technique of producing a reaction centre
representation is to enable all compounds which react in a similar |
way to give similar reaction schemes regardless of differences
in the environment of the reaction site. But here the aim of the
complete fetrieval system must be considered; whether broad
classes are required or detailed description‘to answer specific
queries, For the latter some indication of the environment may be
essential"(77). Campbell(100) and Clews(49) found that varying the
le§el of query specificity proved helpful but the latter conclﬁded
that the most useful approach to the prob}eﬁ'was‘one where searches
could be carried out both upon the analyéés and upon the parent
molecules, the reaction sites merely being represented by an jndication
of the appropriate atoms in the parent connection table.
YWhile this work was being carried out, a sfudy was also being
" pade of VIN records of chemical reactions(101,102). There are
disadvantages with linear notations due to the lack of explicit
connectivity information and to the.fact that a few VLN symbols

may represent quite large numbers of atoms and bonds,‘which implies
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‘that in. some cases one will'only be able to describe the changes in
rather broad terms. More importantly, the assumption is made that
there will be a close Qorrespondence between the WLN symbol
changes and the structural changes that tﬁqy are meant to
represenﬁithis assumption will not be justified in all cases.

The adventages of a WLN based system are threefold:
(i) as the symbols provide printable character representations of
the structural features involved in the change, one maylthink in
terms of printed indexes of reactions similar to KWIC and KWOC
compdund indexes(this was the original starting point for the
work thouzh nons were, in fact, prepared)
(1i) the notation gives especial prominence to ring systems and
to functional groups: simple programs will hence be sufficient to
handle these synthétically important features. Also, a manual .
assessment of part of the file indicated that a'éonsidamble I3
portion consisted of either ring cleavage or conversion reactions
and acyclic functional group interconversions.’

v

(ii1) many organisations have VLN structure files so that any
results achieved might be of quite general interest and utility.

The data base for this work, whi¢h has been used for all
éﬁﬁéequent research in this department, was coﬁstructed-from the
IST publication CAC. All new compounds recordeq therein are allocated
an Index Chemicus Registry System .{ICRS) number and the sfructures
encoded as WILNs which are available on magnetic tape. Ten months
issues.of) the hard copy version were écanned manually, the ICRS
numbers corresponding to the reactants and produéis associated
with each reaction being selected; these numbers were then written
to & tape which was used to retrieve the required WINs from the
‘compound tapes which had bgen kindly supplied by ISI. A full

description of this procedure, togather with the subsequent
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conversion of the WINs to connection table format, is given in (49).

As a first step, a program was written to determine the @
differences in the non-numeric WIN symbol counts between the reactants
and the products, these differences being assumed to have been
engendered by the réaqtion. It was found that over 60% of the
analyses were unique whilst a few analyses occurred many times; thus
a fairly small dictionary of symbol changes would prove sufficient
to characterise a significant percentage of the file. The use
of single symbols was obviously restrictive and so the diétionaries
consi#ted of the WLN symbol strings of the reactant and product
groups involved in 41 simple functional group interconversions; these
diétionaries were then searched for the corresponding symbol string
changes in the reacting molecules, The identification was checked
by comparing the ;olecular'formula chanze calculated from the
VLNs with that to be expected if the group change had in fact
btaken placae. :

It was found that 19.5% of the reactions in the file were
analysed by the routine and manual checking showed that the vast
majority of these had been correctly processed. However the quality
of the_gﬁalyses was very variable since the immediate environment
of the reaction site would not be adequately described if fairly
specific queries were to be expected. It woﬁld presumably havé
been possible to include the symbol stringé.of the immediate
surroundings of the changed groups and then td usé a longest match
routine at search time; however the distribution of reaction types
mentioned above means that a very large dictionar& would have
been required to increase significantly the: scope of this approach,

We may also note that problems wsuld be expected to arise if

aenything but very simple groups were considered since the WLN

ordering rules(17,18) might cause the symbol strings to be split(103).
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Also, reactions in which different numbers of carbon atoms were
gained or lost would all be identified as being of the same type
since only the functionality changes were considered. The percentage
of reactions analysed was relatively constant over a number of
files from the same source, the actual proportion being strongly
dependent on the source of the data, Thus, any dictionary would be
of rather limited application outside of its source file. Seddon -
(77) carried out some limited trials using only the changes in
specified WLN characters and symboi strings without.any dictionaries
to relate these to a reaction; however she gives little detail

of this work.

A study was also made of the utility of WLN records in delineating
reactions in which changes occur in the ring systems of the reacting
molequlg?(102). WLN describes complete ring systems so that it
was necéssany to develop routines to deseribe tﬂe individual
monocycles present; the ring lists for the reactants and products
could then be compared to identify any differences caused by the
reaction. The program consideréd only the ring changes and thus
any simultaneous acyclic changes were ignored; the changes were
also limited to a single monocycle on each side 6f the equation.
éz%'of the reactions in the file were processed and of these -
nearly 98% were subsequently judged as having'been correctly
aﬁalyséd. -

Taken tbgether, the two routines could be expected to produce
analyses for 41.5% of the file but £here vas 1little or no prospect
of increasing this figure. Although the undeteéfed failure rate
was very low we should emphasise the réther crude nature of the
analyses; neither program gave any consideration to the environment
of the changés that it had detected and the functional group

interconversion segment ignored alterations in the basic carbon
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skeleton in much the same way as the ring segment ignored
simultaneous acyclic changese- |

Clinging suggested that the main value of the work might prove
to be as some sort of screening system and this idea was exfended
by Lynch et 21(40,104) and Nunn(105). The hyperbolic distribution
of reaction types noted above was again used as a starting point,
the main a2im of the work being to characterise a high percentage
of the reaction types in the file by relatively simple algorithms
so that only those that remained would need to be submitted to
the reaction site program described in (93). Interest was concentrated
on reaction subfiles representing the same molecular formula
change; rathef than on changes in the WLN symbol counts, and
it was found that circa 4O% of the file comprised reactions that
could be charactefised by changes such as :ﬁzo and #H,. Although
it was clear that these were gross changes whicﬁ‘might disguise
more complex reactions, an exemination of a sémple file showed that
the éimple molecular formula changes very often gave a correct
analysise | .

The adopted procedure was based on a series of three screens.
The first was the molecular formula change which narrowed down
'fhevnumber of possible skeletal reaction types quite considérably
and each of these scfeens was associated.witAVa set of secondary
screens which analysed the types within fﬁé subfile by looking for
the presence of certain non-common and extra pairs in the reactant
and product connection tables. The.third screen acted as a final
check and consisted of méking.modifications to the connecﬁion table
of one of the readting molecules in order to simulate the table of
the other molecule in the reaction.

The 'analyses were compared with those described by Clinging

and Lynch(101) and it was found that a similar group of reactions
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_‘wés/.being dealt wifh although the consistency of the analyses was
somewhat greater. As each subfile was considered, it became obvious
that greater effort was required to analyse the increasing variety
of types present in the subfiles, It was also found that the
relatively simple algorithms that had been developed were inadequate
for analysing reactions involving changes in ring systems(ég),
and it was hence decided to reconsider the use of VIN for analysing
such reaction types.

The apprbach involved the comparison of WLN symﬁol strings
in the reactant and product molecules as the means of identifying
the reaction site but, in contrast to the previous work, the
method was not limited by the use of any kind of dictionary. The
file was organised info categories according to the type of
ring system present to facilitate subsequent processing and three
main classes of reaction were identified, these\being
(1) reactions with no apparent change in the numbers or sizes of rings
(i1) reactions with a change in the numbers or sizes of rings
(i11) other types, these including acyclic reactions and those
involving molecules containing benzene rings only.
Programs were written to analyse the first two types which comprised
' cirea 80 of all the reactions in the data bases

The first class of reactioné consistéd méinly of changes in the
acyclic components of cyclic molecules aifﬁough there were
sometimes minor changes both inside and outside the ring brackets
(the VLN symbols L,T and J). The analysis consisteavof comparing
the ring substituents one locant position at a Eime, thus allowing
of changes at more than one subﬁtituent position. Checks wers
also made for certain symbol interconversions within the ring
brackets to cover such elementary reaction types as reduction of

ring carbonyls and the hydrogenation of unsaturated linkages. The
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second class of reactions was analysed in two stages. The first

of these was to identify the changes in the ring system which

enabled summaries of ring changeé to be produced, the procedure

being based upon Clinging's algorithm. The second stage of the analysis -
wvas to determine additional changes other than those occurring in. |
the ring systems, this being 6arried out using the algorithm

designed for the first c¢class of reactions§ it was hence'possible

to provide descriptions of all the parts of the molecules that

had been involved in the reaction. No algorithms wers developed

for the third class of reaction types although it was claihed that

a procedure analogous to that used for the first claés could be

employed; in toto, circa 707% of the reactions in the file wera

analysed. A trial index for the first class was produced in which
the'sort qu was the VLN symbol strings producedAby the a2nalysis.

Although satisfactory in many respects, this work suffers
from several deficiencies. Firstly, the ring change algorithm was
not very specific in that there was no way of connecting theligﬁgg
ring changes with any simultaneocus substituent changes. Next, in
many of the reactionézl%ﬁe entire substituent VLN strings were
glven as the analysis even though large sections of them may
have been unchanged i.e. the exact site of the reaction was not
specifically defined. Also problems might;ariée due to the ordering
rules of the notation.

Osinga and Stuart(39) have described a faceted classification
scheme{406) for reactions which contains eight nain facets, these
including addition, elimination end ring changes. The aim of their
research is claimed to be the automatic classification of reactions
using this scheme but it seems to have been applied only to g file

of seven reactions, one of which was incorrectly processed(107).
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VIN was used as the input structure representation for the reacting
molecules and the VLNs were used to produce a sort of connection
table in which the nodes were described by direct environment
annotating numbers(DEAN), these being integers representing atom
centred fragments similar to augmented atoms(78,108). The approach
used in the generation of the connection tables was presumably
similar to that adopted by Hyde et al.in their work on the |
CROSSBOW project(109,110) and by Granito et al.during the CHEMTRAN
project(111,112,113);'it seems that the DFANs play a similar role
to the 'units' section of a CROSSBOW table(16). Reactions were
analysed by generating lists of augmented bonds from the'connection
tables of the reacting species and then deleting those common to
both sides of the equation i.e. the approach was basically that of
- Mischenko 33_21(91). The assignment process by_which the analyses
were used to produce the‘appropriate classification is unclear.

A1l of thé procedures outlined above involve some form
of fragmentation which implies that a degree of ambiguity may be
present in that it might not be possible to determine the exaét
location of the reaction sites in their parent molecules. Vleduts
has_suggested a method for indexing reactions which, potentially
at least, could overcome this problem. He stated that "theAultimate
objectives of the algorithmic analysis of reéétions in the
framework of the approach is the detectionuof the exact locations
of the chemical bonds.altered by the reaction..}and}the identification
of the exact nature of the changes involved"(114). His approach
consisted of an atom by atom mapping of one reaéting molecule onto
another to identify‘the largest common substructures and, in
consequence, the differences engendered by the reaction, 6nce the
atoms in the common substructures had been mapped it would be a

simple matter to identify the bond changes that had occurred.
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The algorithm involved the idéntificatioﬁ of the maximal
subgraphs common to the two sides of the'reaction equation; in
contrast to the problem of graph isomorphism(115,116,117,118,119),
maximal subgraph isomorphism has been little studied due to the
greater complexity of the problem(120,121,122). It is well
knovm that isomorphism may be Jdetermined by a simple enumeration
algorithm(119): in the present context a possible procedure would
consist of generating all possible subgraphs(partial structures)
from one graph(reacting molecule) and then matching them against
all possible subgraphs from the other(120). The computation
required may be substantially reduced if properties of such
subgréphs vhich are invariant under isomorphism are taken into
account; thus a reactant atom may not be mapped onto a product
atom if the atom types are different. Such 'set réduction'
techniques, initially described by Unger and Suésenguth(115,116),
form the baslis of the iterative search procedures used in
searching structure files(123,124). A method for maximal subgraph
identification will only be of practical utility if the process
of subgraph matching is simple and efficient; indeed Vleduts
suggested that such an algorithm, implemented upon current
‘ harﬁware, would probably be limited to structures not exceeding
ten to fifteen atoms. He accordingly deécriﬂed a procedure whereby '
a comparison of the VLN symbol strings of éhé reacting molecules
would be used to provide possible reactant-product atom
equivalences to reduce the amount of iterative mapping that would

need to be performed. Neither stage of the procedure was implemented.



The use of VWiswesser Line Notation records in the automatie

analysis of chemical reaction data.
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IT,4 Introduction

In the previous chapter, we have given a detailed account of
the work carried out in this depariment on the automatic indexing
of chemical reactions. Two distinct approaches to the problem were
identified. Firstly, an attempt was made to map the structures of
the reactant and product molecules onto one another so as to identify
the largest common substructures and hence the differences by
subtraction(94,95). The wofk was abandoned owing to progfam
complexity and the amount of pfocessing time required. More
vrecently, Vleduts described an alternative‘algorithm by which fhe
.mapping could be achieved but no attempt to implement the procedure
was forthqoming(114). We shall return to this approach in the
following cﬁapter of this thesis. The second approach involved
a comparison of the reactants and products to identify the differences
directly: both connection tables and Wiswesser Line Notations were
used as the structure representation(40,98,101,102).

Thé earlier work involved a whole structure fragmentation
process in which the redundant connection tables of the reacting
molecules were bréken down into sets of small molecular fragments
called bonded pairs. It should be noted that in the chosen
fragmentation mode, all parfs of the moleculey@fedescribed in
equal terms: this is in direct contrast to the majority of the
fragmentation codes used inlscreening systeﬁé which consist of a
1limited number of chemically significant features which are
specifically searched for in the structure to be screened(125).
Although the use of a whole structure fragmentation ensuresmthat all
the fragments present can bs described in some way, it does mean
that the chemically significant features, such as functional
groups ané rings, may not be sufficiently delineated. Also, the

fragments used were quite small, two atom; and the bonds around and
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between them, and thus of relatively high frequency and of iow
variety, i. e. the sets of fragments produced by the analysis often
consisted of several occurrences of a limited number of fragment
typese This led to severe problems when the non-common fragments
were reassembled to produce a skeletal reaction scheme(99). It was
also found that the more specific the fragment type, the better the
chance that a successful analysis would be achieved(98): thus
larger fragments such as bonded pairs.and augmented atoms-were
found to producdé better results than fragments such as augmented
bonds and bonded atoms(92,108).

The early WLN work considered only a limited number of structural
features, specifically monocycles and some of the more common
functiohal groups, in the reacting molecules(101,102). The procedures
could only detect certain of the changes taking place since some
portions of the reacting molecules were not considered.. Further
work(40,104) concentrated on reactions involving molecules containing
ring systems, these being found to represent over 80% of the
reactions in the file used for the study. All parts of the reacting

molecules were considered and thus reactions involving both

"eyclic and substituent éhanges could be analysed as such although

no‘attempt was made to link the changes together to form a reaction
site. Also, the substituent changes were degcfibed in rather
generaliged terms so that it was not always ﬁOSsible to locate
the changes within the molecules. Finally, the method of ring
analysis was -limited in scope since it relied, in part, on a
dictionary of ring heteroatom symbol changes. f

The work described below represents an'attempt to combine features
of both the connection table and WIN methods of reaction analysis: in
particular, an algorithmic siructure fragmentation procedure is

adopted, together with a residual fragment rebuilding routina to




-produce a reaction site, ‘but this is designed to be applied to WLN
structure records. Analogous fragmentation procedures have been
described by Bawden(126) and by Hyde et _;1_1(1iq'.) but the method
developed here would seem to be~considerab1y éore detailed since
provision is made for the generation of descriptors at four levels
of détail, these levels being chosen on the basis both of a
knowledge of the reaction types in the Shefield file and by the
way in which WLN delineates the various kinds of substructural
féature that may be expected. The procedures have been chosen so
as to producz fragments representing chemically‘significant
groupings and thus they may be expected to describe adequately
common'reaction types such as functionality changes, elimination
and ring conversions with'the minimum of processing: at the same
time, provision is made to allow of a description of all possible
types of reaction. | .

The r&tiondle for a multilevel fragmentation is simplé, but
does not appear to have been explicitly stated in the context of

reaction analysis. Algorithmic fragment generation is routinely
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used as a means of obtaining potential screens for searching chemical

structure files: as will be discussed in the fourth chapter of this
theéis,.efficient screen sets are obtained by consiaeration of the
4distribution of fragment incidences, the fragﬁents inAthe screen
set being chosen so that each screen occurs'approximately
eqﬁifrequently across the whole file. The procedure described here
"is based on a very different criterién since we wish to produce
fragments which are as large as possible, subjectlto the constraint
‘that they represent features cormon to both sides of the reaétion
equation. Once these large, common features have been identified
they may be discarded and a more specific fragmentation method

adopted to remove furthur common features., The process continues
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until, hopefﬁliy, the remaining truncated structures represent the
reaction sites. This simple principle is.the basis both for the
nethod of WIN analysis described below and for the approximate

structure matching algorithm presented in the following chanter,




by

IT.2 A multilevel WLN rragmentation procedure

In this section we present the rour rragmentation procedures
that have been devéloped ta decompose a WLN symboi string into
a set or substructural representatives. The description is mainly
by example since some ot the details are rather complex,

¥rom a consideration of the ring size nuﬁerals 1or the reactant
and product notations in a rile or 9197 one reactant/one product
reactions, Lynch et %}.(40) tound that circa 50% were reactlions
in which no change was apparent in the number or sizes or the
‘ririg systems or the molecules involved. It should be noted that
this rigure does not inelude molecules containing only benzene
rings and does include reactions in which there were changes
in certain ot the ring heteroatom symbols(404). Nevertheless, it
would seem that in é large number of cases, the basic ring systems
remain unaltered, the changes being contined to the substituents:
note that in our work, phenyl groups, denoted by the VLN symbol
R, are considered as ring systems in just the same way as those
described within the ring‘delimiters L, T and J. This being so,
three types of featur; are considered in the tirst level ot
tragmentation, these being ring systems, phenyl groups and ring
substituents. The tﬁo notations are séanned, symbol by symbol, and
any suqh groupings are noted and storea, acyclic molescules having
been isolated previously. /fn example of the method of analysis is
shoom in Fig. II.1 for which reaction we obtazin the two fragment
lists

(1) L E5 B666 BUTJT, *1, *1, *Y1&UNZ and

(2) L ES B666 BUTT, #1, *1, *Y18QUNNUY4a
where * represents an attachment to a ring of some kind. Flimination

of the common fragments then yields the analysis shown in the lower
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ﬁalf of the Figure., Two fUrtﬁer‘examples are showm in Figures
IT.2 and II.5. One should note that in all cases, the fragments
“resulting from the analysis are péssed on for furthe: processing
S0 that we may delineate the reaction site as precisely as possible;
only for the reaction of Fige. IIl.3 would the final analysis be the
same as that pfovided by this level of fragmentation.

More generally, there will also be changes in the ring systems
of the reacting molecules so the second fragmentation involves
a description of any fing systems in the reacting molecules
which have not been eliminated by the first level analysis: as in
the previoﬁs work cafried‘out in Sheffield, the ring systems are
described in terms of their constituent monocycies. It is worth
considering exactly which monocycles should be considered since
even a simple systea such &@s decalin may be thought of as consisting
of either two fused six rings or a single, bridged ten ring whilst
for more complex systems, the number of possibilities prolifefates
ee geo cubane contgins a total of twenty eight rings of‘various
kinds. The detection of all the possible rings in a ccméound or,
more generally, the circuits in a.graph, has been studied by many
workers while other investigations have concentrated on séme |
limited subset of the pofential ring sét: for further details
the reader is referred to a péper by Wipke and Dyott(127) which
discusses over a dozen different ring perception algorithms. More
recently, Zamora has given an algorithm for Jetecting the smallest
set of smallest rings(128) and this subset is the one used in the
present work since it is these rings which are explicitly ﬁefined
by the VIN of a compound.

Having decided which rings are to be investigated, we nust
identify the constituent atoms of these rings so thﬁt they may

be characterised in terms of, e. g. size and heteroatomic character;
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finally, the exact level of description must be sel ected. A simple
algorithm for detecting the constituent atoms of ea;h monocycle

in a WLN has been given by Granito & 21(112) and by Palmerﬁ}é):
Clinging's adaption of the former proceﬁure yields a ;anonical
description of the atoms in each of the rings(102). However, one

of the primary objectives of the work is to generate reaction
descriptions which could be used in a printed index and it was

felt that the descriptions provided by Clinging's algorithm, a list
of the atdm types together with their degrees of saturation,

would neither be éimple to scan nor compatible with the rest of

the index entries which were to consist of WIN $ymbol strings. It was
therefore decided to encode the constituent atoms in a form of simplified
VLN using the VLN ordering rules for monocycles(17): a detailed
description of the way in which this was achieved is:given in Appendix
I. Eakins(129) and Adamson et 21(130) have descfibed a range of
\possible levels of ring description but none of these are directly
applicable here due to the use of WIN, rather than of a connection
table, as the structure represenfation: thus the WLN syﬁbols Y, Vv

and SV, when contained within the ring delihiters L, T and J, all
represent extra-ring attachments of some kind whilst many of the
atfaéhments are not described explicitly and may only be detected

by a consideration of the fing substituenfs. Problens alsq afise
when one comes to assign a ring saturationxsymbol, T or &, since

in a complex fused system, it is often dificult to state the exact
degree of saturation of each atom and/or monocycle.

The descriptions provided are, perhaps, bestJillustrated by
example. If we consider the reactton shovm in Fige. II.4, the
fragment sets produced after the first level analysis are |

(1) 766 BiT&T and (2) T66 BNJ,

the benzene rings and their substituents having been eliminated.



The ring analysis algorithm yields the descriptions

(1) @L6J, @16 AMTT and (2) @LEJ, @16 ANJ
whers AL6J fepresents a fusedi, cafbocyclic, unsaturated, six
ring i. e. & fusel benzenoid monocycle. A comparison of the
two fragment lists gives the reaction analysis shown in the lower
half of the Figure. Further examples of the method of analysis
are given in Figs. IT.5 ana IT.6. TFused rings are denoted by the
prefixed symbol @ but no attempt has been made to identify the
exact mode of inter—ring attachment: thus both of the ring systems
shom in Fig. IT.7 will yield the same fragment lists, i. e.
two @L6T5~rings.:For the file studied, this has not proved to
be a great limitation but means are available for providing
this information if it were thought necessary(131).

So far, no.éttention has been paid to the acyclic'portions
of the reacting moiecules: these zre analysed in the third and
fourth levels of fragmentation. The third level involves
rupturing the WLN symbol string whenever a terminal atom or
branching symbhol is identified, branching symbols being define&
as any symbol that distufbs the liﬁearity of the character string:
thus X, Y and -SI- are considered as branching symbols whereas
:f/V, W, when attached to S, or N, when attached to U, are not.

This method of fragmen@étion ﬁas chosen for three reasons:

(1) as the resultant fragments are linear, it is easy to
obtain éanonical descriptions for them by a simple alphanumeric
comparison of the fragment character string, as generated, and
its reverse. That sorting lower may then be arbitrarily chosen
as the representative so that, e.g., the substructure showm
in Fige II.8 will always be described by the fragment symbol
string /10V2U4/ vhere / represents an attachment to an acyclic

branching symbol;

‘3h
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(2) a high percentage of functional groups remains intact
under this type of fragmentation where we‘use functional group to
describe any string of hetero=~ and/or unsaturated atoms:
Vieduts(52), Hendrickéon(}h) and Seddon(77) have all emphasised
the importaﬁce of such features. Clinging and Iynch(401) showed
that circa 20% of the reactions in the file could be analysed.
using'a small dictionary of functiongl group interconversions and
the more general description wged.ﬁere'implieSrthat 2 éignificantly
larger pefcentage of the file should be effectively characterised ,

(3) fragmentation at the branching points of the notation
allows e relatively'simple reassembly of the noncommon fragments
into a reaction site(ses belon).

Again, the fragmentation is described By example, The uncanonicalised
fragment lists for the reaction showvm in Fige I1,9 are

(1) oQuu1/, X, /1, /1, /V5u1, ¥, /1, /1 and

(2) ~c/, x, /1, /1, S50/, X, /1, /1.

Elimination of the common fragments yields the aﬁalysis shovm
in the lower half of the Figure. Fﬁrfher'lexamples are given in
Figse IT.10 and II.11.

Although effective in many cases, this method of fyaementation
does mean that long, unbranched carbon chains will remain intact
and the fourth and final level of analysis involves the truncation
of any such features present to a fixed length of one methylene
unit, 1o €. /1/. Figure IT.12 illustrates a typical acyclic
reaction together with the fragments obtained after the first
three levels Qf analysise. Although the long carbon chain is
important in describing the exact environment of the group that
has changed, it does mean that in a printed index, there would bg
an inevitable scattering of the entries describing the hydrolysis

of unsaturated acid esters because of the various possible lengths
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of the methylene chains. The final fragmenatation truncates the
symbol strings to yield the much more general analysis shovm
in the lower half of the Figure, the four /1/ units having been

eliminated since they are common to both sides of the equation.
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IT.3 A program for automatic chemical reaction analysis

The fragmentation procedure described above has been implemented
in a.programAtq produce reaction descriptors automatically using
as input the WLNs of the reactant and product molecules. It
will havelbeen noticed that all the reactions illustrated so
far have yielded only a single analysis fragment on each side
of the reaction equation. Many reactions, however, produce
several fragments and it would clearly be of value if thesé
species could be recombined to produce a notation string describing
the reaction site. Such an approach forms the busis of the
work described in (98) and we have developed an analogous synthesis
segment to produce a VLN symbol string characterisation of'the
reaction sites., In principle, synthesis could take place after
each and every level of fragmentation but in practice we have‘
included synthesis routines only after the second and third levels.
In the first case, the fragments té be considered are monocycles
and ring substituents, whilst in the second they are branching
symbols and the pendant linear chains: as reactions involving
ring systens predominate in our £ile(40), the first of these
routines 'is much the more heavily used. |

The choice of level at which synthesis takes placé has been
iargely conditioned by the ease with vhich the.fequisite connectivity
information can be obtained from the input notation. As WIN is
a whoie structure representation it is possible to generate a
full aton adjacency matrix descriptibn for a lérge percentage
of notations(110,112,133,134) but at this stage_of development
it was decided that the incorﬁoration 6f a full connection table
generation segment would be uneconomic in terms of programming
effort. ﬁoreover, we are primarily interested not so much in

the interqonnéctions of individual atoms but of the analysis



fragment;. Accordingly, instead of a full atom adjacency matrix,
we have used fragment connectivity lists which are Euilt up

duriﬁg the running of the program. We shall consider first the
ring-substituents 1ist,. During the first level fragmentation,
whilst scanning the input WLN strings for ring brackets and
benzene rings, a note is made of the locant position of all
substituents: at the same time, a stack is operated to keep

track of all the benzene rings and later ring systems after the
first so that it is possible to match all substituents with their
parent ring systems. If aﬁy such systems are left after the first
analysis, the‘?onocycle generation routines_produce a list of all
locant positions for each monocycle so that it is alsa possible

to match analysis substituents with their parent monocycles.

During rebuilding, the anhalysis fragments are joined together

in a linear string using the information in the connectivity lists:
where a choice is possible, the program chooses the non-overlapping
site or sites which #re most highly connected, i. €., those
comprising the largest number of analysis fragments. The resultant

sites are compressed to a continuous linear symbol string for

outpute.
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The febuilding is done in two stages: firstly, where appropriate,

substituents are joined to benzene rings and'then these larger
fragﬁents are joined to their parent monocycles., The procedure
will be exemplified by the reaction shgwn in Fig. IT.13. The
fragment lists obtained after the first two levels of fragmentatlon
are |
(1) @r6 AN DNJ, @L6J, *Q, *OS™*, R and

(2) @r6 AM DMJ, @L6 AV DVJ,
Inspection of the connectivity records for the two réactant ﬁhenyl

groups, the WLN symbol R, shows that one of them is attached to an
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*0ST* grouping and it is accordingly assumed that it is this
phenyl group that has been involved in the reaction. Merging the
two fragment character strings yields the string *0sW* R, A
subsequent inspection of the four @L6J reactant fragménts'
connectivity 1ists shows that one ofvthem has both an *0SW* and
a *Q substituent attached to it: the éharacter strings are
hence merged to yleld @LEJ *Q *0SW* R, No snalysis fragments
are found to be attached to either the reactant @6 AN DNJ or
the product @T6 AM DMJ and @L6 AV DVJ rings and so the procedure
terminates with the analysis, i. e, reaction site notations,
shovm in Fig. II.14. No details are included as to the manner
in which individual monocycles are joined together so that if
two analysis rings were fused, the fact could only be noted by
an inspection of the parent ring system WLN; maﬁy of the ring
change reaétions in our file are found to be confined to a
singlé monocycle so that we do not consider this to be a major
problem. It should also be noted that the exaet substituent
riﬁg positions arevnot specified so thaf we are dealing with
a form of Markush'strﬁcture; however, the trial searches carried
out to date suggest.that this is not a serious omission.

| The second set of synthesis routines is used fér acyclic
molecules after the third ievel fragmentatiog and analysis,
During this fpggmentation a record is generéted, similar to that
above, but rather than hoting substituents attached fo monocycles
we list linear chéins attached to branching symbol;. As an
acyclic molecule can be considered as a tree, it is relatively
simplevto reconnect all the fragments so that we have a true whole
structure representation whereas the ring-substituent synthesis.
routines ﬁroduce a much mére generalised description of thé parent

molecule. The acyclic synthesis routines are exemplified by the’



hydrolysis and decarboxylation reaction shown in Fig. IT.15. The
canonicalised fragment listé obtained after the third level
fragmentation are

(1) /voz, X, /vO2 and (2) /VQ, Y.
The connectivity list for the first reactant analysis fragment, /V02,
shows that its only attachment is to the second fragmenf, X,
which also appears in the analysis fragment 1list: the fragment
character strings are hence joined to give the string 20?/ X,
.The attachments of the second fragment, the tetravalent carboh, are
then considered and this results in the reactant reaction site
string 20v/ X /V02. Similarly, the product reaction site string
is obtained as QV/ Y. The analysis and reaction site notations
are shown in Fig. IT.15.

" Although somewhat crude in design, it is found that the two
types of synthesis routine are quite effective in providing a
general description of the change. Both routines operaté by
considering each fragment set one fragment at'a time, this
including both analysis and common fragments, and then commencing
reaction site symbol string growth wheﬁever a potential analysis
fragment is found. This allows the selection of the largest, i. e.
greatest number of included analysis fragments, reaction site if a
choice is possible. Thus, for the reaction shovm in Fig. IT.16
the single reactant site notation /40/ X /{ /1 /4 rather than the
four part /1, /1, /LO/,»X /1 would be chosen. After the largest
single site has been obtained, the algorithm cycles back through
the fragment lists to produce secondary, smaller’sites if there are
still analysis fragments outstanding.

Further illustrations of the synthesis routines are provided '
by the reéctions and notations shovn in Figs. II.17 to IT.19.
The basic segments of the program havé now all been described

and an outline of the overall algorithm is as followé(note that
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most ‘of the steps are applied to both the reactant and product
structures):
(1) reaa in reactant and pfoduét WLNQ.
(2) fragment the molecule into fing systems and substituents
noting their interconnections.
(3) compare fragment lists and eliminate duplicafes.
(1) decompose any remaining ring systems into the component
monocycles. | |
(5) as (3).
(6)' synthesise any remaining monocycles and substituents into
a reacticn site. o |
(7) fragment m91ecule(if acyclic) or reaction site notation
into linear chains and branching symbols.
(8) as (3).
(9) if acyclic, synthesise remaining fragments iﬁto a reaction
‘site. o |
(10) truncate linear symbol chains to a length of one methylens unit.
(11) es (3). |
(12) output the remaining analysié fragments, reaction sites,
original notations and bibliographical citations to tape for sorting
gnd index,productipn.i‘ |

The program, .: which contains about 3000 COBOL'statements, was
tested by processing the file of 9197 onevreactant, one product
reactions described earlier. The program required 587 cpu secondé
incluasive of fransput although this timiné figure gould be reduced
‘significantly w1th a limited amount of reproszramming .
'!i?fs In all, analyses wera produced for 7415 reactions, 80 Gﬂ
of the file, these givingz rise to 29609 index entries. The reactions

not-analysed can be conveniently divided into two classes: those

failures arising from limitations in the algorithms and those from

S
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limitations in the program implementing them, It was found that
1454 reactions, cireca 65% of the failures, were in the latter class,
these arising from a variety of restrictions such as ring‘systems
with non-consecutive locant paths, too many or too large fragments
forwéVéilablestorage,‘variable valency hetercatoms and the like..
Most, if not all, of these reqctionsvcould be processed given
additional programming et'tort. Our discussions will hence be
restrictéd to the 628 failures arising from limitations in the
algorithms used. These beactions can be divided into three
classes:

(1) 40k reactions for which a unique reaction site could
not be produced, |

(2) 119.reactionsvfor which no common fragments could be
detected, i. e« no fragments were eliminated énd

(3) 105 reactions in which all the fragmentsAon both sides of
the equation were eliminated.

Examples of type (1) failures are shown in Fiés. II1.20 to
IT.22. In the first case there are two possible reactant reactlon
site strings, these and the associated substructures, (a) and (b),
being shown in the lower half of Fig., II.20. Since they contain
the same fragments, but in different orient;tions, the ring
syntheéis algorithm is unable to prefer one possibie site to
the other. |

A frequent reason for failure is a substituent at a fusion
point since if both the rings and the substituent are involved in
th2 change, the program cannot know to Which monocycle the

substituent should be allocated; this is exemplified by the
methyl group inuFige II,23, which could be attached either to
the @T3 AOTJ or to the GL9 AVTJ ring.

Ocecasionally, an ambiguity is noted where one does not
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actlia.liy exist; thus for the reaction shown in Fig. IT.24, the
two equally valid strings 6/ X /1 end X /1 /& are produced for ths
product reaction site and an ambiguity is therefore pfesumed to
exist.. 

Type (2) failures occur mainly with small molecules producing
only a limited number of fragments such as the two reactions
shovm in Fig. IT.25. Finally, cases where all the frﬁgments are
eliminated arise primarily from changes in ring saturation patterns
since these are not explicitly defined by the monocycles produced
in the second level fragmentation; the only information on
monocycle unsaturatioﬁ pqtterns is thét obtained from the & or T
symbols immediately prior to the J ring delimiter in the parent
system VLN, |

Having considered the analyses that have been rejected, what of
those that have been passed as Valid? Inspection of the analyses
shows that reasonable descriptions are provided for a large number
of the reactions processed. This is especially true for most
simple functional group interconversions, many acyclic eliminations
and hydrogenations and simplé ring.changes; in such reactioﬁs
there are generally close similarities between the reaétant and
product VLNs and the program prodﬁces both reasonable fragments and
also a valid, and useful, reaction site. Examples of such |
reactions together with the reaction site notations and analysis
fragment lists are shovm in Figs. II.26 to II.28. In cases
where there is little.)or no similarity between the WLNs of the
reacting molecules, eithef or both of the levels of reaction
description provided may be at fault in some way. This is
especially true when a ring formation oeccurs from a purely acyclic
precursor since then the syntﬁesis routines will be called after

different levels of fragmentation and thus the reaction site



strings do not localise the change at all: examples are shown in
Figs. IT.29 and IT.30. Minor ring changes often produce analyses
of 1ittle value: thus both the analysis fragmenfs and reaction
sites do little to localise the changes involved in the reactions
of Figs. IT,31 and II.32.

The best test of the adequacy of the descriptions is given

by actual retrieval experiments to which we now turn.

-y
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IT.) Searching a printed index of chemical reactiona

The output from the analysis program has been used to produce .
a printed index to the file of analySed. reactions, The initial
N
mode of access is via the analysis fragments, these being the
monocycles produced by ﬁhe second level of fragmentation or the
truncated linear chains produced in the final analysis. Having
isolated potentially relevant material, the search can be made
more specific by consideration of the reaction site symbol
strings whiist‘the original WLNs are also provided as a final
check. Sample pages from the index produced are shown in Fig.
I1.33.

It will be clear that effective searching of the index
requires a fair degree of knowledge as to the methods of analysis
used: however, it is felt that, given a reasonable degrez of
familiarity with WLN, the index should prove relatively simple to
use. Trial searches were run with a set of Qperies kindly
supplied.by the staff of the Research Inf?rmation Department,
Prizer(UK) Ltd. and three examples will be used ta illustrate
the search procedﬁre.

The first request is for hydrogenation reactions of the form

R~-CH=N-R' ——m——> R-GHZNHR',
The eight possible reactént analysis fragments'ére_*1UN?, *UN/,
*NU1*, *4UN1/, *NU1/, /AUN/, *1NU1/ and /ANU1/ although several
of these fragments weré not present in the index. Searching under
these fragments, together with a subsequent inspection of the
reaction site notations to determine the presencé of the corresponding
hydrogenated product character string, produced the five reactions
showﬁ in Fige IT.34.

The second querj was for reactions of the form

R-CH(OH)CH20H ——-> R=-CHO,

This change corresponds to the reaction site notation
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Y /19 /Q ———> *VH, /VH, *{VH or /1VH.

Reference to a ranked list of analysis fragment frequencies
- showed that the least frequent of those available for search’was
the'feactant fragment /%Q: subsequent inspection of the reaction
sites listed under this heading yielded the four reactions shown
in“fig. II.35« The final query was for the reaction shewn in the
upper part of Fige IT.36. Searching under the reactant analysis
fragnents @T6 ANTJ and @T6 AMTJ produced the reaction shown in
the lower half of the Figure.

It should be noted that several of the queries could not be
searched in any way at all. Thus requests for condensation
| reactions involving diethyl phosphate and reactiens involving
eromatic carboxyl protecting groups are much too general
while the reactions shown in Fig. IT.37 and II.}S both require
additional data qot present in the records availaﬁle. Finally,
the reaction shown in Fig. II.39 would produce a quite massive
'oﬁtput unless an initial substructure search procedure could be
used tobfemove the vast majority of the reactions that would
otherwise be retrieved; In toto, of .forty queries'searched, eleven
: retrieved soms relevant material and twenty four retrieved
. nothing, the remaining eight queries not belng searchable. The
total seerch time was about four hours, well under ten minutes
per query, fhough this would obviously be éreater if someone
other.than the author were to be doing the searching.

A better test of the effectiveness of the descripticns
provided has been performed in collaboretion with the staff
of the Research Information Department, Pfizer(UK) Ltd.. This
involved a detailed comparison of the reaction descriptors provided
by the WIN analysis developed here and by Derwent's Chemical

Reactions Documentation Service(CRDS). Since this project was
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collaborative in natu:e, only a synopsis of the work will be

bresented here: a full déscription is given in Appendix IIT

which is a copy of a joint paper submitted for publication

in the Journal of Chemical Information and Computer Science. '
‘The work involved the encoding of circa 500 reactions from

the CRDS data base in WIN and then broducing a printed WLN

index. Eighteen typical reaction queries were then searched

manually by the guthor whilst computer searches of the CRDS3

descriptions, which are based on bond change information together

with Ringcode(58,, were carried out at Pfizer. A detailed.

comparison of the reactions retrieved by the fwo systens

showed that theudescriptions provided by the WIN analysis

appeared to be at least as effective as those produced by Derwent's

manual indexing. In several cases, the WLN results were |

noticeably more precise due to the rangé of levels of search

| provided but both systems were relatively ineffective for very

general querieé. In the case of CRDS, this was because the

S§afches proddced a very large amount of irrelevant outputlwhilst

in the TIN case, the specificity of the analyses meant that

many possible seafch terms had to be considered. It is clear

that if. printed indexes are to be used in-an operational situation,

broader tefms_must be provided. For‘instance, the monodycles |

could be described simply by their sizé and the number of

heteroatoms. Similarly, acyclic groups could be dndexed at a

general level by matching their character strings against those

of a 1imited number of common functlonalitles such as aCldS, esters

and nitro groups: this app;oach would be similar to that used by

Clinging and Lynch(101). Futher details are given in Appendix TTT,”
The size of the index produced could be significantly

' reduced if entries are not made for commonly occurring fragments:



as noted above, searching is best carried out using a ranked
fragment frequency list to identify specific index terms. Thus
the removal of entries under the ten most common fragments,
shovmn in Fig. IT.40, would decrease the size of the index by
over a;Quérter;With very little redﬁéﬁiqn in its effectiveness.,
How discriminating are the {ragments that have been produced?
Fig. IT.L0 shows a ranked occurrence list for the{ten most,. .
frequent analysis fragments, these being based on the 7415
successful analyses. It will be seen that even the most common
fragment, *Q, may be expected to occur in just over 10% of -the
file, if the reactant or product character is stated,.whi}st
the tenth most frequent spebiés, *7Z, occurs in less than 7% of the
file in toto. Over 1500 of the 1862 different fragment types
produced occur less than 10 times in the file either as reactant
or froduct and hence the majority of the fragments eyre very
specific in character. Entirely analogous‘results haﬁe been
obtained by Lefkowitz in his Mechanical Chemical Code(135,136)4
and any algorithmic fragmentatioﬁ procedure that can give riée
to large fragments will invafiably produce a great variety of
fragnent tjpés(137,138); this‘will discussed in the fourth
cﬁaptér of this thesis. ﬁeanwhile, we note that if the method

of analysis describzsd here were to be applied to very large

files some form of generic search capability would need to be added.

An even moreldispafate frequency distribution is exhibited
by the reaction site nbtations. The ten most frequent sites are
illustrated in Fige IT.41 and it will be seen thét they represent
very simple changes indeed. This is in line with the results of
Garagnarni and Bart(139) and of Lynch(140), both of whom found
that very simple changes predominzted. As will be seen from the

Figure, the'most frequent notation occurs only 5, times and it is
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found that L4452 of the notations occur once only. Such distributions
are to be expected if very large fragments(which is how the -
reaction sites can be thought of) are considered: similar

results have been obtained from files of author surnames(14é5.

To some extent, the low frequencies are due to the fact that the

| reaction site notations are not canonicaljsed in any Way:}yowever; .
replacement of the reaction site strings with an alphabetically -
sorted_list of the analysis fragments, which have been canonicalised,
only increased the most frequent reaction to 70 occurrences and

decreased the number of singly occurring sites %o 3661.
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-The reaction site notations contain all the fragments in the initial structures and the only fragments
not cormon to the two sides of the equation, and which are eliminated in the final analysis, are the

" 7five methyl groups since the program identifies as common strings which are identical bar an initial

"* or / character,
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Although the reaction sites would provide little or no useful information, the product analysis fragment

.T6 ANTJ is probably a sufficient description of the change that has occurred.
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v

The reactant and product reaction site notations are @L6UTJ, @LAUTI and @LEHUTI, GLEHUTJI since no attempt is

made to specifically loecalise ring saturation features. The analysis fragments would be the same as the members

-of the reaction sites.
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The reaction site notation string is simply @LSUTS ——> @L5TJ.
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The ten most common analysis fragments.

The numbers after each fragmeﬁt type correspond to- the reactant, product and combined frequencies,

7%
N 186
/i/ 15
Y 555
R M5

It will be noticed that many of these fragments arise primarily from the fragmentation methods used

738

703

631
473
486

1534

1189

1046
1028

931

*1'
/R
*1/
*“0V4

*Z

282
332
2
228

217

449
321
336
285
239

‘and would not actually be used for searching a printed index.
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A1l substituents shomm are upon rings and 211 the rings ere fused,

in the right hand column are frequencies of ocourrence in the complete file

of 7415 reaction site notations,
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analysis of chemical reaction data.
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IIT.1 An approximate structure matching algorithm

Ye have eaflier described a method for autonmatic reaction
indexing suggested by Vlieduts(414) which iniolves the identification
of the maeximal subgraphs common to two graphs, i; €., to the
connection tables representing fhe reactant and pfoduct molecules
of the reaction. Tt was stated that the algorithn would probably.
be 1imited to structures noﬁ exceeding ten to fifteen atoms, and
Vleduts accordingly described a procedure whereby a comparison
of the WLN symbol strings of the reac£ing molecules would be
used to provide 'guiding information', i. e. reactant-product
atom equivalences, to reduce the amount of iterative atom matching
that would need to be performed. The approximafe structure
matching algorithm presented in this chapter was initially
developed to‘provide an alternative means of obtaining'this
guidihg information but we now feel that the method can, in solo,
be uéed to process large files of chemical reactions and to provide
macﬁine-readable representations for search which could then be
interrogated using currently available (sub)structure search
techniques. The procedure consists of identifying large areas
common to both sides of the reaction equation; taken together,
these areas may correspond to the maximal common subgraph(s) but
this will not generally be so. Accofdingly, it is not possible
to delineate specifically the bonds changed by the reaction but
this limitation is more than offset by the very much larger number
of reactions that may be processed in'the same amount of time,

e consider chemical structures as.representedxﬁy labelled
graphs the nodes of which are the atoms and the edges the bonds.
The graphs R and P are the reactant(s) and product(s) of a chemical

reaction and their nodes are denoted by r; and Pys OF generally

aye The simple reaction of Fige IIT.1 will be used to illustrate
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the basic procedure, the aimvbeing to isoiate the change shown

:in the lower part of the Figure and to note.that reactant atoms

11-13 have been transformed into product atoms 11-12. e have not
made any attempt to ;pecify, for example, that atom 44 in the
.reactant reaction sife corresponds to atom 11 in the product

reaction site: such mappings may only be made if' assumptions are

méde as to the mechanisﬁ of the reaction. As advocated by
Hendrickson(js) we are only cgncerned with the overall structural
. changes that have taﬁen place,

If we cbnsider thé methyl groups present in the reacting
molecules, the possible mappings are, in an obvious notation,
| 1, 6 '4_________; 1, 6 |
and we wish‘to detect the equivalences
‘ 1¢—> 4. and  6¢> 6.

Equivalent atoms within a single molecule may be détected by appl-
{cation of the Morgan algofithm(141). This partitions the atoms
present by considering the number of their attachments, the first
order connectivity; as connectivity values rarely exceed four or
five, furthur refinement is obtained_ﬁy consideration of higher

order comectivities. The nth order connectivity of an atom is
caléuiated by summing the (n—1)th connectivity‘values of all

the adjacent .. atoms; thus the two reactant meth&l groups of Fig.
1IT.4 may be differentiated by their third oréer connectivities since
their sets of adjacent atoms have different'surrounding.bond
patterns. The diserizinatory power of the procedure may be furthur
jnereased by the use of additional properties, sucﬁ as atom type

end the surrounding bond qrders, in conjunction with ths connectivity
(143); at the same time, the nth order property (comnectivity). value
af an atom'ai, Vﬁi, more accurately represents a;circular substructure

of radius (n-1) bonds centred upon a. .
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e méy consider the number Vg. to be a hash 6f its parent

circular substructure which may be obtéined without a detailed

atom by atom investigation of the feature that it describes. Hash
coding, or content addressing, is a filesize-indepen&ent method

of table search which has been widely used for dictionary lookup.
using alphanumeric character strings(1h4,1h5) but it has also been
used for chemical structure handiing. Farly versions of Feldmén's
substructure search system(146,147) used a hash of the molecular
formula and Feldman also mentiqns that hashing is used extensively
in the name file of the CAS Regi;try System; more recently, entire
connection tables have been used as the hashing algorithm's

source stfins(148) and similar work has been reported by Wipke
et 21(149), Evans et al. used a topological index which could be
considered as a hash of a connection table(150) and an aﬁalogous
approach has been described by 0'Korn(151) and Freeland et al.(152).
All of these workers were, however, interestéd in obtaining
gearch codes for registration rather than for substructral
representations; the closest approach to the pfesent work, and that
.described in the next chapter, would.appear to be thaf of Dubois
(153). " .

The matching procedure is based on two principles. Firstly,

a modification of the Morgan algorithm is applied simultaneously

to both of the reacting molecule; so that iﬁter-, rather than intra-,
molecular equivalences are detected. Sécondly, we assume thaf )

the nth order property value Vz. is a.unique representation of an
(n-1) bond radius, circular substructure centred‘ﬁéon atom 25 Henece,

i
considered to be at the centre of identical substructures and

if vﬁ = V; , the reactant and product atoms r, and Py may be
i J

these areas may be assumed to be the same without a detailed
examination of the constituent atoms, i. eo an isomorphism is

presumed to exist.
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-For the initial property value of each atém, V; s we have used
v i
an integer derived from the atomic 'dot-plot' symbol which uniquely
describes the type and bond pattern of a wide range of atoms(109,54).

Higher order property values are obtained from the equation

€, - T
i J

i
where the summation is over all the atoms J that are adjacent to
ay e The function is similar to that used by Shelley and Munk
to identify intra-molecular atomic equivalences(155).: Higher order
property values are calculated for all of the reactant and product
atoms until there are no remaing pairs for which V?i_= ng. At

this stage, the pair(s) of atoms for which V:-1= Vg'1
i J

and all the atoms within (n-2) bonds of these atoms, the ‘match

are noted

radius' r, deleted from the reactant and product connsction tables.
The partitioning of the sets of reactant and product atoms is
similar to the use of atomié properties of various kinds in the -
set reduction techniques first proposed by Sussenguth and Unger
(116,115) for the detection of (sub)graph isomorphisms. These
procedures involve the generation of pairs of corresponding

subsets of‘the nodes present in the trial and query structures;
these s&bsets are subsequently partitioned by the application

of a range of characteristics to determiﬁe correspondences between
the individual nbdes in the two structures. Tﬁe properties used
for the partitioning include atom type and degree of connectivity
though both authors point out that these may not be sufficient in
soﬁe cases. More recently, Figueras(12h) has considered higher
degrees of connectivity and a similar approach has been described
by Schmidt and Druffel(156). The partitioning procedure means that -
in many cases an isomorphism, or the lack thereof, may be detected
without the need forvany iterative atom by atoﬁ searching(157,153).

Our application goes one step furthur insofar. as substructures,



rather than single atoms, are matched without such a search,

. Applying the procedure to the reaction of Fige. III.1, possible

matches, ri<;_9.pj, are obtained until the sets of Vg. values .

: i
have been calculated at which point no mappings remain for which

the property values are the same. 'We hence obtain the equivalence

\

1 ¢ r =l 1

which, after the elimination of 2ll the atoms containéd within
the match radius; results in the reaction diagram shown in Fige.
IIT.2: the atoms that are shaded in the Fig. are those"which have
been deleted, i. e. noted as not being involved in either of the
reaction sites. -Consideration of the reﬁaining atoms’yields the
equivalence

| 10 <E325 .
No furthur mappings can be found, so after updating the reactant
and product adjacency matrices, the procedure terminates to yield

the feaction scheme shown in the lower half of Fig. III.3.

The actual implementation has three additional features which

Bl

should be mentioned, Firstly, we must allow for multiple equivalences

as illustrated by the reaction shom in Fig. IIT.4 for which we

obtain the mapping

1L, 15, 16 <= =15 14, 15, 16.

The atoms, and the substructures centred upon thém,bmay be deleted

only if all three reactant atoms have the saﬁe set of three possible

matches, 1. @. if the members of the reactant set are equivalent

one tn another as well as to the product set, If this is found to

be so, an arbitrary assignment is made for each member of the reactant

set and the deletion process then takes place as nérmal. Secondly,
we have defined a minimal match radius of two bonds: early work

showed that if a match radius of one is permitted, corresponding

to the matching of two augmented atoms(108,159), there is a slight,
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but noticeable, increase in the numbsr of mappings which, althousgh
representing isomorphic substructures, do not correspond in chemical
terms. Finally, for a match radius r, only the atoms within (r-1)
bonds are deleted. This step is taken to guard against céses such as
thz-reaction of Fig. III.vahere the‘bonis attached to the

outermost atoms, T, and Py are differently oriented in the two
structures. These.latter two restrictions tend to rednce

slightly the number of‘atoms elimingted; thﬁs the reaction of

Fige I1I.1 is now analysed as shown in Fige IIT.6 with the .
aﬂjacénf carbon 'Abeing included in the reaction site. It should

be noted that, in some cases, these iimitations may extend the
derived reaction sites quite considerably: thus for %he reaction
‘shown in Fig. III.7, the methyl groups attached to the tetravalent
'carbon atoms are all noted as being in the reaction site.

A fuf{her'example of the method of analysis is showm in Figs.

IIT.8 .and ITI.9. The maximal mapping obtained for the reactidn shom
iﬁ the upper portion of Fig. ITI.8 is |

7¢-XZ2 5 7

and deletion of the appropriate substructures gives the reaction
diagram shom in the lower half of the Fig.. The next mapping
arises from the two remaining phenyl groups and is
1, 238t g, 25

which produces the furthur deletions shown in the upper. half of Fig.
' ITI.9. The final mapping is |

1 6—-£—i—é1> 1
which gives rise to the final analysis showvm in the lower half of
the Fige.

Having given two examples of the procedure, we close this section

with a brief description of the basic algorithm: a detailed

implementation is given in Appendix IIT,

LT IT UV T T F L P A SRS B SR ISR B S
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(1) read reactant and product connection tables.

1
r and Vl values using the units values,
i <35

(1ii) generate higher order property values until there are no

(ii) m =15 assign all V

atom sets for which Vi = V? (m = n),
i J

(iv) determine the most similar atom pairs(r,, Pj)’ i. e,

those sets of atoms which obey the relationship V'T; = VI; (1€ mgn~1),
. i -

(v) n :=n - 1.
(vi) if there are no unique mappings go to (vii) else delete all

atoms within an (n—1) bond radius of the atoms rs and Pj for all

the pairs of atoms (ri, pj?.

(vii)ifathere-afe'any rémaining1ﬁu1fiplehmppings; assign ..
equivalent reactant and product atoms and then go to (vi).

(viii) determine the most similar remaining atem pairs, set n
accordingly and then if n>2 go to (v).

(ix) output connection tables with the atoms in the reaction site

suitébly tagged.
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III.2 Results of the procedure

Thé algorithm was tested using a sample file of 534.reactioﬁs
taken from the WIN data base described above. The VLNs of the
reacting molecules were converted to CrOSSbow coﬂnectipn tables
(16,109) using sof'tware kindly provided by Iinﬁd.(Pharmaceutiqals
Division) and these tables were then used to produce redundant
adjacency'matrices using a pfogram wvritten by the author(a listing
of which is included in Appendix III). An advantage of the
Crossbow representation is that the /units" section identifies
both the atom type and the bond pétfern around each atom in a
" molecule within a single character, the @ot-plot symbol(15#). The
 binary representation; of these symbols were'used as the first
Qrder'property‘values for the structure matching procedufe which
was implementei in an ALGOL 68R program(160) which was run on the
University ICL 1906S computer. The program contained circa 200
lines of code and occupied 35K words of core storage;’it required
63 cpu seconds, exclusive of transput, to process the file of
534 reactions, that is between eight and nine reactions per second.
The input to the program consisted of the redundant adjacency
matrices together with a vector giving the units values of the
atoms; the output was identical except that the vector now contained
a note as to whether a given atom was to be conéidered as being part
of the reaction site. The fesults of this combuter run afe shom
in Fige. I1I.10. Inspection of the output showed that successful
enalyses were obtained for 491 of the reactions(92%) whefe a
satisfactory analysis is judged to be one that adequétely represents
the change though, as noted above, additional atoms may be included
in the reacticn site. With this proviso, the anzlyses exhibit
a quite striking degree of reaction site localisation; examples to

Justify this statement are shomm in Figs, III;11 to IIX.16



which contain the reactions, the mappings and the derived reaction
- sites. For large match radil, the property values may become veny
large and the reactions described under "Overflow" in Fig. IIT.10
correspond to cases where the values became too large for the
computer word reserved for them: in both cases, the match radius

, if calculated, would have been over 20.

Reactions where no atoms were deleted are shown in Fig. IXX.17
and IIT.18. The two reactions of Fige ITI .17 are not processed
since an ambiguous mapping is obtained, 1. e. more than one reactant
atom maps onto the same product atom or vice verSa. For
symmetric molecules an arbitrary assignment procedure.could
be invoked to ovércome this problem; Ming and Tauber(123) give
a detailed description of assignment procedures for structure
matching using a backtrack procedure(161) but these are not
generelly applicable here since incorrect assignhénts could not
be detected subsequently. e will also not obtain any mappings
if the reaction has occurred in a fairly small molecule, e.g.
the reactions of Fig. III.18 where no pairs of étoms have a
match radius greater than 1.

Some. of the failures are shown in Figse IIT.19 to III.23
and it will be seen that they arise for a varie#y of reasons.
Problems arise in the first example due td the'shift of the
allyl group. The second reaction, Fig. IIi.éO, is on; of\the few<
undetected cases whick: contradict the essumption that equal
sets of prop?rty values correspond to identical substructures:
‘the reaction involves a functional group shift not detected by the
matching algorithm. Incofrect mappings will be obtained if an
atom involved in the chanée is matched with a non-reactiﬁg atom;

" thus in Fig. IIT.21, the mvalid equivalence
16 4-—“—-“‘€> 25

is obtained. Other failures are shovn in Figs. ITI.22 to III.23,

58
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© . Tt will be seen from-Figs TII.10:that the numbes of. irdetected
failures is very small indeed. A graph isomorphism routine
could be incorporated after a mapping has been detected to

check that the circular substructures that have been mapped are

| in fact isomorphic and this would probably be quite fast in |
operation since it 1s generally a simpler matter to pro#é}thét en
isomorphism does not exist between two graphs than to prove the
contrary(162). This, however, would only be useful for the one
or two reactions in which a non-isomorphic mépping is obtained:
‘most of the failires, on the other hand, arise from correctly
identified isomorphisms which, however, do not cérrespond with
what has taken place in chemical terms. The assumption that
equél sets of property values correspond to identical substructures
would seem to be vaiid for the overwhelming number of reactions
considered. Note, however, that such an assumption probably
would be much less applicable to a general graph ﬁatching
algorithm in a substructure serach system where a wide range of
structures are to be matched against the query: in the present
application, it may be taken a priori that a large degree of
similarity exists between the two (sets of) molecules being
considered and hence if a mapping is found, it is almost

~

certainly a valid one.



IIT.4

N-D 1

/ tl“

~ Y o 0°* N ot

Zodxd\ N e < ‘NDITHD ~ tN -~

N PR3 \I\um iovskw xd. o \_..Omaiouwiu
I.d. |



I11.2




ITT.3




13! % o ’
C,H,_C,E_C.F;.C-F L
“:ne s Lj
| | Ho%

o

Example of a reaction containing multiple equivalences,
Note tliat, from hereon, only certain of ‘the atoms will

\_f.be numbered to avoid cluttering the diagrams.

K

\-

o n '

e
r

5

- H°IIT



21¢—LZ2 5

An incorrect mapping is obtained due to the - |

. differing orientations 'of the bonds around T

G*IIT .



11I.6




III.7

[}

~ a5l O—nN
rA" Rv) ..l/..l..l\ll
2N

e \.,‘om |

Q

{



IIT.8




\ 9

7
10 N\ Y | \S’//
NH - C
~N

ITI.9



Successful analyses
Reactions for which overflow
“todk place .-
No matches obtained

Incorrect mappings made

Results for analysis of "sample file of 534 reactions using the grapﬁ

‘matching algorithm of Chapter III.

L

1

S OMIIT



1 ¢r=56 5 1
3 & r==6 .3
331225 3
3 <2285 35
17 =25 17

21«22 25 24

—

3

PICIIT



IIT.12

- \ o/; G < - > L
HN—= € VnN-— €
KT AR i
-
/

ﬁ:ﬂo , o S M:\0/, o +

wi\.u\ 0 .J;n .. \lem.\!ﬂ_\

-9 N g °© NT
| \\\ll
| o o



IIT3

. ~
Id.f THI 51
~ I - .
Ho — THD & "TO= oo
/ol al / ol 9l
bl
HO
N \\_/_b
L
2 =7
S
T o X7
1

N



TIT.4 4

1T

T

OH

£

N




ITI.15

2W
]

oW
5l

-C _= .
x\w m«_u/ < >
J..w - . ui\m < 9b ‘GL > G “nl
AT b
o}
7 5
far
| . \T/ <
O THD T - 3 - THD S
1
ou_i | W s 7
ol
| HY T T v . L
a7 o Sp =y’ S
Hl s 8 <
r 2,

b



I1T.16




CTIT.7

*sFupdden syeorrdnp 70 ‘soTdumy

A




B}
)

= CHO | | h\/

~Z

\
vV

Reactions in which no mappings are identified

“due to the small size of the reacting molecules.

- CHO

g III



III.19




Q. U a
( \ CHy -~ | l/ I ) Ha Clda
< g V .

‘ CHy CHa CH o
19~ 4 | I3

- . \Y W 3
=5 - ' o o - -
i CHq - ) Ry ——> CH~ , CGHa

Note added in proof: a small routine has been added to the structure nmatching program to match
any unconnected atoms remaining at the end of the analysis which results, in the present casé,

in the elimination of all of the reactant and product atoms and the analysis is hence rejected
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CHAPTER TV

The automatie generation of screen sets for chemical

substructure search systems.
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V.1 Introduction

The rapid build-up of large machine-readable files of chemiecal
compounds has 1ed to a need for sophisticated search procedures
to0 meet the needs of users for improved access to structural and
related property data. Searches maj be performed both for individual
compounds and for groups of molecules possessing certaln substructural
features‘in common. The first of these tasks, registration, is
carried out to ensure that there is no scaftering of the information
pertaining'to a single compound and that information concerning
different compounds does not become confused; general descriptions
of the problems involved are given by Ash(16) énd Evans(163)
and a specific implementation by Evans et al.(150). |

Substructure search is normally carried out using a multi=-
levelf*apéroach in which increasingly specific search techniqués
are applied to rapidly diminishing sections of the structure
file. The search strategies adopted will be in large part.
dependent upon the structural representation used in the file
ahd qﬁestions may therefore be answercd by nomenclature-~based
or structural fragment codes(59,164), by string searching linear
notations(103,165) or by searching of bit screens gencrated from
notations (466}, nomenclaﬁure(SB) or connection tables(125).
There will be some questions, however, which can only be adequately
answered by a comprehensive atom~by-atom search for which a
connection table record, of some sort, is essential. Such searches
are equivalent to detecting the isomorphism of a subgraph, the
query structure, with a complete graph, a compound from the structure
£ilas; subgraph isomorphism detection is kmown to belong to the
class of problems known as NP-complete(121,167) for which no officient
algdrithms are knom and this may require uneconomically larse
amounts of computer time if mony trial struetures neel to be

matched egainst the quary. Atom-by-atom searching of large compound



" 61
files is accordingly feasible only if the number of searches ean be
kept to a minimum by the repid and inexpensive elimination of that‘
large portion of the file which cannot possibly meet certain
minimal requirements in the query formulation. The sfructural
characteristics which are usel to carry out this file partitioning
are called screens; we use the term 'screen set' to describe the
group of characteristics which are chosen for this purpose.

Yhat criteria should be used in gensrating a screen set from
the astronomical ﬁumber of possible fragments that could be
enployed?(168,169) . Ray and Kirsch(158) pointed out that the
menbers of a scréen set should be independent of one anbther and
be applicable to the whole range of questions that might be
expectede In a non-chemical context, Mooers(jfo) noted that in an
jdeal situation a set of twenty characteristics, each of which was
indepéndent of all of the others and occurred in one half of a
f£1le of one million items should be capable of uniquely identifying
a single record.. Although such requirements are not obtainable
in practice, these broad guidelihes have played a large part in
the development of inflormation systens in general and of chemical
‘ structure’systems in particular. It is found that there are
two factors which prevent screen sets from achieving a near ldeal
performance; the first is the extremely disparate occurrence of
structufal features and the second the presence of strong inter-~
fragment dependencies. In the next section; we discﬁss previous
work dealing with these two factors and follow this by the presentafion.
of an algorithmic method for screcen set generation which takes the

factors into account,.



IV.2 Theoretical considerations in the design of screen sets

It is found empirically that a variety of hyperbolic, and other
long~tailed, distributions characterise the behaviour of many
parts of library and information systems(171,172,173,17%) and in 2
series of papers(92,108,130,175), Lynch end his co-workers
demonstrated that there is an inverse relationship between the
frequency of occurrence of a substructural feature and its
rank when the features are ranked in decreasing frequency order.
An extreme exampie.is provided by the distribution of element
types in-a structure file: analysis of almost 30000 compounds
dr;wn at random from the Chemical Abstracts Registry Sysfem
showed that the occurrence of the most frequent atom, carbon, was
almost 1000 times that of the tenth-ranked at&m, iodinef Moreover
carbon, oxygen and‘nitrogen tozether accounted for almost 95%
of the non-hydrogen atoms in the sample file. The obvious
implicati&n is that the value of the element type alone as a
sereen is highly variable, since searches involving iodine will
be highly selective whereas queries involving carbon or nitrogen
| will require mény other characteristics to be specified if en
enormous, low precision output is to be avoided. Analysis of
larger, more detailed fragment types yields the same broad
conclusions bﬁt with two qualifiers: firstly, the fraquency
difference between differently ranked fragments is much reduced
but, secondly, tﬁe totality of fragment types, the variety, is
much increased with the majority of types ocecurring very few
times indeed. 4An 2dditional problem is that the queries addressed
to a structure file are a fair representative of the file's
contents(164,176) ond it will hence be the very frequent features
which are most often snecified ot search time,

The disparate frequencies of the fragment types may be

conpensated for in the design of a screen set by employing
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varying levels of deséription, the frequently occurring.characteristics
being delineated in some detail whilst the less common featurss are
described in more géneral terms. In this way, we may achieve a
balance between the prolifefation of low incidence fragments of
superfluous specificity and the small number of high incidence,

low precision fregnents. At the same time, the occurrences

of the resultant screen set members will become much less disparate
than if a single level of description were to be employed.

This move towﬁrdé'screen equifrequency is, however, lessened by

the necessity of describing frequent characteristics at the more.
general levels, as well as in detail, to allow of easy query

' encoding since, otherwise, the union of many highly specific
features may be required in order to describe'a more general
feature.common to all of these.

A theoretical justification for such an approach is obtained
from simple considerations of information theory. Shannon's
mathematical theory of communication(177) considers the statistics
of symbol occurrences in messageé and gives a quantitative
measure of the maximum amount of informatioﬁ that may be gained
from a message encoded using a given collection of symbols. The
actual nature of the symbols is immaterial: thus they may be the
letters of an alphabet, the fragmehts in a screen set of the.
indexterms in a2 controlled vocabulary indexing language. The
theory shows that the average amount of information conveyed by
each symbol is given by

N
H ==<p Q(F)1ogd(F) | (1)
where H is called the entropy of the symbol sgt and the values
9(F) are the probabilities of occurrence of each symbol F in tha
set of N symbols. The probzbilities may be approximated by the
relative occurrenccQJN(F), of the symbols in the set, ic eo

Q(F) = N(EN  0Q(F)$4 (2)
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-Irrespective‘of the nature of the symbols in the set, the
entropy will be at a maximum when the symbols are equiprobable, i, e,
they occur with equal frequencies, and independent of one another;
in such a case, the entropy, H(max), is simply given by the
logarithm of the symbol set size. A rapid measure of the coding
efficiency of the set is given by the relative entropy H(R)

H(R) = H/H(max)
where H is the actual measured entropy. Tt should be noted that
the relativa entrdpy measure becomes somewhat insensitive as
its value tends tq unitye.

An additional problem is that the screenout performanbe of
a screen set cannot be directly calculated from fragment incidence
data since it is found that the incidences of the screen set
members are not iniépendent of each other(178). An analysis of
the co-assignment frequencies of pairs of screens showed that the
association between fragment types of a given size increased
directly as the size anl that certain of the screen-pair associations
were sufficiently large to have a considerable effect on the
performance of a query ihvolving that pair of screens. If a.
query involves two positively associated screens, the association
will reduce.the screenout whilstvthe converse will occur if the
sereens are négatively associated,

Many of the positive fragment associations may be easily
éxplained in terms of 6verlap between fragmenfs. The iterative
fragment generation method developed at Sheffield(179) considered
all poésible centres of a given type in a structure, the types
being bbnds, atoms and rings. Thus, once fragments had reached
a certain size, those generatel from adjacent ,centres would
start to overlap anil the region of overlgplwould increase with
increésiﬁg fragment size., Hence if a substructure occurred fairly

frequently, fragments derived from it would have quite high,
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positive associations, e.g. the carboxylic group yields the simple
pairs C-0, C;C and C=0 all of which share the séme carbon atom,
Negative fragment associationé, which would improve the screenout,
are more difficult to explain and this is also true for both
positive and negative associations between individual atom types
where no overlap is possible. The study concluded that, in
practice; no consideration need be given to fragment associations
ag long as the screen set members were not too large.

The Sheffield gfoup considered onlf associations betweén
fragments of the same size, but iterative fragmentation algorithms
jntroduce very strong associations between a fragment and its
immediate parent, i. e. the fragment from the previous iteration
of the fragmentation algorithm from which it has been derived.

It is clear that ifAthe incidence of a fragment is not diésimilar
from that of its parent, one of the fragments is redundant and
should not be included in the screen set; the filial fragment
will have the lower frequency ani thus should be deleted to permit
easier query encoding at search time.

A model for such associations has been developed by Hodes and
been applied to the formation of a séreen set in use at the Walter .
Reed Army Institute of Research(168,180,181)+ ., The discrimination
of a fragment, D(F), is defined as being the reduction in
uncertainty when the fragment is used to partition the file,

1. €. is assigned to the appropriate molecules within it., ﬁsing
the notation given above, application of the fragment will cause
the file to be reduced in size from N to N(F) so that the change
in uncertainty will be

D(F) = logN = lozN(F) (3)
which, substituting from equation (2) avove yields

fD(F) = =logd(F) | (1)

if, and only if, there are no inter-fragment associations, If



it ié'néw assumed that the strongest association is that between

F and its parent fragment, P, Hodes showed that the discrimination
may be approximated by .

D(F) = -2(F)1og(R(F)/Q(P)) (5)

if F is symmetrical, ie e. has only one possible parent fragment{180),
In an operational implementation of this work(168), the rounded

D(F) values were used to represent the number of bits to be assigned
to each‘fragmeht in a - superimposed bit screen system: thus

fragments for which thg ratio Q(F)/Q(P) was near unity were.
eliminated from the screen set since no bits would have been set.
In the present work, which has been carried out.for implémentation
in a dedicated bit scfeen system, éuch low discrimination

fragments are automatiéally eliminated at scree¢n set selection
timgi.fhis is achieved by only allowing into the screen set those
£ilial strings whose frequencies of occurrence are sufficiently

differentiated f{om those of their parents.
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IV.3 The description of chemical substructures by integer strines

The Sheffield group made a systematic investigation of the
A frequencies of a limited number of simple fragment types, these
including simple, augmented and bonded pairs, octuplets, elements,
coordinated, bonled and augmented atoms, linear four atom strings
énd simple ring descriptors(92,108,130,137,175). For each
fragment type, frequency counts were made for all features at
the lowest levels of description and then the most frequent
fragnents were invesfigated at the more detailedllevels of
specificity:.thus a frequently occurring simple pair would be
considered for inclusion at the aﬁgmented pair level(179). The
hierarchical nature of the fragment typeskwas thus reflected in
the method of screen selection which was performed manually
Vuéing'the'ranked fragment frequency 1lists.

The fragments considered at WRAIR ¢overed a much wider range
of substructural sizes and the hierarchy was much less well
défined though no mention is given as té whether this affected
the easevof query encoding. ‘The initial fragments were individual
atoms and single adjacent atoms were added to these to form the
fragments in the first iteration: thus a tetravalent atom would
.give risé‘to four filial fragments. However, presumably because
of the vast ﬂumber of fragment types produced, increasingly
severe festrictions were made as the number of itérations increased;
thus after the second iteration, the fragments were limited to |
unbranéhed acyclic chains and monosubstituted rings. During each

" jteration, fragment incidences were cumulated and those occurring
in less than 0.1% of the file deleted from furtﬁur consideration;
conversely, those occurring.in more than 1% of the file were
included in the subseqﬁent iteration, This opproach is very
similar in concept to the methols developed by Salton end his

© eco-vorkers for the automatic goneration cf inlexine terms for
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docunent description(182,183). It is not obvious from their renort
(168) how much manual work was required by the WRAIR workers but it
soems clear that the entire file was processed at each iteration
of the fragment generation algorithm.

The work described here represents a method for screen set
generation in which not only are all the steps alsorithmic in
character but also it is possible to produce a screen set from
a single pass of thé.structure file without any subseéuent
manuallintérvention. The screens may be atom, bond or ring
centred, are symmetrical and, within each fragment type, form
a strong hierarchy to facilitate generic coding at seerch time.

The process consists of three stages, these being fhe generation
of all possible fragments at the most specific level offdeécription,
cumﬁlation of the individu2l fragment occurrences to obtain
frequéncies covering the whole file and then selecfion of certain
of these fragments for inclusion in the final screen set, this
being carried out upon the basis of the incidence and association
considerations outlined above.

It is clear that allarge amount of sorting will be required to
obtain the fragment frequencies for the screen set generation
algoritim. The computational requifements are somewvhat reduced
in the present implementation since only thé most specific fragments
are generated, and hence need to be subsequently sorted, in the
first stage éf the frocedure. The subseaquent cumﬁlation then
considers not only the specifie fragments ectually present but
also the more generic fragments from which they have been
derived. Even so, the overall process will be most efficient if
the frogment representatives are chosen to be as simple as nossible
to 2llow of rapnid sorting prior to the second stage. Such an

approach will also bear fruit in the initial fragment generation
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'step since it scems certain thzt simple fragment representatives
will also be simple to produces Thilst it is relatively easy to
encode small fragments such as augmented atoms, a description of
a large ‘'substructure, such as a non-generalised octuplet{137),
pequires, in effect, some form of connection table which raises
two immediate problems. Firstly, the record must be converted
into a canoniczl format with the minimum of'efrort:.review$
of canonicalisation ;outines have been given by Bersohn(48.)
and Jochum and Gaqteiger(185)m lore seribus, in view of the
very large numbers of records involved, is the sheer bulk of
the record. Conﬁider the substructure showm in Fig. IV.{: the
circles represent substructures of increasing size, and hence
fragments of inecreasing specificity, and may be considered as
three levels of deécription for the double bond at the centre
of the substructure. An explicit description of the most specific
fragment would require a connection table involving 11 atoms and
10 bonds; still larger records are of course possible though
their presence in the final screen set would be unlikely for
all but the largeét filés. The main problem is hence one
of compacting the representation whilst retaining easy access to
the more generic, parentvfragments.contained within the substructure.
The fragment descriptors developed in the present'work are
strings of integers, each of which represents a more precise |
definition: .of the environment of the features described by the
first integer in the string. The integers in the string are
obtained by an adaption of the Morgan algorithm(141); as described
in the third chapter of this thesis, the algorithm discriminates
between atoms upon the basis of their extended connectivity
values where the nth order connectivity of an atom is calculated
by summing the (n-1)th order comnectivity values of all adjacent

atoms. Increased specificity is obt2ined if the (n-1)th value of



‘the central atom is also taken into consideration: thus, using

the nomenclature of Chapter III, we may vwrite
W = e
where the summatio: is over all the atoms, aj, which are adjacent
to a, . Coneider the structure shovm in Fig. IV.2 where the numbers
éttached to each atonm represent the initial connectivity values.
Tﬁo iterations of the algorithm yield the eets of values shown
in Fig. IV.3. If ﬁe-consider the oxygen atom, we may describe
it by the string of integers (2,6,20); similarly the substituent
methyl group carbon may be represented by (1,4,13). Note that these
descriptions are purely topological and say‘nothing about the
nature of the atoms that they represent of the order of the
bond connections.

As noted in Chapter III, significantly increased discrimination
between the atoms in a2 molecule may be obtained if properties
gdditicnal to the‘connectivity are used to determine the initial

| property values. The initial values used in this work are numbers.
descriptive of the atom type and the number and types of adjacent
bonds, i. e. the number describes a bonded atom; these integers

are then used to provide higher order descriptions of the atoms.
The structure‘representation used was ‘the Crossbow comnaction teble.
The heart of this record ie the units section which consists of

a string of symbols, each of which is associated with one of the
non-hydrpgen atoms in the molecule, end the initial property values
were simply the binary representations of these symbols. It ghould
be hofed:that a verylapge amount of a priori selection has been‘
carried out in the design of the units noiation since frequently
occurring atom types are assigned a variety of symbols to reflect
the variety of bond surroundings that may need to be taken into
account for adequate discrimination; rarer atom types or bond

configurations are, on the other hand, generalised ana only &
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iimited-number of.symbols are employed(186).

The Morganvalgorithm can, of course, be iterated as many times
gs required so that it is necessary to define the maximum level
of description that is required, i. e. the length of the integer
string. The smaller, more generic fragmeﬁts may then be obtained
by successively replacing the righthand-most integer by zéro.
Initial experiments, using the fasic approach described above,
showed'that refinememnts were required in that very few of the
longer strings were found to occur more than one or two times,

The circular substructures described by the non-zero part of an
integer string representing an atom and its environment increases
in size by one bond in radius for each iteration of the aigorithm.
Previous work, using the sample file of BQOOO compounds mentioned
earlier, has shown that the variety of atom-centred fragment
types increased from 68 for atoms to 136 for co-ordin,ted atons,
313 for bonded atoms and then suddenly to 2331 for augmented atoms
(108); Many of the larger fragments were of very low occurrence:
thus 960 of the augmented atoms occurred only once in the sample
file, As the inqrease in variety from the first to the second
level of fregment description in the ﬁresent work may be expected
to be of at least comparable suddeness, it is clear that very
many of the larger substruotures.will occurr very infrequently.
The problem was resolved by inserting two iﬁitial levels of
description prior to the bonded atom representative, these two
levels corresponding to the atom type and atom type plus
connectivity. Thus the substructures described are in the regular
progression shovn in Fig. IV.4 with the first four levels
representing elemental type, co-ordinated atom, bonded atom and
augmented atom respectively; the version of tﬁe algorithm used

to generate the fourth and subsequent property values was

Ve = 3’°‘Vn—3 + <:.Vn-3
ai ai ~._ 8,
. J
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v3

However, only the integers from -

) upwards, to a maximum of VZ R
were actually written out to tape ;or subsequent sorting; thus *
the minimal level of description in the final screen set is the
bonded atom.

So far, we have only described atom-centred fragments but the
procedure is'clearly applieable to any type of fragment givén
appropriate numerical substructural descriptors. Analogous

bond-centred strings were produced from the atom-derived integers

using the equation

Vzia = Vgi*vzj (1< n<6)
' where VZ o 1s the nth order property value of the bond comnecting
N

ay and aJ. Ideally, the first value should be the bond type
jtself(single, double, aromatic ete.) but this information

may not be readily obtainable from a bond-implicit structure
representation, With this proviso, the first four levels correspond
to simple, augmented and bonded pairs and non-generalised

octuplets, all of which have been used in previous work in
Sheffield. It should be noted that a furthur type of hond-based
fragment, the four atom string(137,187), cannot be producéd_

using this method of fragment generation unless the corresponding
substrﬁcture happens to be linear.

The great advantage of the technique over other methods of
fragment generation is that no path tracing algorithms need to be
invoked to detect the larger fragments since only the adjacent
atoms need to be considered at each step: as noted by Barnard(188),
this can make quite enormous reductions in computer time possible,
Strings, analogous to those above, may be produced for rings
but here, ways must be found to identify the monocycles that
are present in the structure. As betore(see pages 32-33), the

subset of the rings describzd by VLN was used since thése are
: !
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rapidly identifiable from the Crossbow record. The properties
considered include ring size, number and typé‘of heteroaton
substituents, the number of extra-ring connections and whether

the ring was fused: furthur details are given in the next chapter.

" A final point that should be strongly emphasised. The
integer strings develobed here are structural descriptions which
are intelligible only in machine terms: with the exception of
the single integer strings, it is not possihle:to reconstfuct the
;subsﬁructuna‘correspondihg to a‘given‘stringlﬁywever, the set of
strings has been constructed so that, hopefully, a range of
highly diécriminating screens, including both generic and specific
descriptors, may be assigned to any input structure representation.
It is thus ideglly suited to systems involving'direct structural
input, such as by chemical typewriteﬁ(25) or.an interactive |
graphics terminal(206), both for query encoding in substrﬁcture
~ gearch and for the assignment of screens to a compound at

registration.
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IV.4 An algorithm for screen set generation

In the previous section, o method was outlined for the generntion
of substructural déscriptors from a connection table representation
of a chemical structure; we now describe how these deseriptors
may be used to proiuce an approximately equifrequently occurring
set of screens for subsequent assignment and substructure search,
The procedure is in three stages.

The first step is very simplé, albeit the most time-consuming
part of the procedﬁre, and involves the analysis of the connebtion
tables in the structure file., For each molecule used, integer
strings are built up for all occurrences of the fragment.type
under consideration. Once this has been done, the strings are
vritten out to tape for subséquent sorting upoh an incidence
basis, that is onlj a single occurrence of each string type
is output per molecule since the subaequeni screen assignment
is to be upon a present/ébseﬁt basis. It may be noted that,
for 2ll but the most common substructures in a compound file,
the incidence and occurrence figures are not very different;‘
Strings are only written out at the most detailed level of
description that is required; the production of all the substrings
as well résults in a very large number of additional records
for sortinge.

Oncé 21l the strings have.been'generated they are sorted into
incréasing order of the integer strings so that all occurrences of
a given .string type appear together on the tape. These
occurrences are then cumulated for each fragment and a simultaneous
count is made of the less specific fragments which may be
generatod from tha string, i. e., the string (6,1,100) will
give rise to the substrings (6,1,0) and (6,0,0). The strings,
tosether with their associated frequencies, are then vwritten out .

to a second tape for sarting into ascending size and decreasing



incidence order where the three strings above are presumed to
ave sizes of three, two 2nd one unit respectively. 'The resuiting
ranked frequency list is then used as the input to the screen
set generation program which yields a set of approximately
equifrequently occurring screens.
| The derivation of sets of equally frequently occurring sets
of attributes has been thoroushly investigated in the context
of bibliographical infbrmatioh systems where the objects are
teztual in nature; €. 8o document index'berms or aﬁthor names in
a directory, and the attributes to be considered are strings of
alphanumeric characters. Perhaps the most common approaéh is
to represent the objects, 1. e. the text, by variable length
character strings, the ionger strings represeﬁting those
character juxtapositions that occur most frequently in the text
corpu5(189,190,191§192)° In one application, character strings
are generated from the text by moving along it one character
at 2 time and producing a fixed-length string at each point§
this length is the maximum-sized string that is to be allowed
into the final set of attributes. The string occurrences are
suzned, together with those of theif parent strings, and the
reszultant frequency list used as input to the symbol set
generation algorithm. As text is one-dimensional invcharacter,
the attributes are also linear and generic attributes are easily
ob%ained by successive righthand character truncation. Thus the
first character of the word COMPUTE will yield the strings
coLPUTE, COMPUT,,COMPU , COMP , COM s etcs dovm to C ;
a detailed description of this procedure is given in (196).
The inteser strings described above moy be manipulated in
an entirely analogous manner and we now present an algorithm,
which has been implemented in Alg0148-R, to produce a screen set

from a sorted input tzpe file of string frequencies,
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The program makes use of a threshold frequsncy, T, above which
strings will be considered for inclusion il the screen set. The
relationship

T = N/4*N
was used where M is the screen set size and N is the total
number of fragment incidences summed in the cumulation program;
a tape record containing this number is constructed so as to
move to the fop of the cumulated fragment frequency list after
sorting and it will hence be the first record to be read by
the program after the input tape file has been opened. . The value
of 4 in the deﬁominafor was found empirically: a similar
relationship has been used by Yeates(197). The value of M is
the only parametgr required by the prozram and is usually onse
less than a multiple of 24; the computer used for this work
had a 24~bit word-~length and a single bit is reserved for use
as a conflated screen, that is one which ma2y be assignzd if no
match can be obtained for a substructure with any of the othar
sereens in. the set, ‘An alternative procedure would be to ensure
‘that all the single integer strings, i. e. all possible bonded
atom representatives, were included in the final séreen sete

A trial screen set is obtained by including in the set all
those single integer strings with assoclated frequencies 2T;
as the number of such strings is usually less than M, the set
i1s made u? with dummy, zero-filled strings. DuringAsubsequent
jterations of the algorithm, the set of ‘strings of a given size
is Yread in from the sorted tape file and these strings are
considered for inclusion in the set so as to improve its
equifrequency properties. Consider a general string, 845 of
length n whose parent fragment s, of length (n-1), is included

in the set created at the end of the previous iteration, s;



will be stored for consideration as a potential new screeﬁ if both
its frequency, fs , and the difference in frequency between it

. 1
and its parent are not less than Ty that is

£, 2. T amd £ -f 2 T,

i i
The latter requirement is to encompass the parent-filial
associations discussed by.Hodes(180) vhilst the presence of the
parent in the screen set is dictated by the need for a strict
fragment hierarchy to permit easy generic coding at search time;
it has also been claimed that, for character strings, an emphasis
upon the shorter strings may yield a better final relative
entropy(199). Since, in latef iterafions, there may be many
possible strings satisfying the frequency criteria above, only
the M most frequently occurring strings are actually stored; thus‘
if m n-length strings have already been stored, the new string s

i
will be discarded unless fs is greater than the frequency of the

1east»freqpent of the strin;s already stored for subsesquent
consideration;

At the end of’an iteration, that is at the end ofAthe screens
of a’given size n, the potential'new screens are merged with
those already in the screen set end a pruning procedure carried out
to remove certain superfluous screens. Consider ;n iteration |
in which strings of length n have been considered and then added
to the (n;1) and smaller strings already in the set. Then for
every (n—1)-1ength strinz, s, 2 check is made to see whether
the addition qf the n~length string 84 has reduced the parents'
frequency below T, i. e. vhether '
wheré the summation is over a2ll the n~length £ilial sfrings, si,
of the parent fragment. If this inequality is found to hold,

£i1i21 fragnents are deleted in inverse frequsnsy order until
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fs risas above Te Thus if a string (23,179,60,0,0) has an
associated frequency of 172 and its filial strings (23,179,60,473,0)’
(23,179,60,479,0),(23,179,60,515,0) and (23,179,60,720,0), with
frequencies of 41, 74, 23 and 21 respectively, have been selected
as possible new strings then
£, - Z fSi = 13
which, for a threshold of 20, is too low. The least frequent
strinsg, (23,179,60,720,0), is accordingly deleted and fs now
rises to 34; this above the threshold and the next (n-1)-1length
string may be considered after f has been reset to its original value.
After all the strings have been'inspected in this menner, a note
is made of tﬁe size of the current screen set and, ij'STM, the
set is sorted into alphabetical order, to permit a rapid lookup
via 2 binary search in the next iteration, and the program
éontinues'to consider the (n+1)-length strings. If, however, the
size cf the new set.>7m, the least frequent screens are deleted till
the required size is achieved; the program then proceeds as before.
Occasionally, it may not prove possible td produce a screen
set of the requirea size since there may be insufficient strings
obeying the strict frequency requirements; in practice, this
only éppears t§ éccur if a large set is being constructed from
a very small compound file. Thus, Ganhon found that a minimum
of about 100 compounds was needed to produce sufficient six
integer strings for a 239-member, atom~centred scraen set(138),
Having described the procedure in qualitative terms, we now
present the basic algorithm. Apart from s, si, £ fs.’ T andi i
which have been introduced above, two arrays, A and B,lnesd to
be defined. A, which is of size M, is used to store potential
scresns of length n during an iteration whilst B, of size 2%,

holds the screen set obtained at the end of the (n-1)th iteration



79

together with excess space to accomodate the contents of A when

the tno arrcys are mereged.

(1) reéd first tape record znd M; calenlate T.

(ii) n =1, ‘ o
(iii) read a string, sif if fs'ﬁ.T store sS4 in B; repeat until

i
all the single integer strinzs have been read and then sort B

into alphabetical order.

(iv) n :=n + 1; y := O.

(v) read a string from the sorted imput file; if the length 7
n go to (ix) (dumny records have been inserted between exch of
the groups of string; of a given length).

(vi) if fs.<f T or 5 is not in Bor £ ~f < T go to (v).
(vii) if A is not full, add 5; to the (1) th position then if

y = M, sort the strings in A ininverse frequency vrdsr end go.to (v).

(viii) if fs > least frequent member of A, insert s, and rosort

A; go to (v).
(ix) merge A with B and sort into alphabetic2l order so that
cach parent string, s, appears befors its filial strings, s,;

~

for each string s, of length (n-1) evaluate £~ T Z T ‘and if

i
the incquality does not hold, delete filial strings in inverse

frojucncy ordaruntil tfue anl then rcscbtfs to its original valuc.
(x) while the new set size> M, delete strings,in size.and inverse frequency
order, from B; sort B into_alphdbeticdl'of&er;.if thére are still
strings to be considered go to (iv).
(xi) if the set size = M output B and halt; otherwise fault.
A listing of an Algol68-R implementation of this algorithnm,

using different notation, is included in Apnendix T
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A substructure search system for the retrieval of chemical

reaction information.



V.1 Introduction

In the seconi end third chapters of this thesis, we have
outlined two methods for the automatic characterisation of the
structural changes occurring in a chemical reaction. In this
final chapter, we describe the design and implementation of
an experimental substructure search system(SSS) which permits
searches for reaction queries to be made utilising both methods
of analysis: »

Many SSSs have been described in the literature(22,23,24,25,58,
181,193,194) but they all have in common the concept of two or
more ievels of structural description. This permits the efficient
elimination of many obvious non-~hits at an early stage in the‘
search by the use of a simple binary attribute characterisation;
sdbseqﬁently, those molecules not so deleted are pas.sed on for
a more sophisticated, and time-consuming, analysis ﬁsing a more
detailed structure represenfation. The initial level of
structural descrintion is some form of fragment bitscreen which
can be searched 2t very high speeds and the fragments descfibed
are generally algérithmically assigned fromAan input whole
structure representation although manual assignment is, of course,
also possible(125). In the previous chapter, we have discussed
one approagh'to the design of screening systems for files of
' éonnecfion tables but others are, of coursq,possible(22,23,168)
whilst Granito et 21.(112) and Granito(113) have described an
assiznment procelure whereby thg substructural features describad
by the Ringcode Tfrognentation method are specifically searched in
a connection table; similar work has been reported elsewhere(24,
198).« The giﬁscfeens ﬁa& glso bs au%omatically-agsiéﬁéd from &
.lineaf‘notafion(195,166,2oo). A recent reviev of twenty different

screening systems is given by Powell et Q}.(201).
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The ‘second. 1leval of representation is often "IN which may be
interrodatad using conventional textual string search methods(193,
202). Computatidnally, this is currently a much slower procedurea
and, for certain types af substructure, a large number of alternative
query character strings may need to be tormulated for matching
égainst the compoupaa on file. Granito et al.(166) quote
a twenty-fold increase in processing time if an initial bitscreen
gsearch is not carried out and similar figufes have been given by
steng et 2l.(203).

Those structures that have satisfied the string search{require-
ments may then be passed on for atom-by-atom matching; in many
cases, the connection tables that need to be searched are
produced in situ at this stage, Increasingly, ﬁowéver, ﬁhe WLN
level is omitted and the connection tables of-those compounds
satisfying the initial bitscreen requirements are matched directly
ageinst the queries(22,25,204,205): in such cases, a greater
emount of effort must be expended to ensure an adéquate choice
of frzgments in the bitscreen. Indeed, Rowland and Veal(59)
have recently shovm that acceptable retrieval results may be
obtained simply at the bitscreen level: experiments with a
sampls file of over 200P00 compounds showed that a screening
systen based'on‘the principles discuﬁsed in the previous chapter
achieved an average precision of over 607 for a wide range of
substructural queries.

The reactions SSS to be described is of this latter form, the
heart of the search file consisting of a series of bitscreen
records, though limited WLN stringsearch facilities are also
provided. It should be noted thit the search file is small, less
than 4500 entries, in comparison with the compound files discussed
above which, typically, have upwards of 53000 memberse. Tn the

first chapter, we emphasised the multifarious nature of chemical
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reaction data and the need to provide a variety of modes of access
to ite. Also important in a reactions retrieval system is the
ability to differentiate between those substructural features

that have been involved in the reaction and those that have not.
pue to the use of frggmentation—based methods of reaction analysis,
work.in this department to date has only allowed access to the
former type Ofmoiétyjand this is also in large part true of the
WLN approach of Chapter II. Given a computerised 383, the
unchanged features could, perhaps, be identified using the parent
TINs but in the printed format we have chosen to concentrate our
attentions upon the features that have been involved in the
chaﬁge. '

Our structure matching algorithm provides a unique opportunity
to make explicit the differentiation between the reacting and
non-reactinz substructures since it identifies just those atoms
involved in the reaction site without any simultaneous rupture
of the reacting molecules. Given tﬁis ability, we may think
in terms of a retrieval system in which we may carry out searches
spécifying either, or both, types of feature for the reactant
and/or product structures., The SSS to be described below has
" been designed with this end in mind.

The next section, which is highly implementation-biased, outlines
the .: way in which the various screen sets,which were to be
used in the SSS,were generated; this ié followed by a description
of the query encoding routines and.the generation of the search
f£ile and the final part of the chapter presents the results of

applying a series of reaction queries to the search file,
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V.2 Generation of screen sets

The source file for this work was those 7415 reactions
successfully analysed by the "IN program described in Chapter IT,
For each such reaction, the TLNs of the reactant and nroduct
molecules were input to a Crossbow connection table generation
program, If tables were produced for both of the molecules
. invoived in the reaction, the WLNs, connection tables and WIN
analysis fragments were written out to tape; in this
way a file of 5226 reactions was .obtained in Crossbow . table
format for subsequent processing, ‘

An analysis by Clews(49) showed that, as might be expected, a
file of reaction site residues contained a higher percentage of
heteroatoms than the'corresponding file of parént compoundse. It
was hence decided to use a different set of‘screens.for characterising

the atomS and bonds in the reaction sites from the sets
used for the atoms and bonds in the pafent molecules{ a subsequent
comparison of the atom and bond centred screen sets in each case
showed quite marked differences: thus of 239 screens in each set,
38 atom and 50 bond screens were found not to be common to
the two gets)s

Te have selected four different types of screen for assignment
'for both the parent molecules and for the reaction sites; the

sereens are based upon atoms, bonds, rings and mdlecular formulas,
As these four'types of secreen are to be applied to both reaction
site and molecular features in both the reactants and the products,
é total of 16 different screcn sets are ideally required. However,
inspection of the index entry fragments arising from the WILN
analysis showed little difference between the reactant and product
fragment frequencies of occurrence; it was hence decided in each
case to use the seme screen set for assigﬁment to features on

both sides of the equation., There are thus a total of eight screen
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gets to be assigned to each reaction: this is almost certainly
excessive in view of the small size of the file but this is
preferable to underscreening which seems to have been a severe
problem in a previous reactions 385 .developed in Sheffield
(ioo) .

The two types of molecular formula screen are easily
obtain=2d from the numbers and types of atoms in the parent
molecules and the reaction sites. The screen is a single, 24-bit
word record and contains entries for carbon, nitrogen, oﬁygen,
sulphur, phosphorus and the halogens together with bits for
general halogens and general heteroatoms. It should be ﬁoted that
these screens are based primarily upon chemic;l intuition
réther than the methodology of Chapter IV; thus screens are available
in the.réaction site.screen for theiprééence of upto 6 carbon atoms
whilst the sulvhur screens are restricted to 1 or more than 1.

The ring screens have been obtained from two different sources.
The Crossbow recerd permits the easy identification of those

rings present in a molecule which have been explicitiy delineated

| by WLN and we have used these descriptions as the basis ror the

molecular ring screens. A maximum of three levels of description
has been used, the first énd second of these being the ring.

gize and the number of heteroatoms. If the ring is not carboﬁyclic,
the third level describes the atom types present in the ring but

if there are no heteroatoms; the level decribes the number of
extra-ring coﬁnections. To explain why this differentiation
should be made, consider a carbocyclic, six ring; the first.two
integers in the string will be 6 apd g,and nothing that we put

in the third position can add any f'urthur intormation about the
ring characteristics if the integer pertains to heteroatomic

data. and a different type of data is hence encoded, The heteroatons
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nitrogen, oxygen,gglfur{and phosphorus are assigned the arbitrary
values of 4000, 4100, 410 and 1 respectively and the third level
description is obfained by summing the wvalues for a11 such
atoms present in the ring. Thus the two monocycles showm in
Fig. Vo1 will be described by the strings (3,1,100) and (6,0,3)
whilst the ring system will yield the strings (6,0,2) and (5,1,10).
As an implementation detail we should note that the second intéger
in the string has 50 added to it. Consider a ring giving
the string (6,0;3): in the course of the screen set generation
program this will be iecomposed to the one and two integer strings
(6,0,0) and (6,0,0) which cannot be differentiated. Rewriting the
{bi"‘i;'giniaifitring as (6,50,3) gives rise to (6,50,0), a carbocyelic
six ring, and (6,0,0) which is simply a six ring.

It would be possible to obtain analysis ring screens, that is '
descriptors bf the rings that have been changed in the course
of the reaction, by a comparison of the rings of the rcacting
molecules using the Crossbow record in much the same way as we
have for the derivation of molecular ring descriptors, This has,
"however, been carried out-already in the course of the WLN analysis
and the non-common rings are included in the analysis fragments
for each reaction; moreover, these fragments include the
| gynthetically important ring carbonyl function(though the presence
| of this feature‘could easily = be deduced from the Crossbow
record'if the WLN analysis had not already been carried out).
As before, three levels of description are used in the construction
of the integer strings, the first two being the ring size and
the number éf heteroatoms. For carbocycles, the third integer
represents the saturation which is described by the presence,'or
otherwise,of 2 T symbol immediately prior to the J ring delimiter

in the fragment WLN symbol string; if the ring is séturated,
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the third'integer is 1, otherwise 2. JYor heteroaﬁomic rings,
account must be taken of the fé“lowing seven VLN symbola: V,
0, S, ﬁ, ¥, K and P. These are assigned the arbitrafy values
4, 10, 100, 1000, 1000, 1000(sipce all three symbols describe
nitrogen) and 10000 and the second level integer is'ob*ained,
as before, by summation. For both hetero and carbocyeclic
rings one millién is added to the third integer if the ring is
fuéed, ie €o has @vas the first symbol in the fragment chafacter
string. If the ring is carbocyclic, the second integer is set to
99 for the reasons given above. Thus the VIN analysis fragments
©@T6 AV DVTJ, @LAJ and T6 AM BSJ will be described by the strings
(6,2,1000002), (6,99,1000002) and (6,2,1100) (though the sctual
screens assigned will, of course, depend uﬁon the actuzl strings
that have been chosen for inclusion in the screen set).

The actual analysis ring screen set was obtained from a list'
of the fragments obtained from the YLN analysis; it should be notel
that the resulting screen set is probably different from the one
that would have been obtained from the actual file of 5226 reactions
used in this work Since many of the LN-analysed reactions were
not processed successfully by the Crossbow program. Fach ring in
the 1list of analysis fragments, i. e, each‘string commencing
with T, L or @, vas processed symbol by symbol; to produce a
three integer string as above and this was then wvritten out to
tape for string‘cumulation and, subseqﬁently, scresn sat generation.
The chosen screen set size was 46, i. e. two bits less than two
computer words. One of these bits was wsel os a conflate? sereen
whilst the other viis used to Aaescribe the phenyl ring, the VLN
symbol R, since this 1s no% omsnable to the integer chur:cterisation
described earlier. |

The molecular ring screen s2t, on the other hzni, vwas made from
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a list of 211 of the differmt "INs in the file of 5226 reactions
usal for this worke After the elimination of duplieate WINs, a
total of 8939 Crossbow tables were produced and these were
processad to produce the anpropriate three integer strings. A4Also,
after conversion to redundant adJaconcy matrices using a nrogr"m
written by the author, these tables were emnloyed to produce the
inseger strings which formed the basis for the molecular atom
ani bond sereen sets. The preparation of these has been
dessribed in Chapter IV; suffice it to state here that the
mzximum length strings considered were six iqtegers for boni-
centred fragments =2nd five integers for atom-centred ones

vhich correspond to the substructures illustrated in Fig. V.2.
. TFor each mdlecule on the -tape.of 8939 compounds, 21l possible
ring, bond apd aton integer strings were generated at the higheét
1evel of specificity. For each string of a given fragment type,

2 check was made to ensure that an identical string had not
already been vritter out to tape for that compound; this was

done to ensure_that the cunulated fragment freQuencies referred

to string incidences 51n0fa the resultant screen sets were all

to be assigned on 2n incidence b2sis. The connection table
nalysis program was written in £120168-R and the single pass

of the‘8078 compounds on the tape for which redundont adjacenéy
matriées could be produced required 1267 seconds of cpu time,

this including the z2djacency matrix generation and all the rezd and
mvite accesses to four magnatic tapes. The resulting integer
strinzs were subsejuently processed to produce screen sets of

239, 232 and L7 members for the bond, atom 2nd ring features
re tvvnIV' in ezch cose, the missing bit‘was used as a conflated
scraem,

The final screan sets to be discussed are those used to

chzracterise the atoms and bonis in the reantion sites. For this



purpose, a one in three sample of the coﬁplete d=%a b%se s
iéolated.' For each reaction in this subfile, redundant aajacency '
matrices were produced for the reactins molecules ani thess
métrices were then compared using the graph matchinz 2lgorithm

of Chapter IIT. Integer strings were then created for all of the
atoms and bonds in the reacting molecules but only those
relating to substructures entirely contained within the derivad
reaction site were written out to tape for subsequent sereen

set generafion. Thus for the reaction shown in Fig. V.3, only
the atoms and bonds in the parzial structures showm in the lower
half ofvthe Fig. were cnnsidered., DNote thatvalthough the central
feature, atom or bond, is contained within the site, the integer
strings may well, in the later integers in the string, describe‘
features oﬁtside 6f the site; thus a certain amount of |
environmental information is automatically encoded.

As described in Chapter IV, one measure of the effectiveness
of a sereen set is the relative entropy, this beinz s measura of
the equifrequency of the screens in the set., However, the sets
were obtained from files different to that to which they are to
be assigned; i. e, the search file, and thus the relative
entropies quoted in Fig. V., which are based upon assignment
to the appropriate source file, would probably be somewhat
‘Jdifferent if search file assiznments were considered. The
source file dependence is made manifest by the‘relativa entropy
of the.analysis ring secreen set which is markedly different

ffom the corresponding molecular ring screen s=t. The
Aifference is preswnqbly due to the fact that the sourca file
for the anilysis ringz screen set, a 1list of the LN analysis
fragments, did not contain framianciszs of oceurranse, marsly
the preﬁence of that fragment somzwhere in the file of 7415

ranntions procnssad,.
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The entropies in Fige V.hlare based upon non-redundant
vassignment, that is if a screen (6,50,2) is assign=2d then the
parent screens (6,50,0) and (6,0,0) vill not also be sat. For
~a search system, however,.this additional coding must be done
to permit easy generic searching and it is hence of some interest
to see the extent to which the equifrequsncy perfornance is
derradel as a result of these additional essignments. In fact,
aséignment of all possible screens to the source file for the
three molecular screen sets produced relative entropies of 0,929,
0,786 and 0.923 for the bond, ring and atom screen sets respectively;
this eﬁtroPy reduction in all three cases is noticeably less than

the increase vhen compared with the initial single integer strings.



V.3 Creation of the search file and query encoding tschniques

A program has been vritten to process the file of 5226
reactions mentional ahove in section 2. Tt is in three main parts.
The first sesment takes a Crossbow connsction table and converts
it to 2 redundant adjacency matrix, at the same time assisning
molecular ring screens to the compound using data in the Crosshowr
record; the process is repeated for both of the reacting molecules.
This routine is incapable of handling Crossbow tables derived
from sﬁiro or bridzed ring system-based compdunds and is thus
able to process only about 0% of the reactions in the file.

In the second segment, the two matrices are compared.using our
structure matching algorithm as described in Chapter III,

.The final section validates the analysis, assigﬁs moleculgr
atom and bond and analysis atom, bond and ring screens to both
molecules aﬁd then writes the bitscreens, "ILNs, WLN analysis
fragments and blbllovraphlcal details out to tape.

The program contains about 900 lines of Algol68-Q code and
has been run in 125K words of core on the University of Sheffield
ICL 1906S computer under GIORGE 4, The program required 2428
seconds of ¢pu time to process the file of‘5226 reactions, that
is just over tw§ reactions per second, end the results of this
computer run afe given in Fig. V.5. These figures are very
similar to those obtained from the sample file,and shown in Fig.
ITT.10,in that circa 9%7 of the reactions on file are processed
by the structure matching algorithm; by extrapolation from the
samnle file it may be expected that about 45 of the an2lyses are
in error in some waye. The subtotal of 37 detected failures in
the Firure corresponds to those reactions in which ali of the
reactant or product atoms were eliminated in the course of the

matching procedure: such an occurrence should not take place if
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valid‘mappings have been identified(see, 2S¢ Zey the reaction
of Fige IIT.20).
The timevrequireﬁ, about half a second for each reaction,
is about seven times that needed for the corresponding VLN
enalysis. However, the two timing figures are not directly
comparzble for at least three reasons:
(i)' real magnetic tapes were used as against the GEORGE filestore
multifiles(207) which were employed for storing the results and
the data fér the WLN program; the latter procedure is very
much faster. -
(ii) the Algol68-R compiler used here produces object code
which is about two thirds as fast as that produced from a comparable
COBOL source programs.
(ii1) thé program needs to be used with full run-time overflow
chzcks to encompass those reactions in which the atomic property
vazlues beconme too/large for the computer word reserved for them.
Tt should also b2 noted that the actual degree of program
complexity'was considerably less in the earlier program, the majority
of which consisted of MOVEs and comparisons of various types.
An annotated listing of the Algol68-R progrem is'ihdluﬂed,in;Appendix II.
The file of 4388 reaction analyses was then used as the |
source file for the reactions substructure search system.
The software that has been developed to search the file‘of
reactions is, of course, in large part identical to that used
to characterise the analyses. In particular, bitscreens are
assigned using a comnection table as the primery innut query
structufe representation. These tebles .ore processed in
just the same way as the adjacency matrices of the reacting
molecules +to produce integer stringé which may then be matchel
apzinst the acproprizte screen set(s)s If a match is not obiained

for a search string at the maxdmum level of description, the



query representative is shortened by one integer using rishthani-
(&) b

most truncation and the assignment procedure, a binary search
routine, called agazin. The process continues until a mztching
string is found, when the appropriate bits afe set in the query
bitstrine, or the conflated screen is assigned, .

The input connection table must be complete, i, e. hot,have
any unspecified connections. As the majority of queries involve
substructurzl features, means must be found to satisfy the
unspecified attachments. Since the atom, and hence the bond,
scresns are based upon the units values of the atoms under
consideration, such unsatisfied valencies in the query may be
filled by the use of a dummy atom with the units value ?, a
éymbol not used in the Crossbow system. This being so, not only
will no match Ee obtained if‘we search such an atom against a
screen set but.also we will not assign screens correﬁponding to

substructural feztures larger than than that explicitly delineated

9

by the query. To explain this point, consider the query substructure

sho'm in Fig. V.6 in which ? represents an unspecified atom., If

we consider the carbonyl oxygen atom, we wish to assign screens

corresponding to the circular substructure showm at (a) in the Fige;

and no larger, Such a substructure will be described by the first

four integers in the atomic property string, the remaining one

" describing a substructure that contains the dummy atom. .Since

the exact demarcaiion point at which the required feature ends

can only be dsternminel by some form of path tracing alporithm, the
full, fivz inteser strinz must be generated and searched against
the =-prooriate scraen set; however, the presence of the ?

units vazlua causes & contrihution to the oxyzen atom's fifth ordar
proparty value ~hich ensﬁres thnt a mateh will not be nbtained
with +he sereen set at this lovel of substructural deseription.

8imilorlyr, no matech cin possibly be made for the acid carbon atom



excaent at the first level dne to the cdjacent &nmmy aton. TFntirely
anilogzous arguments cpply to the assignment of bond centred screéns
51nce these are derived from the atom centred property values.

As well as atom, bond, fing and molecular formula searches,
provision is also made for YIN string searches of the analysis
fregments; it would also be possible to inclﬁde string search
facilities for the parent WINs but this has not yet been
-implemented. ‘Sfring searchihg is only cafried out after an initial
bitscbeen match to cut dovm on search times ﬁnd these are '
furthur reduced by the use of a minimal requirements statement
hthh is set at the frort of each analysis and query. This'
statement is a 51nvle 2A-b1t word and gives details of the number
_of atoms and rings in the reaction sites and the number of rings.
in the reactlnv molecules, thus permitting the rapid elimination
of mahy certain non-~hits prior to thé bitstring and VLN matching.

The search program is based on a simpieﬁerial search technique
(1) in vhich the entire file is matched against the quefies, one
record at a‘tiﬁe. The set of query statements is held in core
together with a séries oanssociated binary hit vectors, ohe
of which is assigned to-e%cb of the queries; each bit on such
a vector corresponds to one of the reactions in the file. Fach
reaotnén #hich matches ,a particular statement hzs. the appropriste
bit set in the vector corresponding to that query statement. After
the whole file has beeﬁ traversed in this wey, the ldgical
operations'are read in and the hit Vectors merged accordingly
using AND, OR or NOT logic. The tape containing the search file
is then rewound and sezrched against the.hit vectors: if a
reaction 1s read»whose bit has been set in one of the vectors,
the WINs of the reccting molecules and the bibliographical

raference are output to the lineprinter together with the



number of the query thai has.retrieved the reaction. For many
of the queries searched, the logical operations required were
minimal and thus the second pass of the tape somewhat redundant;
the adopted approach does, however, mean.that the logical
operations need to be considered only once, rathér than after .
every reaction in the filé, thus saving upon computer usazge if
many logical manipulations need to be performeds Search times
were generally abouf 20 seconds tor up to a dozen qury 5tétements7
these including a variety of bitstring and VLN requirements.

The query encoding routines will be described primarily
by examples, the first such.query being shown in Fig. V.7. The
Query will be coded in two parts, corresponding to the two
possible reactant reaction sites, and then the potential hits
will be OR'd together. In both the cases, all of the atoms showm
may be expected to be included in the reaction site and hence
we need to searbh~on1yvthe reactant and product reaction sites
without any simultaneous inspection of the molecular bitstrings.
An arbitrafy numbering of fhe first reactant reaction site is
showvn in the lower half of the Fig; together with the accompanyling
connection table that is input to the search program. The first
" line, C 2 5, states that a connection table is to.be input(C),
that the reactant reaction site screen set and bitstrings are to
be used(2) and that there are five atoms in the connection table.
After this initial card, each subsequent line in the Fig. corresponds
t§ an individual atom, ai, in the quefy substructu;e; the first’
four integers give the numbers of the atoms that are attached
to 2y and the following symbol, ?, Y, Q, C or Z in this case,
iS.the units valge of ase There follows a space, the connectivity
of 259 which is compared with the number of attached atoms as

a check on the coding, and a true of false value depending



upoﬁ whether a; is, or is not, in a ring of some sort, Anélogous
connection tables for the alternative reactant and the product
reaction sites are produced in a similar way.. |
Although such connection table descriptions are complete

in themselves, these representations may be mgde more precise .
by the inclusion of WLN strings in the query. These symbol
strings may then be matched against the WLN analysis fragments
of any reaction which satisfies the bitstring requirements.

In the'preéent case various WLN symbol strings could be used
but, upon the basis of the ranked fragment frequency lists
mentionéd in Chepter IT section 4, the following changes are
used: _

- fON ———> /12
and /ANY —— 3 /1Z.

The complete deck of cards used to search for this query are
shovm in Fige. V.8, the first card being a count of the total
number of query statements that follow. Each such statement
is preceded by a MIN card which contains certain minimal
requirements that must be.met before a bitstring and VLN search’
.,can be carried out; the six numbers refer to the numbers of
reagtant and product molecular and analysis rings and to the
numbers of atoms in the reactant and product reaction sites.’
This record is coded in a single word at the start of each
query and:file;record bitstring and is of most value where
riﬁg changes or large numbers of atoﬁs are involved in the
reaction; in the present case, few reactions will be eliminated
from subsequent search, The W 2 and W 4 cards describe reactant
, the 2, and product, 4, WIN fragment searches; to date, no’

facilities are provided for searching ths reactant, 4, and

product, 3, VLN strings.
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Each query statement is terminated by a semicolon and the
deck completed by the logical requirements that -must be pérformad
upon the individual hit vectors; the initial LOGIC card gives
the number of sets of operations that are to be carried out.

For the first, and in this casé only, such éard, the string of
jintegers 1 1 20 states that query 1 has 1 logically related
query, that this is quéry 2 and that the relationship is OR,
i. es the hits from the two queries are to be merged before
output. AND and NOT logic are also éVgiigb@e.

The second reaction is §hown in Fige. V.9 together with the
query coding used. In this case, the connection tables input,
C1 5and C>3 5, refer to the molecular reactant and product
substructureéjrespectively and correséond to the requirément for
an unchanged ring carboxyl function. The R 2 cards denote that
a reactant VIN analysis ring string followsugnd this is processed
to produce a three integer string as described above; also, the
W in column 21 of the card specifies that a subsequent VIN
string search should be made to ensuré an exact match. The two
ring strings obtained will be (6,1,1) and (6,1,1000001) for the
reactant and product rings respect;vely; however.the analysis
ring screen set will describe both by the bit corresponding
to (6,1,0), i. e. any monohsteroatomic six ring, and thus the
WIN search will ensure a more precise query forﬁulation. The
MIN card should prove much more effective in this case due to the
various ring requiréments. The logic is carried out in two
stages; firstly, the two possible rings are ORéd. together and then
the resultant hit vector intersected with the hits resulting
from the connection table search.

In.many reactions involving ring changes, specification of

these alone may often be sutticient, espécially if a WIN search
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is also possible. An example of such a query is showvm in Fié.
V.10,

Apart trom connection table, ring and VLN string based queries,
molecular formula requirements may aiso be input. These are
normally calculated from any input connection tables but they
may also be stated explicitly if a table cannot be used, e.ge
if there are a variety‘of pbssible units values for one of the
afoms invthe table, Also provided is a U,vthat is units,
facility which is employed if a single units type, rather
than an entire connection table, is to be specified. The
search ﬁrogram sets up the appropriate atom iﬁteger string
aﬁd then zero fills all but the lef'thand-most element; the
string is then searched against a screen set in the normal way.
Both typeé of query encoding are illustrated by Fige Ve11
where the prime requircement is the chaﬁge of one oxygen atom to
a nitrogen or sulphur atom and this is encompassed by the first two
Jeapd setss An M card contains a number, 1-4 as before, specifying
the type of screen that is to be set and then nine integers which |
give the minimum numbers of carbon, bromine, tluorine, chlorine,
jodine, nitrogen, oxygen, sulphur and phosphorus atoms respectively
that are required. In this case, the two molecular formula
change statements shown would be ORéd,fogether and then ANDed
with the requirement for a reactant analysis, oxygen atom
contained within a ring. This is spécified by the format
U a bed where U denotes a units card, a the screen type(1-4),

b the number of values which follow and then b pairs of characters,s gnd a,
the first being the units value and the second, T or F, depending

whether the atom is, or is not, contained in a rinz. In the |

present case, our requirement would hence be deséribed by

U 2 19T, The query may be completed, although this is not

shovm in the Fig., by a series of U cards for all of the possible
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units values of nitrogen and sulphur atoms in a ring; these are
ORed together and then AllDed with the hit vector resulting from
the first three statements. In fact, this query retrieved

six reactions, four of which were relevant to the query.
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Vo4 Evaluation

“In this scction we discuss the evaluztion ot the reactions
SSS in terms of a set of 102 quefies wnich weré searched against
the tile of 4388 reaction analyses described in the previous
section. | |
Thrée mzin sources werc used for the compilation of the set
of queriese. The first of these was 3h‘real queries supplicd by
the Ressarch Information Department of Prizer(UK) Ltd.; en
additional 3 queries were taken from Campbell(4100) who states
that they had been providsd by chemists from ICI Ltd.(Pharamceuticnls
Division)e. The second group was the 18 queries used in the
Derwent = WLN comparison of Appendix Ill. The remaining 47
questions were culled from a variety of literature sources,
all of which contain illustrative reaction types that shouid
be easily searchable in a reactioﬁs documentation servicc(?6,27,
52,76,208)
The queries were coded up as described in Section 3 and then
bdtched up, four or five at a time, tor searching against the
file of analyses; run times were typically 18 seconds'inclusive
of tape transput althougnh one fun, which contained a total of
27 different VLN fragments f'or stringscarch, required over 35
seconds.
In toto, of the 102 gueries searched, 75 produced no output
‘at all, vhilst the reﬁainder gave rise to a total ot 643 retrievals,
individual queries producing between 1 and 143 reactions. Ve have
evaluated these results in terms of precision and screenout.
Precision is widely used in document retrieval experimenta(209,210,
211), normally in conjunction with recall, but screenout - is a
much more useful parameter for chemical retrieval experiments
since the relationship between thcvféém end the content of tho machine-

readable representation ensures pertcet recall. TFor a file ot
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N records, n of which are retrieved in;reépqnse to a query, we
define the screenout, S, by
S = 100(N-n)/N.

Thus S represents the ability of' the system to reject detinite
non~hits if the query encoding has been caretully carried out.
Using this detinition, it may be seen thatlthe lowest screenout
obtained, i. e. the largest number of retrievals(113), was

97.4% with all but 6 of the queries having screenouts or 99%

‘or greater.

| The determination of precision tigures is somewhat mors

ditricult it performed in the absence of user relevance judgements.
In principle, an assgssmenf of relevance may be made by an atom-by-
atom search for an exact match‘with the query substruoture but the
figures obtained may be misleadingly high if other, coﬁcurrent |
changes have taken place in the course of' the rea;tion(as defined
by the set of reactant and product structures). e have.henoe
considered as hits only thése retrievals which exactly match

the query statement and in which no other changes have taken
place; Thus the reactions shown in Fig. V.12 will both be considered
as false drops ifdr”thgiqqery shdﬁﬁ“iﬁ'tﬁc upper’pg#fJQf the F{gﬁre.
SO 'Witﬁﬁfhe §r6§isoffhat-the qud%é&:f;ééisioﬁ'yalueSsl,g;"“
represenf a lower limit to that which-might be expécted in
practice, the results or' the searches t'or those 27 queries which
retrieved some material are shom in Fig. Vi13. In this Figure,

we show the query number together with four numbers, these being
the number of reactions retrieved, the number of hits, the
screenout dnd the precision, the last two being expressed as
percentages and rounded to ona decimal placa for the screenout
values. Although the figures for queries retrieving only one or
two reactions are somewhat misleading, it ﬁan be seen that

the system effectiveness is quite high with 17 of the queries
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préducing precision figures of 50% or mofe;'336 of the 63
retrievals were considered as hits, an overall precision of
52%,

Cnly two of the queries, nose 19 and 24, resulted in noticeadbly
poor retrieval; the query reaquirements which produced 20 false
drops out of 20 and 64 false drops out of 69, are shomm in Fig. V.14
and‘it will be seen that both correspond to'very general enjuiries
for which a minimal.amount of query encodiﬁg is possible,

Such reactions could be mére precisely searched if an exact
molscular formula change could be specified since at present,

" the two reactions can be searched only by stating that there are
at least two carbon and one nitrogen atoms difference respectively
_beiwaen the reactant and product molecular formulae. Thus all
reactions.in vhich these minimal requirements are satisfied

will be retrieved irrespective of‘the other moiecular formulae
changes: at present; this problem can only be overcome

by a series of NdT cards to remove all other possible molebular
changes.

. The distribution of retrieval set sizes 'is similar to that
given by Adamson et al.(212), the majority of the queries
producing 1ittle or no material at 21l. Such queries were often
very specific in character, requiring the formation of specific
rings or the reaction of quite complex functionalities; most of
* the queries in this class were from the group of real industrial
questions. Conversely, a few of the .queries produced a large
output both in terms of actual numbers of_reactions retrieved and
in terms of the number of hits. Such reactions are generally
quite simple in character as noted in the "IN analyses(seé
Fige TTi41) and by earlier workers(139,140); examplcé of such

queries are shom in Fige V.15,



V.5 Conclusions

The high average screennut and precision figures obtained

. for the set of qﬁeries indicztes the effectiveness of the screenin=
system in providing rapid.ani accurate access to the data for

a very large fraction of the substructural reqction queries

that might be expected in an operationzl environment., The
results may also be taken to show the ability of the structure
matching algorithm to characterise the reaction sites_within

the pairs df molecules involved in a reaction. Moreover; the‘
entirs process of raaction site detection, scresn set generation,
screen éssignment and search is fully automatic with manual
intervention required only at the query coding stage., TFven

. here, significant savings of user effort heve been achieved

by ths usé of a cormection table as the primary input query
medium. The taﬁles are subsequently processed to produce

atom, bond and molecular formula screens without the need for
the coder to have any idea as to the contents of the various
screen sets. In this respect, the system is similar to that
developed by Feldman(1h9)§ injeed, the search mechanisms are
jdsally suited to online usags via an interactive graphies
terminal. Uséful additions to the screening system would be

aﬁ exact molecular formula change facility,as described earlier,
and a string;earch capability for parent molecule VWLNs; this
jatter utility would be primarily useful for the rapid detection

of steroids, penicillins ani other characteristic ring nuclei.
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Number of £  Sereen Relative entropy Relative entropy

strings used . set size of sihgle integers:. of screen set
Bond 171804 - 240 0.603 0.967
Kolecular Ring 19584 8 0.4 0.802
Atom 16029 240 0.798 " 0.953
Bond 16127 21,0 0,708 0.977
Analysis Rlng -4052 18 0.703 0.9,2

Atom 21044 240 0,822 0,956

Generation statistics for the screen sets used in the reactions SSS.
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Reactions processéd
Adjzcency matrices generated
Successful analyses
Overflow:

No atoms matched

Detected failures

Creation of the search file for the reactions substructure search system.

5226
4729
4388

296
.37

g*a .



V.

. oo
THNZO 1

S
C®THOHN-O 0 -

Q



| oH
— CH : of
CN

\

/

3

o+
A - s .
? — CM
' ~ H )
C= N

Typical query substructure and

corresponding connection table

- CH

/OH

c’\'\;Noﬁ,

€25

200 0?14F
1°3 1, OY 2F

20009 1F

250 0C 2F

1.0 00z 1F

LA



V.8

00044

onNo FoooOoNOFOOO0
2030504030502m4z

MIN

NN
&
w0 -
O B Py Py By By By Bee By B Py B By
MV N M M N
e I aksd =l NeNe] O b O =
O 0000000 00000
oft~otooroONNO+O0O
203056004050502N#Z
e -

Completa query deck for the substructural change shovm in Fig. V.7,
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opened vhilst a ring containing a cafbonqu group,
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Retrieval results for the

27 queries that retrieved
some material. The first
figure in each set is the
query number and this is
followed by the number of
reactions retrieved, the
number of hits, the secreenout

and the precision.
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VI Conclusions and suggestions t'or fubure work

In this thesis we haveldescribed two methods for the

antomatic indexing of .chemical reactions. Aithough designéd

for dirferent types of structure representation, WIN and
connection tables, and with dif'ferent modes of ﬁse in -mind,
manual ;earching of printed indexes and mechanigsed searching

of a serial bitstring file, they are basad on a commoﬁ prineciple.
‘This is the identification of subsbructures in the rexcting
molecules which are as large as possible given the sole constraint
that they must correspond to features present on both sides

of the ejquation. Onée these areas have been noted as common,
the étoms or WLN symbols contained therein may be flégged in
some way and the process repeated using the unmarked parts ot
. the molecules‘until nqbfurther cormon areas may be found; the
renaining portions of the molecules will theé correspond to
ch; reaction sites. In the cgnnecﬁ?on tablg approach the
commén-features are circular'subétructures which have been
judged to be isomorphic using an approximate graph natching
procedure based on an adéption of the Morgan aigorithm: in the
;secqu method the identification of,identical LN symbdl'sfrings
. is used to detérmine the common features_éfter the applié;tion.
of a multile&él fragmeﬁtation proéedure. |

The usevof VLN implies a characterisation of reaction;ffbes

on the basis of‘symbol, rather than substructural, diffegénceg
but in many cases there is found to be a glose correspondence -
between the two. This is due fo the especial préminence givén.
by the notation to those features which are of prime importaﬁge
in synthetic work and thus an analysis bas=d on WLmeay be“éxéééted

to give a simple and precise result for many reaction tyges.

Tn other caseé, however, there may be little or no similarity



104

between the reactant and product notations even though large
parts ot the molecules have not been changed in the course of
the reaction. Also, the fact that a few symbols may represent
quite large numbers of' atoms and.bonds implies both that
a change may be described in somewhat generalised terms and
that quite complicated symbol manipulations may be required in
the course of the processing. Despite these limitations, the
ability to provide character representations of the substructuras -
involved allows one to produce printed indexes of reactions
at very little cost which could be uéed.in a manner similar
to permuted VLN comovound lists. |

The analyses resulting from the connection table approach
are only searchable in a wholly‘computeriséd system, access to
the file being Yi?ié range of' bit screens which allow the
specification of a wide range of query requiremeﬁfS-for both
the reaction sites and the parent molecules. The need for
computerised search is compensated tor by the ability to
carry out simultaneous substructure searches for both reacting .
and non-reacting features, by the variety of access modes
provided;.by the high degree of reaction site localisation
and‘by the simplicity of the processing. The first ofAthese
features, dual access to both reacting and non-reacting substructures,
is not a&ailgbla from the VLN analysis where the initial means
‘of acceés‘is gié the analysis fragments. |

It is found that the two types of analysis are’cémplementany
in their coverage of the reactions in our file. 'Both methods
deal satisfactérily with a wide range ot acyclic transrormatiSnQ
but ring changes are processed quite differently. The WL
ﬁnalysis»has been designed to isolate complete monocycles

involved in a feaction whereas the connection table analysis



identifies Jjust those indi&idual ring atoms involved; the former
approach is ideal tor ring formation and cleavaga reactions but
jnsensitive to small changes within an individual ring whereas
the converse applies to the latter approach. Aé ;ing changes
account for at least ZC% of the file studigd, it can be szen
that both analysss are needed if a comprehznsive retrieval
service is to be provided. The ring change information could

be obtained'using some form of ring perception algorithm

but such techniquss may prove quite expensive in terms of
'con}putex- time whereas the WIN3 of the ring systems in the
reacting molecules, if available, mﬁy be proceésed very rapidly
due to the fact that the smallest set of smallesf rings has been
previously isoléted in the coding of the notation. The
preseﬁce of the WILN symbol strings also ﬁrovides a second level
‘of search tor those reactions which match the inifial query

bit string; such multilevel searching is common in industrial
substructﬁre search systéms. Accordingly, the experimental
réactions retrieval system that has been developed usss both
types ot analysis to characterise the reactions in the search

file. The initial bit string descriptors are generated from

the connection tables both of' the reacting molecules and of the “

observed réaction sites, this permitting searches tor highly
specitic changes.

The tragment screens used f'or the bit string$ are obtained
by the application ot' well established methods t'or textual
character string manipulation to linear chemical substructure
reprosentations; this has resulted in a method ot screen set
generation and assignment which is computationally inexpensive,
requires minimal manual intervention even at query rérmulation

tim=2 and would seem to exhibit acceptable levels of retrieval
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performance.

It is usual to include suggestions tor further work arising
out of that undertaken in the course of the thesis. However
it_is felt that the;e is little more that can be done in the
present environment: the basic analysis algorithms have been
shown.to bs practicable on the data available'and such searches
as have been carried out have produced acceptable resulté.
‘Further development and evaluation would only seem worthwhile
ih the contéxt of scme specific external implemenfation. Thev
screen set generation procedures, however, appear to be a useful
fooi in the development of general methodologies for screzening

systems and work in this area is continuing.
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0 SCREENSETGENERATION '"WITHY MTH 'FROM' JLIB.SHEF6RALBUM
1 'BEGIN?
2
3 tC' AUTHOR PETER WILLETY , PGSLIS ; 1977,
4 THIS PROGRAN READS AN IHNPUT TAPE FILE CONTAINING POTENTIAL SCREENS
5 RECORDS, THE FILE HAS BEEY SORTED FIRSTLY UPON THE SI1ZF OF THF
é FRAGHENT INTEGER STRINGS AND SECONDLY UPON THEIR INCIDENCRE. THE
7 SIHGLE INTEGER STRINGS ARE READ INTO THE ARRAY "ALPHAFILFE"™ WHICH 18
=8 TWICE THE SIZE OF THE DESIRED SCREFN SET; IT 1S ASSUMED THAT THIS SIZE
-9 1S GREATER THAN THE NUMBER OF DIFFERENT SINGLE INTEGER STRINGS.
10 FOR SUBSEQUENT GROUPS OF STRINGS OF A GIVEN SIZE THE PROCFEDURE 1S 1
11 ¢1) READ A STRING
12 (2) CHECK THAT THE STRING INCIDENCE 1S GREATER THAN THE
13 THRESHOLD VALUE
14 (3) CHECK ALSO THAT THE PAREYYT STRING 1S PRESENT IN THE RURRENY
15 SCREEN SET WHICH IS STORED I "ALPHAFILE"™ IN ALPHABETICAI
16 NRDER
- €¢4) STORE THE STRING IN THE MEXT LOCATION IN "KEYSET" WHTICH
18 IS KEPT IN DECKREASING INCIDEMCE ORDER
- ¢5) AT THE END OF THE STRINGS OF A GIVEN LENGTH, THE ARRAY MALPHAFILE"
20 : ; 5 CONTAINING THE CURRENT SCREEN SET IS MERGED WITH "KEYSFT" AND
== I === ~ THEN SORTED THNTO ALPHABETICAL ORDER. THE POTENTIAL NEW QCREENS, IE
2 THOSE OF THE CURRENT SI1Z8, ARISING FROM A GIVEN PARENT STRING ARE
=y — ADDED TO THE SEY IF THERE IS A SUFFICIENT DIFFERENCE IN TNCIDENCE
2 ; RETWEEN THEHM AND THE PARENT
25 = (6) THE TOP HALF OF "ALPHAFILE" BECOMES THE CURRENT SCRErFN SFT. 'C!
g
=¥ 'HTFDAL TAPEFILE | YCLEAR! TAPEFILE I
- 28 . _IpROGY EXQER ¢u 1VOIHE
e ——————CFAU LT CETAREBRRORED
=8 () HMTDEF(1+1,5127TAPEFILE,EXCEP,1)
=—%3%——— 70" 45 DOV -NEXTLINEL(STANDOUYY
=32  VCHARPUT' SCREENSOUT 4 OPENC(SCREEHMSOUT,LINE PRINTER , 1) ; . B
= . PCE HAXLENGTH IS THE HMAXTIMUY HUMBER OF INTEGERS IN THE SARFEN ,

‘ i?;ﬁsgé,,i, , KS THE DESIRED SCREEH SET SIZ2E. THRESHOLD IS CALCULATED FROM THE




FIRST INPUT TAPE RECORD ''HOSE FINMAL WORD CONTAINS THE TOTAL NUMBER OF
INTEGER STRINGS SUBMITTED TO PROGRAM "sursMpRrOG" ('

LINT! KS 3 READ(KS)Y 3

LINTY 8 13 0 7 LASTSETSIZE 1= 0

[0;50)1'BYTES' TAPERECORD 3

MTRDCY, TAPERECORDINYY ;

VINT' MAXLENGTH 13 ('ARS' TAPERECORDIO))e3

PINTY TOTALINCIDENSGE = 'ABS! TAPERECORNMIMAYLENGTH+2)

YINT' THRESHOLD = TOTALINCIDENGE!/!'(4w(KS#+1))

LINTY KS2 m- KS + K8 3

'"MODEI ' KEY! =

PSTRUCTECYINT! S12F , [V eMAXLENGTHIVPINTY TYPE , 'YINTY TOTAL,NOMREDUNDANT)

[13KS21'KEY' ALPHAFILE : [1:KSY!KEY! KEYSET ; 'KEY' CURRENT :

YREF'IINT! LINITKS = TOTAL 'OF! ALPHAFTLELKSY ;

'REF'PINT! TOTALKS = TOTAL 'OF' KEYSETIKS)

'REF'C1'BYTES!' RECORD = TAPERECORDINIMAXLENGTH42)

LOPYYEQUALS' = ('REFITIVINT! A,B)!1300L!
tBEGIN!
tB00L!' SAME = 'vYRUE' ;
YFOR' X 'TO''UPRY A 'UHILE' SAME 'pO! SAME = AIX) = BIX]) ;
SAHE
LEND! ;

'OP'YLESSTHAN! = ('REF'[I'INT! A,B)!B00L!
IBEGIN!
LINT! X 120 3 '800L! SAME 3= !'TRUE' 3
Yyt 'UpB? A "WHILE' SAME '"pO' (X 'PLUS' 1 ; SAME 3= AfX) = RIX) )
YIF' ALX) ¢ BIX1 "THEN'!TRUE'IELSE''"FALSEN'EF]!
TEND!

.
”

optISRA! = (FINT! 1)FRYTES!
('BYTES! B = '"BYTES''CODE' N,5/1 'EnOC! ; Ry ;

'PROC! FINDPARENT = ¢PINT' M)



'BEGIN'
'C' DOES A BINARY SEARCH OF THE ALPHAORDERED SGREEN SET ARTAINED
AT THE END OF THE PREVIOQUS ITERATION 'cC!
PINTY L 1= 0 4, R §= LASTSETSIZE#1 , ) := VENTIER'((L+R)/2) 1
YINT' FOUND 1m 0 &
'REF'CITINT! A = UTYPE 'OF! CURRENT)I[Y:MY ;
"WHILE' 4 # L 'pO?
1BEGIN!
"REF'TIVINT! TAFJ = TYPE 'OF' ALPHAFILELJ]Y
YIFY A 'EQUALSY TAFRJI4¢M) 'THEN' FOUND 1= TOTAL 'Op?
ALPHAFILELJ) 3 L 313 J
YELSF! A 'YLESSTHAN' TAFJI[1:M] YTHEN' R 13 J 1
J = YENTIER'"((L+R)/2)
YELSEY L 13 J o J g= PENTIER'((L+R)/?) 'EI?
LEND' 3
Y1IF' POUND = TOTAL 'OF! CURRENT > THRESHOLD '"THEN!
. KEYSETIS 'PLUSY 4] s= CURRENT
p1!
PEND!

"PROCI('"REF'LYIKEY' , 1PROC'('REFVIKEY! , 'REF'IKEVY'Y!ROOL'Y NaDER
= SHELLORDER 'AS! ORDER
"PROC! AUXORDER = ('REF''KEY' I , V)'800L! :
TBEGIN?
kEYL U 3
LIpY TOTAL 'OFt U 4 TOTAL '"OF! v TTHEN' W s2 U 3 U s2 v 5 v 12 U !
'TRUE' "B SENYFALSE''FI!
TENDY 3
"PROC!' ALPHAORDER = (YREF''KEY! U,V)'BoOL! :
tBEGIN!
‘kEY! U 3} :
YIEY TYPE 'OF' i TLESSTHAH' TYPE '0FY V YTHEN!'IEALSE'
LELSE! W 43 U 3 Y = V 3 V g W 3 VTRUFRIIELY
YENDY
"PROC! SIZEORDER = ('REF''KEY! U,v)!BOOL'



130
131
e
133
134
135
136
137
138
139

'REGIN!'
LKEV! W3 FIFY s12g YOF' U < SIZE 'OF! V 'THEN''FALSEIVELSE!
Woym U 3 U o8 v j y gu y 3 ITRUELIEI

FEND!

YPROCY MAXLEHGTHPRESENT = tInT! |
'BEGIN'
LindTt HAX 512 0
YROR' X 'TO! LASTYSETSIZE !poO!
VIFY SIZE 'OEv ALPHAFILEIX] > MAY VTHEN!
MAX 3= S12E 'OF! ALUPHAFILELX) 'F1' 3
MAX
YENpY

'PROC! UPDATEALPHAFILE = ('INT! SCREENLENGTH)IVOID! 4
YBEGIH!

'C' AT THE END OF THE SCREENS OF A GIVEN LENGTH , THF POGSIBLE NEW
SCREENS IN "KEYSET"™ ARE MERGED WITH THE SET OBTAINED AT THE END OF THF
LAST SCREENmLENGTH , IN "ALPHAFILE"™ , AND THE MNEW SET . | ASTSETSIZE

LARGE, IS SORYED INTO DESCENDING FREQUENCY ORDER 'C!
'RO0OL! B 3= '"TRUE' ;
EENTY=LSS - r® LASTSETSIZE 1
YEOR' ¥ 'TO! S tWHILE® LSS < KS2 !'pO' ALPHAFILEILSS '"PLUS! 1)
KEYSETIYY 1
ORNDERCALPHAFILEI13LSS), ALPHAORDER)
LINT' SCREENSDELETED 1= 0
YROR!' X 'TO! LSS=1 'DO!
'TFY SIZE 'OF! ALPHAFILEIX) = SCPEENLENGTH 'THEN!
YREF''KEY! AX = ALPHAFTILEIX) 3
LINT! SAX = SIZE 'OF' AX « 1
VINTL 7 13 YORAL 'OF! AX
PINTY v 1m x¢1 3
'UAILE! Y &= LSS 'ANSD! SIZE '0F' ALPHAFILELY) a SAX 'pa!
(T tHINUgY TOTAL 10F! ALPHAFTILELY) 3 Y fprLuSt 1) 3
Y 'MINUS' 1 3



140 'C' OFFSPRING SCREENS ARE DELETED ONE RY NNE , IN INVERSE

141 FREQUENCY ORDER, UNTIL THE NONREDUMNDANT PARENTAL FREOUENCY
142 RISES ABROVE THE THRESHOLD 'g!

143 YIF' TOTAL 'OF' AX <= THRESHOLD P'THENVYEQR' 2 VEROM! X 'TO' Y 'pOY
144 TOTAL 'Opr' ALPHAFRILElZ2) ;= O

145 'ELSE!

146 YUHILE! T <= THRESHOLD 'DO'I'BEGIN!

147 LENT! SMALLEST 12 1 ¢ MIN 3 999000 3

148 LEQR' 2 VEROM' X+4 70! Y 'DO?

149 t1F1 TYOTAL 'OF' ALPHAFILE[ZY < MIN 'THEN?

150 SMALLEST 3= 2 3 M14 13 TOTAL '0F! ALPHAFILEL2Y 'FI'
151 T=tplust MIN }

152 TOTAL 'OFY ALPHAFILEISHMALLEST) s 0 ;

183 SCREENSDELETED 'PLUS' 14

154 LEND!

1585 YEIt

156 tEI!

187 ORDERCALPHAFILET1EILSSY, AUXARDERY

158 S IMINUS! SCREENSDELETED

15¢9 tC' SET LASTSETSIZE UHICH GIVES THF SCREEN=SET SIZE AT THE
160 END OF THIS ITERATION !Q1¢

161 LASTSETSI2E =

162 LIFY LIHITKS > 0 'THEN! 8§ 313 KS 3 '70!' KS 'WHILE!

163 TOTAL '"0F!" AUPHAFILELS) = LIMITKS 'Dot S 'pruse 1 ;3 §

164 'ELSE' S 2 ¥8 3 "UHILE' TOYAL '"OF' ALPHAFILECS) = 0 'Dov § "MINUS!' 1}
165 S tFIT! 3

146 ; § = 0 3

167 ORNDERCALPHAFILETTILASTSETSIZE)Y,ALPHAORDER)

168 TEND! }

169

170 'PROC! RELATIVE ENTROPY = 'REAL!

174 tBEGINH!

499 LiuT! N 3 0 3

473 EpoRY % LTO0Y LASTSETSIZE 'pot

T (BEGIN!



175
176
177

178

= -4 99
180

181
182
183
184

185

209

186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208

TREFMIKEY! AX = ALPHAFILEIX) 3
YIFY SIZE 'OFY AX < HAXLENGTH 'THEN!
LREFIMINT!Y T = NONREDUNDANT '0F! AX ;
FINTY SAY = SI2E '0F! AX « 1 3
LINTY FIRST = (TYPE 'OF! AX)[1)
*BOOLY B 1= YTRUE'! 3
YEQR! Y 'EROMY X4 !
YBEGINY
IREFVIKEY' AY = ALPHAFILELV)
T1F! SI2E 'OF! AY 3 SAX 'THEN!
"1t (TYPE YTOF' AX)[1:SIZE '"OF' AXY 'EQUALS!
CTYRE TOF! AY)[1:812F 'OF' AX) 'THEN! T 'MInpS!
' TOTAL 'OF' AY 'ELSE' B 1= 'FALSE!?
Fio
tgl!
YEnp!
IFIl
LEND!
LEOR! X 'TO! LASTSETSIZE 'po!
tIFL SI12F '"OF! ALPHAFILEPX) = 1 *'THEN!
N-'PLUSE TOTAL TOF! ALPHAFILEIX) 'r1' 3
YREALY J 1= 0,0 )
LEOR! X '"TO! LASTSETSIZE 'no!
1BEGIN!
PINTY vKX ® NOWREDUNDAMT 1OEY ALPHAFTILEIX)
J tpLuUsg!?
YIFY TKX = 0 '"THEN! 2.0
YELSE!'"REAL® M =3 TKX/TOTALINCIDENCE ; MwaLN(M) '"F1!
YEND!
1IC' 2 1S THE NUMARER OF UNASSIGHED FRAGMENTS 1 . E. THE FRAGMENTS
FOR UHICH WO 81TS WOULD RE SET USING THE CURRENT SCREEN QET ¢!
LENT!' 2 8 TOTALINCIDENGE = N 3
m(J '"PLUSLITF! 72 3 O 'THEN! 0.0
' TELSEYIREAL! B = 2/TOTALINCIDENCE ¢ MwiN(HY'FI')Y/LNCLASTSETSIZF+1)
END! }

TO! LLASTSETSIZE 'WHILE! B '"bn!



210

211

212
2T
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

229

230
231
232
233
234
235
_-2%4

=1

238
=289
240
241

- 242

L2

YPROC! READSCREEN = ftV¥OID'
'1BEGIN!
MyrD(1,RECORDL11)
"BOR' X 'TO! MAXLENGTH 'DO!
(TYPE 'OF' CURRENTYIX] 2= "ARS' RECORDEX#11
SIZE 'OF' QURRENT ¢=m 'ABS! RECIRDIMAXLENGTH¢2]) ;
TOTAL 'OF' CURRENT := HOHREDUNDANT 'OF' CURRENT =
tABS! RECORDIMAXLENGTH+3)
YENDY

YPROC! TRUNCATE SCREEN SET = 'volp! 3
'BEGIN'
1C! TRUNGATES TYHE SCREEN SET BY NELETING STRINGS IN SI1ZF AMD
IHVERSE FREQUEHCY ORDER 'C!
EFNTE 1= LASTSEYTSIZE
PLINT! SAFLS = MAXLENGTHPRESENT 3
ORDERCALPHAFILEFTELASTSETSIZEY,SIZFORDERY
PUHILE! SIZE '0F! ALPHAFILEIX) = SAFLS 'pO' X 'MINUS' 1
ORDERCALPHAFILEIX 'PLUSY 1:LASTSETSIZEJ/AUXORDERY 1
LASTSETSIZ2E 13- 8 $m KS
ORDERCALPHAFILEI1iSI ALPHANRDER)Y |
'skip!
FERND!

PRINT(("DESIRED SCREEN SET SIZE = ",KS+1,NEWLINE,NEULINE,

"CALCULATED THRESHOLD FRFQUEMNCY = ",THRESHOLND,NEULINE)) :
VIHTLE?Y (READSCREEN 3 SIZE '0F' CURARENT = 1) !nO!

PIF! (TOTAL 'OF' CURREHT > THRESHOLD)

TANDY (S < K§) '"THEN!

ALPHARILETS 'PLuUS® 1] 1= CURRENT

YEIY
LASTSETSIZ2E =2 § ; § i=m 0 ; »
YEORY X YFROH! LASTSETSIZE + 1 !'TO! KS 'nO' TOTAL 'OF' ALPHAFIIEIX)
ORDER(ALPHAFILEL 131 ASTSETSIZE],ALPHAORDER)

1= 0



245

247
248
249

— 250

251
252
253

254
-.285

256
257
258
259
260

261

262

- 263

264
265
266
267
268
269
270
271
272
273
274
275
276

277
278
279

LEOR! X 'FROME 2 tyoil HAXLENGTH 'DOIIREGIN!
YWHILE' (READSCREEM 7 SIZE '0F' CURRENT = X) 'hot
LIFL (S 4. KS)
YAND' CTOTAL 'OF' CURREHNT > THRESHOLD) PTHEN?
FINDPARENT (X~1)
F2E ==
UpDATEALPHAFILE (X=1)
LENDY
"1F! LASTSETSIZE > KS 'THEN' TRUNCATE SCREEN SET
YELSF' LASTSETSIZE < KS 'THEN! FAULTC("INCOMPLETE SCREENSET") ! EREF
'ELSEY S = LASTSETSIZ2E 'FI! ;

'C' THE FIRST LINE OF THE OUTPUT SEREEN SET CONTAINS (1) THE MAXTMUM
POSSIBLE SCREFN LENGTH, (2) THE MAXIMUM ACTUAI SCREEN LENGTH AND
(3) THE NUMBER OF DIFFERFENT ONE=INTS '¢!
PUT(SCREENSOUT ,MAXLENGTH) ;
HAXLENGTH y= MAXLEHNGTHPRESENT
YREALY M g3 RELATIVE ENTROPY 3
PUT(SCREENSOUT, (S,MAXLENGTH)) 3
HAXLENGTH 3= 0
'C' WE NOW DETERMINE THE NUMBER OF DIFFERENT ONE=INTS = THIS WILL
RE THE SIZE DF THE INDEX THAT IS RFQUIRED TO SFARCH THE QCREEN SET 14!
'FOR! X 'TO!' § DO
LIFY SIZE 'OF' ALPHAFTILELX) = 1 'THEN' MAXLENGTH 'PLUS' 1 'gr! 3
PUTCSCREENSOUT ,MAXLENGTHY 3
PUT(SCREENSOUT, (TYPE TOF' ALPHAFILEISI)[1)) 3 '€0 WRITE OUT THE FIRST
INTEGER OF THE FINAL INTEGER STRING WHICH IS USED IN THE ASQIGNMENT
PROGRAM (1
'FOR! X 'TO! § 100! pUT(SCREENSOUT, (NEWLINESSIZE 'OF!) ALPHAFILEIX],
TYPE 10F' ALPHAFILELY1Y) ;
NEXTLINECSCREENSOUT)Y 3
PRINTC(NEYLINE,NEWLINE, "FINAL RELATIVE ENTROPY = ",M)) 3
MAXLENGTH 3= 0 3 'POR® X 'TO' S 'DAO! MAXLENGTH 'pLUS!
NONREDUNDANT 10F! ALPHAFILELX) ;
PRINT((NEULINESNEWLINE,"TOTAL ASSIGNMENT FREOUENCY = ",MAXLENGTH)) 3



280
281
282
283
284
285
286
287
288

PRINT((NEUYLINE,NEULINE, "UNASSIGNED FREQUENCY = ",

MAXLENGTHY)

'TO!' 15 'DO' NEXTLINECSTANDOUT)

FINIS
MTYEND(1,"CLOSE™")
TSKIP!

LEND!

PFINISH!

L3 X2

[]
’

¢

TOTALINCIDENCE =






STRUCTURE MATCHING PROARAM 'WITH' MTH 'EROM' s LIR_SHEF4RALRUM
'BEGIN?

'C' AUTHOR PETER WILLETY , PGSLIS , 1977 '¢!

'C' THIS PROGRAM CARRIES OUT AN AUTOMATIC ANALYSIS OF A rHEMICAL
REACTION USIMNG CONNECTION TABLE STRUCTURE REPRESENTATIVEg. IT IS

IN THREE MAIN PARTS, THE FIRST ONE TAKES A "CRrROSSBOU"™ AONNECTION
TABLE AND COWVERTS IT TO A REDUNDANTY CONMECTIVITY MATRIX  THE
REACTANT AND PRODUCT MATRICES ARF THEN COMPARED, USING AN APPROXIMATE
STRUCTURE MATCHING PROCENDURE BASED ON THFE MORGAN ALGORITHM, TO
IDENTIFY CERTAIN AREAS COMMON TO THE TWO STRUCTURES. THE DIFFERENCES
ENGEYDERED BY THE CHANGFE ARE OBTAINED BY SUBTRACTION 1y THE FINAL
SECTION, A VARIETY OF BITSCREENS ARE ASSIGNED TO CHARACTERISF ROTH
THE HOLECULES INVOLVED IN THE REACTION AMND THE ANALYSIS 1TSELF (0!

YCHARPUT' ANALYSISFAILURE ; OPENC(ANALYSISFAILURE,LINE PRINTER.?2)
"CHARPUT' HMATRIXOUT 3 OPENC(MATRIXOUT,LINE PRINTER,1) :
{11003V INT! RPERCENT , PPERCENT

"CLEAR! RPERCENT ; 'CLEAR' PPERCENT ;
YMTFDAT FDAINPUT 3 'CLEAR' FDAINPUT ;
NAHE 1OF' FDAINPUT ¢= "ISICONNTABLE"
FGN-YOoprY FDAINPUT =2 T

LUTFDAL FDAOQUTPUT 3 'CLEAR' FDAOUTPUT
NHAME 10F" FDAOQUTPUT 33 "REACTIONFILE"
FGH '0p' EDAOQUTRUT = 1 3

IpROG! EACEP = 'VOID'
'BEGIH!
'sp!' E '0F MTHWORD11 = 2
FTHEH' PRINTE(NEBULINE,"w+END OF INPUT TApEx«" , pBC 'OF"
FDAINPUTY)Y 3 TGOTO' FINIS
*ELSE! PRINTC(NEULINET"EXCEPTION" ,MTHWORNT1))
FAULT("PROGRAY TERMINATED"™)



35 ipy!

36 LEND'

37

38 MYDEFC1,0,0,FDAINPUTIEXCEP,1)

39 MYDEF€2:1,512,FDAQUTPUT,EXCEP,?2)

40 YINT! REACTIONS 1= 0

A4 VINT! GENERATED ADJACENCY TABLE :2 0

42 VINT' OVERFLOWINMATCH ¢= 0

43 PINT! SUCCESS = 0

44 FINTY NOHMATCH sw O , KLLMATCH 3= 0 i

45

46 'MODE! 'SCREEHT = 'STRUGTY('INT! SIZ2E,[1:4)1'INT! TVpEy

47 YMODE! LINDEX' = '"STRULT'('INT' TYPE,MAXSIZE/FIRST,LAST) { ,
48 YCHARPUT! BONDFILE, RINGFILESATOMFILE,ANALBONDFTILE,ANALRINGETLE .
49 ANALATONEILE 3

50 CI'REFI'CHARPUTY Cp = (BONDFILE,RINGFILE,ATOMFILE,ANALRONDFILE,ANAIRINGFI =,
51 ANALATONFILEY ¢

52 f1:6J0INT! INDEXLIMIT ,° SCREENSETSIZE , MAXPOSSIRLESCREENLENGTW
53 MAXACTUALSCREENLFNGTH

54 YEOR' X 'TO' 6 1DO' OPENGC(CPIXY + FILE READER , X) :

58 YFOR' X 'TO' 6 'DO! GET(CPIX),(MAXPOSSIBLESCREENLENGTHIX) , SCRFENSFETSIZFIYX)
56 +MAXACTUALSCREENLENGTHEXIVINDEXLIMITIXY)Y) ¢

57 [1:SCREENSETSIZEL131'SCREEN" BONDSCREEN 1}

58 [1:SCREENSETSIZ2EL2Y1'SCREEN' RINGSCREEN 3

59 [1:SCREENSETSIZELI331'SCREENT ATOMSCREEN i

60 {1:SCREENSETSIZELLI1'SCREEN"' AMALBONDSCREEN

61 [1:SCREENSETSIZEL5Y1'SCREEN! AMALRINGSCREEN

62 (1:SCREENSETSIZELAYY'SCREEN' ANALATOMSCREEN

63 (1:INDEXLINITTAI) " 1NDEX" BONDINDEX 3

66 (Y11 INDEXLINITE2Y) ' I NDEX' RINGINDEX 3

45 [1:INDEXLINITIZI)IYINDEX' ATOMINDEX

b6 (A INDEXLIMITIAY) INDEX' ANALRONDINDEX 3

67 [1:INDEXLINITISII " InNDEX" ANALRINGIMDEX

68 (Y INDEXLINITTAYITINDEX ' ANALATOMINDEX

69 [(1:SCREENSETSIZEL114171:6) " INT! BONDPARENT



70 [1:SCREENSETSIZEL214171 ¢33V INTY RINGPARENT

71 [1:SCREENSETSIZEI314¢171:51INT! ATOMPARENT
72 (1:SCREENSETSIZE[4Y4171:61INT' ANALBONDPARENT 3
73 (1:SCREENSETSIZEIS141519:31 " INT' ANALRINGPARENT
74 (1:SCREENSETSIZEL614171:5) " INT' ANALATOMPARENT 3
75 CI'REFYCIVINDEX! IMNDERREF = (BONDINDEX,RINGINDEX,ATOMINDEX,ANAIBONDINDEX,
76 ANALRINGINDEX ,ANALATOMINDEX)
77 [Y'REF'(]'SCREEN' SCREENREF = (BONNSCRFEN,RINGSCREEN, ATOMSCREEN,
78 ANALBOHDSCREENIJANALRINGSCREEN,ANALATOMSCREEN)
-79 CI'REFYC,)YINTY PARENTREF = (BONDPARENT,RINGPARENT,ATOMPARENT,
80 ANALBOWDPARENTIANALRINGPARENT, ANALATOMPARENT)
81 YCLEAR' BOHDPARENT 1 TCLEAR' RINGPARENT 1 'CLEAR' ATOMPARENT :
82 'CLEAR! ANALBOWDPARENT ; 'CLEAR!' AMALRINGPARENT ; 'CLEAR' ANALATOMPARENT 3
A3
84 'STRUCT'CL111)'AYTES!Y LENGTH,[1:11'31TS' MINITMUMRFQUIREMENTS,
85 [134)Y'BITSY MOLFORMBITS,
86 [1:84,031)'BETS" RINGRITS,1:2,0:03"BITS!' MOLATOMBITS,(1:2,0:01'BITS?
87 MOLBONDBITS,f112,0:971'81TS" ANALATOMBITS,[1:2,0:01'B1T7S? ANAIRONDRITS,
88 [13400) ' CHARY WILMERAGHENTS,[1:2001'CHAR! WIN,[1:201"'CHAR?
B9 BIBDETAILS)OUTPUTRUFFER
-90 'REFUIBITS! MINIMUM = (MINIMUHREQUIREMENTS 'OF' OUTPUTBUFFEFR)T1] :
91 "REFYII'CHAR® RWLN = (ULN 'OF' OUTPUTBUFFER)I1:1001 ., PWLN =
92 (WLN 'OF! OUTPUTRUFFRER)[101:200)
93 CLENGTH TOF'" QUTPUTRUFRFER)[1] := "0N3Y" 3
04 ISTRUET' ([1:1)1'BYTEST LEHGTH , {1:23001'CHAR' CROSSROUYBUFFER
95 YREF'[II'CHAR' ¢ = ¢ROSSROW 'OF' BUFFER ?
96 YINT! pA ; 'C! pOINTER TO THE CROSSRBOW RECORD '(C!
o7 ) 3
98 [1:1003INT! RCONNECTIVITY , PCONNEGTIVITY @
99 043150, 1821 10T RRONDTABLE » PRONDTABLE

, 400 C4:93 0 gNTY PHOLEORM T PHOLEORH 3

A0t —— —LINT! RBONDCOUNT , pPRONDCOUNT

=102 ——— [131003'CHAR" RATOMLIST » PATOHMLIST ;

=== = “EINTY RATOHCOUNT o+ PATOMCOUNT

pac=304 [1:100,104) INT" RADJACENCY » PADJACENCY



129
130
131
132
=53
134
135
136
132
138
139

[4:1003'B00L" RDPELETED , PDELETED :
[9:1003'B00OL" RRINGATONTEST + PRINGATOMTEST :
[1:100)3'CHAR" RUNITS 7 PUNITS :

'BOOLY REACTAAT 7

YOPYITHOFOURY = (PREETIINTY X)'INT' @
'BEGIN!
LINTY Z 39 X V/gm® 24 ;
YIF' Z = O YTHEN' 2 23 24 : X 'HMINUS! 1 'gr' 3
Z
'ENnp! ;

'Op'TEAQUALS' = ('REFLTI'TINT' A,B)'RNOOL'
'*BEGIN!
LynTY X ¢= 0 3 'BOOL" SAME 13 'TRUE' ;
ot Y UPBY A TWHILE' SAME '"DA' (X 'PLUS' 1 : SAMF 1= ArX)
SAME
YEND'

BIX1

YOPY'GREATERTHAN' = ("REF'"LI'INT' A,B)'BooOL' .
IREGIN!
LINT' X 3= 0 5 '800L"Y SAME 1= 'TRUF' ;
Yo' 'UPBY A '"WHILE' SAME 'DO' (X 'PLUS' 1 : SAME = AIX) = RIX)
YIRY ADXY > BIXY YTHEN''TRUE''ELSE''FALSE''FI!
YEND!

'OP!'LESSTHAN! = ('REFTLI'INT' A,B8)'BOOLY :
"BEGIN'
LINT! X 3= 0 ; 'ROOL' SAME 13 'TRUF' ;
Yyo''UpB' A 'WHILE' SAME 'DO' (X 'PLUS' 1 ; SAMF 1= AIX)
LEF! ALX) < BIX) TTHEN'!TRUE''ELSE''FALSE''FI!
EEND )

RIX1

n

YFORY X 'TO' 6 'DO''BEGIN'
'C' READS IN A SCREEN SET AND SETS UP THF INDEX, IE A LIsT OF

)

)

)



140 THE ONE=INTS TOGETHER WITH THE ASSOCIATED MAXIMUM LEMGTH POSSIRLE

141 AND THE RANGE OF SCREEN MUMBERS FOR WHICH THAT IS THE FInST INTEGFR
142 (THIS DATA 18 USED TO LIMIT THE FXTENT OF THE RINARY SEARCH)'C!
143 '"REF''CHARPUT! epPX = CPIXY § 'REF'FIVSCREEN' SCREEN = SCREEFNREFIX) @
144 "REF'[IVINDEX! INMDEX = INDEXREFLX) 7 'INT' MAXSCREEMNSIZE =
145 HAXPOSSIBLESCREENLENGTHIXY 3 'REF'F,I'INT' PARENT = PARENTRFFIXY
146 PINT! LENGTH 3= 1 , NUMBER 1= 1
147 PINTY ONEINTS = O
148 GET(CPX,(NEWLINE,SIZE 'OF' SCREEN[1),(TYPE 'OF' SCREENT11)T1:
149 HMAXSCREENSIZFY))
150 LINT! $SS = 'UpRr! SCREEN
151 YEOR' X 'FROM' 2 Tyo' s§SS 'p0O!
152 'BEGIN'
153 YREF'ISCREEN' SX = SCREENIXY + SX1 = SCREENTIX=17 :
154 LINTY 4 3 (TYRE 'OF' SX1)[1) )
155 GET(CPX,(HEWLINE,SIZE 'OF"' SX,(TYPE 'OF' SX)I1:MAXSCREFNSIZF1))
156 '¢! WE SCAH BACK THROUGH THE SCREENS TO DATF T0 DETECT THE
157 ANTECEDENTS OF THE CURRENT SCRFEN; THESE MORF GENERAL SCREFNS
158 WILL BE ALLOCATED AT THE SAME TIME AS THE CURRENT SCREEN TN ALLOU
159 FOR MORE GENERIC SEARCHES '0o!
160 'REFLLINT! gSRX = SIZE 'OF' §X :
161 YIF' SSX > 1 TTHEN!
142 [1:8SXIV'INTY COPY :3 (TYRE '"OF! SX)[1:88X) ; COpPYFSSy¥) = 0
163 TREF'IEITINTTY PX = PARENTIX]
164 LINTY ¥ 3= T ;
165 YFORY Z YgROM® X=1 'BRY!' =1 'TO! 1 'UHILE' ¥ < SSX 'nn!
146 YIB! (TYPE 'OF' SCREEN[Z2))F1:SSXY 'EQUALS' COpY 'THEN?
™ COPYISSX=Y] = 0 3 pPXIY 'PLUS'" 1Y = 2 'g1!
68— PX[1Y 13 vy=1
169 PRIt
120-— YIFY J # (TYRE 'OF' SX)I11 '"THEN?
7= THDEXTONEINTS *PLUSY 1Y = ((TYPE 'OF' SX1)YP1),LENGTH,NUMBER,X) i
=332 HUMBER g3 X 3 LENGTH = 1
=== S E FELSF! SIZE *OF' S¥X > LENGTH '"THEN' LENGTH = SIZE 'Oft SX 'FI'!

=== VEND! 3



187
188
189
190
191
192
193

194

195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

INDEXTONEINTS 'pLUS' 1) 13 ((YVPE 'OF' SCREENISSSIYI1).IENGTH,

NUMBER,SSS+1)
YEND' i

'PROCY SEARCH = ('REFY[I'INT' QUERY STRING,'PEF'LI'INDEX' INDEY,
"RSH'I:J'!NTl GEMERIC,"REF'[Y'SCREEN' SCREEN,'REF'FI'RITS' RITS)
'BEGIN
'C!' THIS SCREEN LOOK=UP PROCEDURF UORKS IN 2 STAGES. Fr1sSTLY,
THE SCREEN=SET INDEX IS SEARCHED TO FIND THF LONGEST POSSIBLE
SCREEN GIVEN YHE FIRST INTEGER OF THE QUERY STRING. IF THIS LFNGTH
IS GREATER THAM 1 WE THEN SEARCH THE SCREENmSET ITSELF USING INEORMAT=
ION IN THE INDEX ENTRY TO LIMIT THE WIPTH OF THE SEARCH 1F THE SCRFE
IS NOT FOUND IN THE IADEX, THE NULL SCREEN 1S AUTOMATICAILY ALILOCATED
UITHOUT ANY FURTHUR ACTION '
"INT! LOWER 1= 0 7 UPPER 1= '"UPR' TNDEX + 1 ,
QUERY = QUERY STRINGITY , FOUND := 0 , HIDPOINT :=
YEHTIER! ((LOUER+!IPPERY/?2)Y 3
YWHILEY HIppOINT & LOWER 'pO!
'BEGIN!
YINT' TJ = TYRE 'YOFY INDEX[MIDPOINT]) :
"IF! QUERY m T4 'THEN' FOUHD 1= LOWER s3 MIDPOINT
YELSF! QUEpY % TJ 'THENT! LOUER 1= MIPPOINT
HIDPOINT s= 'ENTIER'(C(LOUER®UPPER)/2)
YELSE' UPPFR t= MIDPOINT ;
HIDPOINT s= 'ENTIFR'((LO'/ER+UPPER)/2) 'EFr°
YENDY -3
FOUND =
LIFY FOUND > 0 TTHEN' 'REF''INDEX' IJ = INDEXTFOUNDY i
VIF' MAXSIZE TOF' IJ > 1 'THEN!
"BEGIN'
'C' SEARCH MAIN SCREEN SETUSING LIMITS FROM THE INHKEX ENMTRY'(!
“INT! FOUND := 0 ;
"FOR! X TEROM' MAXSIZE 'OF' ¥J 'RY' =1 'TO' 2 YWHIE' FOUND = ()
IDOTIRERIN®
'REE!TI'INT' AX = QUERY STRINGI2:X) :



210
211
212
213
214
215
214
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

237

238
239
240
241
242
243

244

"INTY L 1= FIRST '"NE' 1J =« 1 , R 1= LAST 'OF' 1J
J 1= YENTIER'((L+R)/2)
"WHYLE' J # L 'DOYIREGINY
EREFY'SCREEN' SJ = SEREENTJY
TREFYLIVINT! SJUX = (TYPE '"OF' §Jy[2:X)

YIFEY (SIZE 'YOF'! SJ = X)'AND'(AX YEQUALS' S.uX) 'THEW!

FOUND -3 L . :=-J

TELSF' SJUX YLESSTHAN' AX 'YTHEN' | 3= ) 1 | 1= 'ENTIER!

- (CL+RY/2)
YELSE' R 1= J 5 J = "ENTIER'((L#R)/2) 'Fr¢
YEND'
TEND! 3
'Ct ALLOCATE THE ONE=INT SCREEN TF A LARGEP ONE Hag MOT
BEEN TRACED IN THE RINARY SEARCH 17
LIF! FOUHRD # 0 YTHEW' FOUND 'YELSF' FIRST T'TOf' 14 g1
YENDY
YELSEY FIRST TOF' 1J 'FI!
YELSE''UpB! SCREEN + 1 'FI' ;
'PROC! SETRIT = ('REF"VINT' X) 1 '"BEGIN''INT' M = '"TWOEROUR' X
EREFYTRITSY SF = BITSIXY 7 SF := M 'SET' §F
LEND! 3
'C' UE Now SET THE BIT FOR THE CURRENT SGREEN AND FOR IT& PARENTS
TREF'[I'INT! GF = GENERICIFOUNDY § SETBIY(FOUND)
PEORY X 'TOY GRE4Y "00" C(YINT' 1 := GFIX+4) 7 SETRITCIY)
LEND! 3

YPROCT CREATE ADJACENCY TABLE = ('REFIL,J'INT! ADJACENCY,BOND TABLF,

~'REF'LILINT! CONHECTIVITY,MOLFORM,"REF'"INT! ATOMCOUNT.,BONDCOUNT,
TREFFLIIROOLY RIHNGATOMTEST,'REF'ITIVTCHAR! WIN,UNITS,ATOMLISTY'RBO0) "
'BEGIN!

i 1g!
THIS PROGRAM CONVERTS A CROSSBOW TABLE TO A REDUNDANT ATAM=BOND
COHNECTION TARLE. THE CROSSAOW DATA HAS BEEN

l(:l



245 STORED In THE AREA "C", THE EXACT POSITION

246 HITHIN THIS AT ANY TIME BREING GIVEN RY THE VALUE OF »p"’
247 "pA" IS USED TO MARK THE DEMARCATION POINTS BFETWEEN THE vARINUS
- 248 SECTIONS OF THE CROSSBOW RECORD, THE SECTIONS ARE
249 - (1) UNITS 1 150 CHARACTERS
=i (2) CONNECTION TRANSFFERS ¢ 49 3=nIGIT NUMRERS
251 (3] RINGS & 27 4=~CHARACTER STRINGS
- 252 (4) RING CONHECTIONS ¢ 29 3=DIGIT NUMBERS
253 (5) MODIFIERS : 91 CHARACTERS
254 (6) ULN 3 102 GRARACTERS
255 (7) RINGSCREEFN : 150 CHATACTERS
256 1ct
252
258 YINT! p 13 PA 3
259 LINT! PALIL 1= 09
260 YSTRING' FAILURE
261 'BOOLY 0K 3= !'TRUE! ;
26— FIHTY ATOMHUN
263 [1:40301HTY COUNTRAN 3
264 [4:203vIHTY RINGCONN &
245 : LCLEARY COHNTRAN 3 ICLEAR' RINGCOHY 3
2h6 'BOOLY ACYCLIC += 'pALSEY , B := '"TRUE' 3
267 'REF'LI'BITS' RSBIT = '"IF' REACTANT 'THEN' (RINGRBITS 'OF!
268 OUTPUTBUFFERYIT] 'ELSE® (RINGRITS 'OF' OUTPUTBUFFFRYI3) 'FIv
269
270 'PROCT STRANGEATOM = TvOID'
271 (0K g= PFALSE! § 'GOTO' EXITY ¢
272
273 1C! INPUT INTEGERS ARE WRITTEN ON TAPE AS 3mDIGIT CHARACTERS
274 AND THIS PROCEDURE CONVERTS THEM TO INTEGER FORMAT FOR SURSEQUENT
275 HMANJPULATION 1!
276 'PROCY INTEGER = 'INT" :
277 'BEGIN!
278 FINT! VALUE t3 100%'ABS?CLPY + 10%'ARS' C[p+1) + 'ARS' (C[ps2) :

279 P IPLUS! 3 ;



280 VALUE

281 YEND!
282
2R3 'CY SET UP UNTITS SECTIOM IE "nOT=-PLOT"™ §YMROLS '¢!
_ 28R4 IUHILEY CLP)Y # » ® 1pQY p 'pLUS' ¢ 3
285 YIFY* p = 1 'THEN'! RAILURE = "MISSING RECORD™ : STRAMGEATOM 'pr'
284 '1C' ONLY MOLECULES CONTAINING < 100 UNITS ARE PERMITTED (!
287 CHINTY B 3 P = pA 3
288 LIFY 11 > 100 'THEN! FATLURE := "TO0 MANY ATOMS" 3
289 STRANGEATOHM T1ELSEY HNITS [1¢M) := CIPA:P=1) 'FI' y ;
290 , 'C!' READ IN CONNECTION TRANSFERS . THE FIRST NUMRBER 1S THE ATOM
291 AT HHICH CONNECTIVITY IS BROKEN AND THE SUBSFOUENT ONF THAT AT
a8 YHICH IT 1S neSUMED, 9992 IS A DEMARCATION SYMBOL BEFORF
293 : THE FINAL 3=D1GIT STRING WHICH IS THE TOTAL MUMBER OF ATn MS
294 IN -THE MOLECuULE 10!
295 P = pA 'PLUSE 150 ;
296 '"FOR! X 'TO! 40 "WHILE' B 'dO!
297 LIF-CIPY = " " 1THEN' B 1= 'TFALSE!
298 'ELSE''REF'LINT! eX = CONNTRANEX) 7 £X s= INTEGER :
299 LIFY X = 0 "TUFNT FAILURE 1= "ZERO IN CONNTRAN" ; STRANGEATOM
300 LELSF! CX = 990 ITHEN' ATOMNUM ;= INTEGER ; B := '"FALSF''gq!
301 EEFE=;
302
303 LIFY ATOMNUM > 96 1PHEN' FAILURE := "T0O0 MANY ATOMS" ; STRANGEATOM 'FI' g
304 [1:ATOUNUM 1 sATOHNUMITINT! CONNECTION TABLE
305 PREF'EY'IHT! CTONE = CONNECTION TABLE[,1Y
306 'CLEAR' COHNECTION TABLF ;
307 ,
308 'ct AS WE IGNORE THE MODIFIERS SECTION IN THE ICT PROGRAM , THIS
50— PROGRAM ONLY HANDLES THE ATOS CNOSP AND HAL. TN A LIMITED RANGE
310 OF VYALENCE STATES . ANY OTHER ATOM/VALENCE TYPES CAUSFS THE FAIL
e ROUTINE "STRANGEATOM™ TO RE CALLED !
—342 YEOR' X 'TO' ATOMNUM "pO?
13 *BEGIN!

314 Li1uT! AUX = 'ARg® UNITSIX] ¢



(6]

318 '1P' AUX < 12 '"THEN' FAILURE := "STRANGE ATOM DETECTED"™ : QYRAWGEATOM

316 PELSE''CHAR! J i= ATOMLISTIXY := "CASE' AUX=11 'IN'

317 "C”o"*",“N";"*","*"’,'”*","*“,"N"n"t"."p","p","*“,"t“,”*","*","*"'
318 "*”o"*‘-"t"a"S"-"N”'i"'r"c”P"."C"."C":"E"."F"."G”."t"."!"."N".”N"-
319 ”C“O”N”J"N":’,O"l"P”;”O":"*"o"S"l"C"l"C"'"*":"S"J”C"o"C“'"N"n

320 Rul N N Ban Men 1EQAQ! 3

321 YIF' J = "e" TTHEN' FAILURE := “"STRANGE ATOM DETECTED™
=11 STRANGEATAM Tg1?

323 tpp!

324 YENDY

325

326 FCU "EQUIVALENT® CONTAINS PAIRS OF DUPLICATE ATOMS (FUSTIAN POINTS) @
327 WHONOCYCLE" CONTAINS THE INITYAL AND FINAL ATOMS AND THE SIZF OF EACH
328 MOHOCYCLE IHN THE MOLEQULE '

329 (925,182 INT? EQUIVALENT 2 'CLEAR'! EQUIVALFNT

330 [4:25,9e3Y 14T HONOCYCLE ; 'CLEAR' MONOCYCLE ;

331 'REF'PI'INT' E1 = EQUIVALENTL.,1) , E2 = EQUIVALENTI,2] .

= =2 HC1 = MONOCYCLEL,1Y , MC2= MONOCYCLET,?) :

333

334 YPROCHT MAKEBOND = (vINT' A,B)'VOID!' :

335 (CONNECTION TABLELAYB) 3= CONNECTION TABRLEIB,A) := 1 )

336

337 '"PROC! ERASEBOND = ('INT' A,BY'VOID! :

338 C*IFY A =0 '0RY B 3 O 'THEN' FATLURF s= "FRASEROND FAILURE®

339 STRAHGEATOM 'ELSET'

~340 CONHECTION TABIETA,B] 1= CONMEATION TABRLEIRBR,AY = 0

341 PEYL )}

342

343 1C' THE NEXT SECTION READS IN THF RINGS SECTION OT THF AeNSSa0Y

344 RECORD ¢ SEE 1CD PAMPHLET FOR FORMAT DETAILS ). THIS A1 )0US THE

345 IDENTIFICATION OF ALL MOUHOCYCLES AND RIHNG SYSTEMS PRFESENT IN THE

346 HOLECULE C?

L7 YINTL E 120 3 'C! g BOUNTS THE NUMBER OF ATOMS THAT HAVE REEN

348 cOUNTED TWICE I.E. FUSION ATOMS 'C!

349 LINT' RINGCOUNT 3= 0 3 'C' COUNTS THE NUMBRER 0OF MONOCYCLES PRESENT 10!



350 LINTL X 4u-0_}

351 [4:2710VIHT" RSA ¢+ RSB ;7 'C!' THESE TWO ARRAYS CONTAIN THE NUMBERS Of
352 THE FIRST AND LAST ATOMS OF FACH RING QYSTEM [N THE
353 MOLECULE '¢!

354 '"CLEAR' RSA ;7 'CLEAR' RSB :

355 YINT' RS = 0 3

356 1C! “RING SYSTEM™ 1S USED TO DETFCT 2 4=DIGIT (ONF 3-DIGTT
357 RINGSTART AND A STINGLE=DIGIT RINGS12E) STRINGS IN SUCCESSION 3 THIS
358 HARKS THE END OG ONE RING SYSTEM AND THE START OF ANOTHER '(C!
359 'STRUET! ('INTY LASTONE , ATOMCOUNTY RING SYSTEM 3= (1,999) ;

360 B ¢= 'TRUE' ;

361 YINT!' RIWNGSTART

342 P s= paA 'DLUS! 120

343 'TOY 27 VYYHILE' B 1pot

3464 IBEGIN!

365 "eHARY CP a Cfp) &

344 X tpLUSY 1 3

3567 L1rY Cp # » " tyHEN?

368 PIHNT! V 7 RINGSIZE

369 YIF'TABSY Cp ¢= O 'THEN!

370 LINTY ACP = 'ABS' CI[Pe+3) ;

371 RINGSTART = IHTEGER

372 P 'PLUS! 1 1 TC' ADVANCE "p" TO START OF NEXT 4=CHAR SYRING '
373 PIFY LASTOHE TOF' RING SYSTEM = X = 1 'THEWN!

374 RSBIRS 'PLUS' 1) 1= ATOHMCOUNT 'OF' RING SYSTEM 'g1'

375 RINGSIZE 1= 'IF' ACP = 0 'THEN' 4

376 PELSF! ACP 4= 9 'THEN' ACP

177 YELSE' ACP = 24

378 LR

379 Y 1= RINGSIZE 4 RINGSTART = 1 :

380 RING SYSTEM s3 (X,V) !

381 HOHOCYCLECRINGCOUNT 'PLUSY 1) = (RINGSTART,V,RINGSIZFy :
382 1CY AREATE HING=CLOSURE ROND 'e£!

IR3 HAKEBONDC(V,RINGSTART)

384 1ELSF! Cp = "pm 1R (P = "g"



385
336
387

‘388

389

3900

301
392
303
394
395

30

397

308

399
400
401
402

403
406

408

406

407
408
409

410

411
412
413
414
415
4146
617

418

419

'THE

ELSF=0pn ey

N' - FAILURE 3

= "COMPLEX RING

"THEN'

'e! SPIRO RING PAIR '(Q!

RPTPLU

RSBLRS

E21E]
LELSE! P

11!
YELSE! B
‘eg!

YENDY §

BT

LASTONE !

RSBLRS 'PLUS

RSAIRS]

'Ig?

'To!

st1

:t E10E

= "FALSE!

tpLUS?

S EQUIVALENTILE
! EQUIVALENTIE

SYSTEM" ; STRANGEATOM

1) = INTEGER } P 'pPLUS' 1
IPLUSY 1) :s: ATOMCOUNT
t3 INTEGER
tRLUSE 1 ;
P tpLUs' 1

tOg

RING SYSTFM

'PLUST' 1) 1= (RINGSTART.INTEGER)

tpLus' 1

OF!' RING SYSTEM = X = 1

=1

12 ATOMCOUNT
t=2 RINGSTART 'FI

g

'THE

RING

} 1= (V,INTEGER)

N
SYSTEM 3

tCY CHECK TO SEE WHETHER THE HMOLECULE 1§ ACYcL1C
¢3 'TRUE'IFLY
tC' SET Up RING CONMECTINNS SECTION OF TABLE 'e!
P 1= pA 'PLUS!
ERNTERC 50

X =1 'TH

20 "WHILE
YReFtiINT?

en' acvlLle

108
===Z

1 B :=3

LTRUE!

POINTER TO pPOSITION IN
 Clpy §- 0 ®

RCRC-ga INTEGER 3

EYEY RCRC- > ATOMNUM

'ENp! ;

RS 3
'IF'

1CY KNOWING THE INITIAL AND FINAL

'THEN!

TpOtIBESIN!
RCRE = RINGCONNIRC

'pLUS! 1

FAILURE

ATOMS

RINGCONN 'C?

10

Y=
“RCRC FAILURE" 3 STRANGEATOM 'F1°
OF EACH MONOCYCLE, AND ALSO
WE CAN NETERMINE THFE

THE ENTRY AND EXIT PNINTS FROM EACH RING SYSTEHM,

INITIAL ATOMS IR FACH RING SYSTEM,

IF AN ENTRY IN "RSA"

HUNBERED ALTERNATIVE 1S CHOSEN

"0 7

RC > 2 'THEN''gOR'" J
EINTY RCJ = RINGCOHNIJY +» RCJT = RINGCONNEI41) ¢

LiNT! I 8

11F!

RCJ = 0

AT THE SAME TIME CHERKING THAT

CORRESPINDS TN A DUPLICATFE ATOM, THr LOVER

Lay!_2

"THEN!

tyn!

RCJ1

L

RCe=1

"pO''BEGIN!



420 tELSEY RCJY = 0 'THEN' RCY

421 TELSFY RcJ > RCJT 'YTHEN' REJY 'ELSE! ReJ 'FIY 3

422 Yiyt! L o= 0 3

423 tREfF'LYYINTY MC = HONOCYCLEL,YY ;

424 'aN0L' B = '"TRUERY :

425 Pyd! RINGCOUNT 'WUHILE' B *pOY'apGIN?

L26 L-tpLugt 1

427 YIFY M ¢ MATLY 'THEN' B g3 YFALSE! § L 'YMINUS!' 1

428 YELSF! M = MCLL) '"THEN' B = '"FALSE''EY!

429 TENDY 3

430 RSALRS 'PLUS' 13 §= ('INT' MOL = MclLY 7 'ROOL' B 1= 'gALSE' § | g= 03
T tTOL-E-BYHILEY'NHOTY B 'DNY B ¢= MCL = F2(L fprLus' 13 3

L32 LIFL B EYHEN! ETLLY 'ELSE! MCL 'FI' )

433 TEND!

434 "ELSE! RSAIRS 'pLUSY 11 := HCIL1) 'pI'

435

436 'PROC! RINGSCREENS = (TREF'[JI'INT' HMC) :

437 'BEGIN!

438 1C' SET UP RING SCREENS FOR REACTING MOLECULFS ; THERE ARE 3 LFVFLS
439 0F DESCRIPTION T

L40 1 RING S12E

441 2 HUMBER OF HETEROATOMS + 50

442 3 TYPE Or HETEROATOMS UNLESS THERE ARE NOT AMY IN WHICH CASE( T1E A
443 CARBOCYCLIC RIMNG) THE RING IS DESCRIRED BY THE TOTAL NUMRER OF
L44 EXTRA=RING CONNECTIONS !¢

445 [4s33YINTY RING 3

446 IBYTES' NOSP = "nNOSP" ;

L47 PINTY HET sm 0 , NC := 0 , EXTERNAL 1= 0 ;

448 'pORY M "FROM! MCT1) 'vO! ME[2) 'DO!

449 tBEGIN'

450 ICHAR! AM = ATOMLISTIMY 3

451 PIFY AH = "e® STHEN' EXTERHAL 'PLUS!

452 'CASE'C'ARSTUNITSIMI=S1Y TN 1,14,0,0,0,2,1 'ouT! 0 rgsAC?
453 PELSETIINTY v = 1 g

454 'WHILE! AM & v '"ELEHM! NOSP 'nO! Y 'pUS' 1 ;



455
456
437
458
459
=
461
=
463
464
465

~ 466

467
468

469
470

- 471

Ll
Wyl

472
474
476

W77
478

479

480

481

482
483
484
485

- 486

489

487
488

HET tpLUS! TO#C(Y<1) ;3 Ng 'PLUSY 1 vy
EENDY
'1E! NC 5 0 'THENY HET 1= EXTERNAL 'F1°
RING = (NCE3),NC%50,HET)

SEARCHC(RING,RINGIADEX,RINGPARENT,RINGSCRFEN,RERIT)
LENDY § :

YEORY 3 'TOY RINGCOUNT 'DO' RINGSCREENS(MONOCYALEIY))
(LINTL P 5 YIF! REACTANT "THEN' 1 'ELSF' § 'fp1t ;
EIFY RINGCOUNT > 0 'THEN*'FORY X '"EROM' P 'TO''IF! RINGCOUNTD2 'THEN' p+1
' YELSE' P 'FILIDO! MENIMUM 3 X 'SET' MINIMUM

FIY) ¢

tCY pA 15 ADVANEED TO THE START OF THE WIN STRING SKIPPING THF
HODIFIERS SECTIONM : THIS PROGRAM WILL OHNLY HANDLE FULLY rOVALENT
HOLECULES CONTAINING A LIMITED NUMBER OF ATOM TYPES TN THEIR NORMAL
VALENCE sTATES T¢!

P—re=—paA=tpLUSY 151

B 3= ITRUE' ;
FCY TWO CONSECUTIVE SPACES SIGNALS THE END OF THE WLN SRING 10!

'TO' 402 "UHILE' B 1p0?

EIEY-COPY a " " 1An0 CCp "PLUS! 1) = " " YTHEN' B 3= 'FALSFE?
TELSE' P 'PLUS' 1 &FI'
CHINTEL M ;= PwpA ;
YIF! 1 > 100 *tTHEN! FAILURE 3= "TOO MANY ATOMS"™ 3 STRANGEATOM
YELSE! WLN[1:M) 13 cTPA:P=1 'FI!
'c!' THE IC1 PROGRAM PRODUCES AH INCORRECT TABLE TF THE INTTIAL WLN

SYMBOL 1§ "RM tl1

YIF! WINE1) = "R"™ ITYHEN' FAILURE := "INITIAL BEMZENE" : STRANGEATO! 'p1°

P 1= pA "pLUSY 402 ¢ To' ADVANAE TN STSRT OF 101 RINGSCREEN '£°

M = 0 ; YFOR! X '"FROA' P 'TO!' P+ATOMNUM=1 'DO''BEGIN!

YCHARY CX = C[¥Y ) RINGATOMYESTIM 'PLUS' 1) :=
LIFL CX = "0" 10R' CX = "D" YTHEN''FALSE''ELSE''TRUE''F1
LENDY )



490
491
492
493
494
495
496
- 497
498
499
500
501
502
503
504
505
506
507
508
509
510
S11
512
513
514
515

'"PROC! FORM CONNECTION TABLE ENTRIES =
'"BEGIN!
re!
THE CONWNECTION TRAHNSFERS AND RING CONNECTORS
USED TO DETERMINE THE ATOM AT THF TOP OF THE
"LASTATOM® = AND BONDS ARE THEN MADE BFTUEEN
ATO! DENOQTED By THE SOBSERIPT "M“,
TWO EXCEPTIONS ARE MADE TO THIS RULE
(1) IF "LASTATOM"™ IS THE EXIT POINT FROM ONE
CORRESPONDS TO THE FIRST MEMAER OF A SECOND
(2)IF "LASTATOM® 1S THE FINAL ATOM IN ONE MO
OF HORE THAN 2 RINGS AND "M" THE FIRST 1IN A
'C'
YINTY DONE
RS—1®-4-§
YEORY B *FRroM!
'BEGIN'
YREF'FR00L! IN RING =
YIF! M = HE2TDONE] 'THEN!
MAKEBONDCM, LASTATOM)
LIF! IN RING TAND' RC > 1 'AND' (LASTATOM=
MSRSATRSY)Y TTHEN' ERASEBOND(M,LASTATOM)
LASTATOMY 'F1' ;
FIFY IN RING TAND'
H # RSALRSY 'ANWD!
("INTY J=MCTIDONE=1] § 'INT! 2Z
1pOL-9- tpLUSY 13 M-#-E202))
LASTATOM =
YIF! M = RSHLRS] 'THEN!
LINTY J = RIHGCONNI(C(RC 'PLUSY 2)-1)
"IFY J # 0 'THEN' J 'C' IE THERE ARE §
POINTS FOR THE RING
tELSFY M 3 CONNTRANICTY 'THEN!' M 'E|ISE
CONNTRANL(CT "PLUSY 2)=11 'g1!?
TELSF! M # CONNTRANICT) 'THEN' M 'ELSE!

'vorip'

-~

t% 1 5 CLASTATOM e® 1 , €T = 1 , RC

2 TTOY ATOMNUM 10!
RINGATOMTESTIMY

DOHE - *PLUSY ¢ '§

DONE > 1 YAND! LASTATOM
fu—g=3-
'THEN' ERAS

SYSTEM

CONMTRANI(CT

INFORMATION ARE
RONDING=STACK =
THIS AND THr CURRENT

n " Ll

RING SYSTEM AND

NOBYCLE IN A RING
SECOND MONOCVCLE.

SYSTEM

= 1 ]

1t 3

RINGCONNIRC=11 'OR?
! MAKEBOMD(RINGCONNTIRCY,
= MC2IDONFa1) "AND?

0 E=1 TUHILF' J # E102)
EBONDC(HM, LASTATOMY 'FI' 3

RS 'pruUse 1

EPARATE ENMTRY AND EXIT
e

!

'PLUSY 2)=1)



- i
— =
__.kgy
=
526

530

531 -
¥5e—
$33-
53—
535
536
537
538
539
5S40
541
542
543
544
—54 8-
546
547
548
549
550
551
552
553
554
555
556
587
558
559

5.

Lp!
FENDY
YEND!

EPROCH NOTE DUpLICATE ATOMS = (YINT! J)Y
'BEGIN!

1ot
THE CONNECTION TABLE IS SCANNED ROW BY ROW EOR NON=2FRO gNTRIES
JHILST DUPLICATE ATONS ARE NOTED BY ENTERING A ROND ORDER
OF © AT THE START OF THE APPRAOPRIATE ROW AND COLUMN OF THE ARRAY
“CONHNECTION TABLE"™ AND THEIR PONNEECTTIONS ARE TRAMSFERRED TN THFIR
EQUIVALENT ATOMS .
Lol
'REF'IYIYINT! M = EQUIVALENTLJ)Y
BT ANt s o N EEY
'eOR!' BATOMS 'To! ATOMNOM 1pO?
TBEGIN?
YREF'TIVINT! CT4
TABLET«BATONS)
LIF! Cr20BY # O 'THEN' CT1LA) := CT2TA) := 1 § CT1rR) .= O t1f1"
EENDE '
CTYONELB) = 9
YENDY

CONMECTION TABLEIRATOMSY , CT2 = CONNECTION

FORM CONNECTION TARLE ENTRIES

YEOR! X 'EROH! g tayvs 1 170! 4 'pAY NOTE DUPLICATE ATOMS(X)
YFOR' X 'TO' ATOMNUM TpO' CONNECTION TABRLEIX,X) := 0 ;

1c!
A-REDUNDANT ANJACENCY LIST IS BUILY UP FROM THF CONNECTIAN TARLE
AVOIDING THE DUPLICATE ATOMS . AT THE SAME TIMF "BOND TARLE" IS

CREATED WHICH LISTS THE CONSTITUENT ATOMS OF ALL BONDS In THF
MOLECULE MNONmREBUNDANTLY

THE ADJACENCY TABLE CONTAINS A 4=ELEMENT VECTOR, PREVIOUSLY ZFRO



560 FILLED, FOR EACH ATOM IN THE STRUCTURE: THE NON=ZFRO FLEMENTS CONTAT®M

561 THE HUMBERS OF THE ATTACHED ATOMS, THFE ROMD TABLF CONTAINS TUO
562 ELEMENTS FOR FACLH BOND PRESENT AND THEY ARE FILLED BY THF NUNIBERS
563 OF THE CONSTITUENT ATOMS 100

564 "INT! DURSDONE 1% 0 3

5645 BONDCOUNT 3= 0 3

566 YFOR' ROW 'TO' ATOMNUM 'DO

547 TBEGIN!

548 'REF!LIMINT! CTROY = CONNECTION TABLFILROW, ) 3

569 VIFY CTROWETY # © FTHEN'PINT' ECOUNT =1 , AR 1= 0 , R := ROW=DIPSPONE;
570 ATOMLISTIRY 3 ATOMLISTIROUY ;

571 RINGATOMTESTIRY 1= RINGATOMTESTIROW) 3

572 UNITSIR) 3= UNrTsTrOU] 3

573 YIF' ROV > R 'TTYHEN' UNITSI[ROW) g= " ® 'Fr0

574 'REF'LIVINT! ADJROU = ADJACENCYIR, )

575§ YEORY COLUMN 'TO* ATOMNUM tpO?

576 'IF! COLUMN = E2[ECOUNTY 'THEN' FCOUNT 'pLus' 1

577 YELSF' CTROWIGOLUMNY # O 'THEN!

578 "INTY D = EOLUNN = ECOUNT + 1

579 LIFY Ap # & YTHEN' ADJROWLAR 'PLUS' 1Y := p

S80 YIF!. p < R YTHEN' BOND TABLEIBONDCOUNT 'pLusS' 1) 1= ¢h,R) 'EI°'
581 PELSEY FAILURE := "AR = 5" ; STRANGEATOM 'C' THE IC! PROGRAM
R SOMTIMES GIVES RING FUSION ATOMS AN ADDITIONAL SUBRSTITUENT'C' 'pp?
583 : FEI?

584 LELSE! DUPSDONE 1prus" 1 'FI1!

585 FERDY

586

587 — ATOMCQUNT 1= ATOMNUM=E ;

588 - 'FOR! X 'TO' ATOMCOUNT 'DO?

589 z TBEGIN!

$90. 1C!' SET UP MOLECULAR FORMULAE 'C°

= FINTY 0 = YCASETCE(TABSY ATOMLISTIXI)=34) 'in?

L 12002:37870:5,0¢0,0+10,6+7,8,0,0,9 'ESAC!

593 MOLFORMIJY 'PLUST 1
594 LENDL :



o]

=385

596
597
598

599
600

601
602
603
604
605
606
607

608

609
610
611
612

613

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

PEORY X 'TO! ATOMCOUNTY 'DO!
'BEGIN!

1C! DETERMINE ATOMIC CONNECTIVITY VALUFS '(!

'REFYVINTE ¢X = CONNECTIVITYIXY 5 €X 3=

(LINTY M 3o 0 3

LREFYCIVINTY AX = ADJACENCYIX)Y

YEORY Y 'TO! 4 VWHILE' AX[YY 4 0 'pO¢
LIFY AXTYY <= ATOMCOUNT 'THEN' M 'prLus' 1
ELSE! FAILURE i= "NUMBERING FAILURE™ : STRANGEATOM 'FIY 3 M)

FVIFE CX = 0 'YHEN' FAILURFE := "2ERO VALFNT ATOM" ; STRANGFATOM 'FI?
YEND!

EXIT 3
0K
'END' s

'PROC! MATCH STRUCTURES = 'BOOLY
tBEGIN!

tC' AUTHOR ¢ PETER WILLETT , pGSIIS , 1977 .

THIS PROGRAM CARRIES OUT AN HEURISTIC STRUCTURE=MATCHING OF

TWO ADJACENCY MATRICES USING AN ADAPTIOMN OF THF MORGAN AIGORITHM

THE PROGRAM INENTIFIES PAIRS NOF ATOMS , ONE IN THF REACTANT AMND

ONE IN THE PrODUCT , WHICH ARE THE MOST SIMILAR ONE=TO=ANOTHER

THE RADIUS OF SIMILARITY ., AS DETERMINED BY THF NUMBFR OF

ITERATIONS OF THE MORGAN ALGORITHM FOR WHICH THE ATOMS HWAVF
IDENTICAL PROPERTY VALUES , 1S ASSUMED TO BF INENTICAL AND AlL ATNMS
UITHIN THESE TWO AREAS MAY HENCE BFE DELETED FRNM FURTHUR CONSID=
ERATION ., THE PROCEDURE ITERATES + MATCHING SMALLER AND SMALIFR ARFAS
, EITHER UNTIL AN AMBIGUITY 1S DISCOVEREN OR UNTIL THE MATCH RADIUS
FALLS TO BELAw 3 IE TWO BONDS DISTANT *'(C!



630 'BOOL! OK 3= typUgEr 3
631 PLONGITINTY ZERO = VLANG!' 0 , TWO = 'LONG' 2 ;
632 ISTRING!' NATCHRAILURE
633 YPROC! HATCHFAILROUTINE = 'vOID!
634 'BEGIN'
635 PUTCAHALYSISFATLURE , (NEWLINE ,RULN/NEWLINE, pYULN,NEULINE , MATCHFATLURE)Y) ;
636 Oge= 'FALSE! ;
637 EGOTOY EWND MATEH STRUCTURES
638 LEND! §
639 'C' SET UP INITIAL PROPERTY VALUES 1!
640 t1:RI\TDNCQUNT¢1|RAT”MCQUNT)'LONG"INT' RATOMPRNOP 3 '"CLEAR!' RATAMPROPD :
641 "REF'LI'LONG'VTINT' RAP = RATOMPROPL[.,1) !
642 [1:PATOMCOUNT?14PATOMEOUNTYILONG ' INT' PATOMPROP § '"CLEAR' PATAMPRAP
643 YREFYCITLONGYFINT! pAR = PATOMPROPC,1)
644 YFOR' X 'TO' RATOMcOUNT 'DO°
645 RAPEXY 13 'LENG' (10w ("ABS'RUNITSIXI=33) + RCONNECTIVITYIX1 3y 3
646 YFOR' X 'TO' PATOHCOUNT 'DO!
647 PAPEX) ¢= "LENG' (10w ("ABS'PUNITSIXI=33) + PCONNECTIVITYIX] 3y 3
64LB
649 FPROCT EXTEND = ('INT" LEVEL)'VOIpD' :
650 '"BEGIN'
651 *C' THIS IS BASICALLY THE MORGAN ALGORTTHM EXCEPT THAT THE
652 INITIAL PROPERTY VALUE IS DERIVEN FROM THE "UNTTS" VALUE RATHER
653 THAN JUST THE COMNECTIVITY 100
654 1C! "REVIVE" AND "RESET RFPORT" ARE INCLUDED IN CASE AN AVERELOW
655 OCCURS DURINA THE CALCULATION OF A PROPRTY VAILUE 'C!
656 —— YREFYLYLONG! ' INTT
657 ' RAPCURRENT = RATOMPROPL,LEVEL) ,RAP = RATOMPROP[,LEVEL=11 ,
658 , PAPCURRENT = PATOMPROPL,LEVEL) , PAP = DPATOMPROPL,LEVEL=11 :
&= FEONGEEINTY SUM
660 'pROC! OVERFLOWFAILURE = 'YoIn'

S IeE T L e TBEGIN!

— 662 OVERFLOWINMATEH 'PLUS' 1 ;

663 HATCHFAILURE i= "OVERFLOYW SET" 3

Ry S HATCHFAILROUTRNE

e m——



=

665 LENDY 3

-~ 666 FEORY X 'TO! RATOMCOUNT 'hO!

K67 IBEGIN!

-~ 668 TREF'TIVINTY HADJUX = RADJACEWCYIX) ;

—449 SUil 3= 2ERD 3

— 670 REVIVEC(OVERFLOUFAILURE)Y
671 RAPCURRENTIXY s'= TUO*RAPIXY # ('FOR' € 'TO' RCONNECTIVITYIXY 'nO!
672 SUM "pLUSY RAPIRADIXICIY ¢ SuUM )
673 RESET REPORT
674 TENDY
675 'EOR! X 'TO! PATOHCOUNT 'bO!
676 g 1BEGIN!
677 'REF'TIVINT! PADJX = PADJACENCYIX)
678 SUH 1= 2BRO 3

- 479 REVIVE(OVERFLOUFAILURE)

~ 680 PAPCURRENTIXY = TUO*PAPIXY + ('FOR' € 'TO' pCONNECTIVITYIXY 'pO!
681 SUM tpLUS! PAPIPADIXTICIY : SUM Y =
682 RESET RFPORTY
683 "END!
684 YEND!
685
6R6 EXTEND(2) ; EXTEND(2Y ;
687 '"REF'EI'LONG'YINT! FIRSTRAP = RATOMPROPL,3) , FIRSTPAP = PATOMPROPT,Z1 :
688 YMODE! "MATCH' = 'STRUCT'(C('INT! MAX,NUM, [1:0'FLEX"Y'INT! MATCHES])
689 YMATCH! DUPLICATES 1
690 [41:RATOMCOUNTIYMATEH® REACATOM 3 TINT' MAXTMAL := ( @
691 [1:RATOMCOUNT 1 :PATOMEOUNTYI'INT! HATCHARRAY ;3 'CLEAR' MATCHARRAY
692 [Y:PATOMCOUNTIVINT! SINGLERPMAP § 'CLEAR' SINGLERPMAP
693 "INTY RL g5 0 , PL 2 O 3
694 (1 :RATOMCOUNTIVINT!Y RLEFT ¢ [1:PATOMCOUNTI'INT! PLFEFT
695 [1:RATOMCOUNT,1:2) INTT HATCHPAIR 3 'INT! MP 2z 0 ;
696 YINT' HAXIMALATOMS 3
697 'BOOL! FOUNDMAPPING :3 '"FALSE'
698

699 'PROCY MATCHATAOMS = 'VOID'



700 'BEGIN!

701 'C! “RLEET" AND "PLEFT" ARE ARRAVS CONTAIHNING THE ATOMS nOT

702 PREVIOUSLY DELETED , THESE TWO SETS ARE MHATCHED AGAINST rACH OTHER
703 USING THE THTIRDSORDER ATOM PROPERTIES AS THF INITVAL SET-PARTITIONING
704 CRITERION 'C?

705 EINTISE=R K s=Dt=4 RE -t PL % 0

706 "FOR? X 'TQ! Kk 'po?

707 CLINT! M = pLEFTYERY

708 YIp! 'NOT! pDELETEDIM] YTHEN! PLEFTIPL 'PLUS' 1) 3= M 'pIv )y 3
709 YEOpt X 'TO! § 'pot

710 (L INT! R = RLEFPTIR]Y

711 YIFYIHOTY RDELETEDIRY 'THEW?

712 IREF'[IVLINT! MA = MATCHARRAYIR]

713 t1sPLYYINTY' pPOSS :

714 LINT! POSSCOUNT o= 1 7 M 3 1

735 HAX YOF! REACATOHMIR]Y = 0 3

7146 RLEFTIRL 'PLUS! 1] 33 R }

717 tCY THIS LO0p MATCHES EACH PODUCT ATOM(P) AGATNST THE CURRFANT
718 REACTANT ATOM(R) FOR AS MANY LEVFLS AS POSSIBLE . THFE VAIUE

719 WLEVELCOUNT" 1S THEN COMPARED WITH "M" , THE MAXIMUM VALNE FOR THAT
720 ATO!N AND IF >= 4" THE APPROPRIATE INFORMATION STORED '

721 FFORY ¥ 170! pL 'DO!

722 'BEGIN'

723 EINTY p = pPLEFTIYY ¢

724 LINT' LC = MATP]

725 EIFY LC > 2 'THEN!

726 LIF! LC & M 'THEN' POSSIPOSSCOUNT) = p ; POSSCOUNT 1pLUSY 1
Iy— — YELSF!' L& > M 'THEN' POSSE1) := P : pOSSCOUNT 1= 2 :

v & ¥ i H gm LG TRI' ;

e REACATOMIRY = (M/POSSCOUNT=1,POSSTI1:POSSCOUNT=1T)

230 'F1!

5 e YENDY }
—732- LIF! MAXIMAL < H 'THEN'! MAXIMAL := M 'FI!

F33== MLk .

—¥34 TEOR! X 170! RL tpo?



Ia
N

73y (IMATCH! M = REACATOMLRLEETIXIY :

=¥ 56 LIRY NUM 10F' M = 1 TAND' MAX 'OF' M = MAXIMAL 'THEN!

2L SINGLERPMAPL(MATCHES 'OF' M)F41) 'pPLUSY 1 'Ert )

=311 YENDY 3
e L s
SE— F 3 tpROCY DELETE = 'vorp'
741 1IC' THIS PROCEDURE OPERATES UPON "MATCHARRAY" , FACH FLENENT OF
742 UHICH CONSISTS OF A REACTANT AND PRODUCT ATOM THAT HAVE REEN

743 JUDGED TO BE EQUIVALENT AT A MATCH RADIUS OF MAXIMAL = 1 BONDS .
744 ' ALL ATOMS WITHIN THE 2 CIRCULAR SUBSTRUCTURES OF RADIUS MAXIMA|l = 2
745 ARE DELETED BY ITERATIVELY UPDATING "DFLETED REACTANT" AND

746 “DELETED pRODUEGT™

747 '"BEGIN!

748 (1 sRATOMCOUNTIIROOL' NBALLR , CURRENTR

749 (1 sPATOMCOUNTI!ROOL" NBALLP » CURRENTP !

750 YCLEAR' NBALLR 1 YCLEARY NBALLP ;

751 'REF'[IVINT! MP1 3 MATCHPAIRL,1) » MP2 = MATCHPAIRI,2) ¢

752 MAXIMALATOMS 'MINUSY Mp ¢

753 FOUNDHAPPING = 'TRUE' ;

754 LEORY X 'Tot! Mp tB0!

755 NBALLRIMP1IXYY §= NBALLPIMP2LX]) := 'TRUE' 3

756 tro! HAXIMAL=2 'DO''BEGIN!

757 '"CLEAR! CURREATR ; 'CLEAR! CURPENTP :

758 YROR' x 'TO! RATOMCOUNT 'DO!

759 PIFY NBALLRIXY 'THEN''REFI'[IYINT' AX = RADJACENCYIXY 3§ 'FOR' V
760 TO! RCONNECTIVITYIX) 'D0' CURRENTRIAXIYY) := 'TRUE''FIV
761 YEOR' X 'Tnt PATOMCOUNT !pO!

762 PIFY NBALLPEX) 'THEN''REFTLIVINTY AX = PADJACENEYIXY : 'FOR' Y
763 'TO! pCONNECTIVITYIXY '"DN' CURRENTPIAXIYY) := '"TRUEVIETY
764 YEOR' X '"TOr RATOMCOUNT 'nO?

765 NBALLRIXY 13 NBALLRIXY 'OR' CURRENTRIX) :

766 YEOR' X 'Tot! PATONMCOUNT (DO

767 MBALLPIXY 3= NBALLPIX) 'OR' CURRENTPIX)

748 YENDY 3

769 ) TEOR!' X 'TO! RATOMCOUNT 'DO!



770
771
212
S
774
=2
776
L
778
779
780
781
782
783
784
785
786
787
788
789
790
791
79
793
794
795
796

=

798

299

800
801

'VfBOZ: =
803~
804

RDELETED[X])

YEORY X 'TO!

PDELETEDIX)
YENDY

HAXIHAL 3= 0 ;

t= RDELETEDIXY '0r' NBALLRIX)

PATONCOUNT 'DO!

t= NBALLPTIXY 'OR' PDELETEDIX)

([1:RATOMCOUNTI!BOOL! RPOSS § 'CLEAR' RPOSS
{:PATOMCOUNTI1R00L PpP0OSS § '"CLEAR! PDPOSS

"INT! MAXPOSSIBLEMATCARADIUS = ('1g?

PATOHMCOUNT TELSE!' RATOMCOONT 'FI'") =
'FOR! X 'TO' RATOMeOUNT tpO!

'BEGIN!

1IC'! THIS LOOP POES THE INITIAL ATOM=ATOM MATCHING

L

RATOMCOUNT > PATOMCOUNT

FIRST ,

'THEN?!

SECAOND

AND THIRD ORDER ATOM PROPERTIES HAVE ALREADY BFEN CA|LCUILATED ¢ A
MATCH RADIUS ¢ 3 1S NOT CONSIDERED SO THF INITIAL CRITERION FOR
HATCH=SET GENERATION IS THAT THE THIRD=ORDER PROPERTY VAIUES =
AND "FIRSTpPpAR"

ISOLATED IN THE ARRAYS "FIRSTRAP" )
IF THIS CONDITION HOLDS , THE PROPERTY VALUES ARE INCREMENTED = VIA
THE PROCEDURE "EXTEND" =
CURRENT HMAXIMAL MATCH RADIUS FOR ALL ATOMS

CURRENT REACTANT ATOH 'C!
'REFYLITLONGYTINTY RAR = RATOMPROPIX)

[1:PATOMCOUNT
'REF'CIIATY
LINT! pOSsScol
Hax "OF' REAC
LgoR' ¥ 1!
rBEGIN!
'REF'TI'L

B := RARIX) = pPApIX] 5 B) 'THEN!

'*BEGIN'!
'REF'
EENT!
LT

J'INTY POSS ; 'CLEAR!
MA s MATCHARRAYIX)
NY 13- 1 , M= 1 3
AToMTX) := 0 ;
PATONCOUNT 'DO!

H
POSS

ONG'TINT! PAP = DPATOMPROPIY)Y :
YIFEY ('300LY B s= 'TRUE' ; 'FOR

. L

RPOSSIX)Y

FOR AS LONG AS pPOSSIRLE
¢+ M THAT FOR THF

= ARE INDENTICAL

3 VWHILE'!

[IPLONG!YINT! PAP =3 PATOMPROPIY] ;

LC $= 3 , LEYELCOUNT
MAXPOSSIBLEMATCHRADIUS

w4
TWHILE?

RARILE)Y

MAXIMAL IS THE

B 'nn!

t= PPOSSIvY :=

PAPTIC]

'TRUF!

Do

-
’



805

806

807
808

809
810
811
812
813
814
815
816
817
818
819

820

821
822
823

B24
825

826
827
828
829
830
831
832
833
834
835
836
837
838
839

('IF! RARLLEVELCOUNTY = ZERO '"THEN' EXTEND(LEVELFAOUNTY'ET'

LEVELEOUNT s= (LC 'PLUS' 1) + 1 )
HALY]l s= LCc '"MINUS' 1 ;
YIFY LC = 1 YTHEN!

POSSIDPOSSCOUNT) 3= ¥ § POSSCOUNT 'pLuS! 14

YELSF! L€ > M 'THEN! pNSSI1) = VY : POSSEOUNT := 2
M-§s |LC VFI?

YEND! }
' REACATOMEIXY 1= (MYPOSSCOUNT=1,P0SSI1:POSSCAUNT=11)
FI!
TEND!
FIFY HAXIMAL < M TTHEN' MAXIMAL 3= M 110

YEND! 3
FORY X 'TO' RATOMEOURT 'DO!

"IF! RPOSSEXY '"THENY'MATCH' 1 = REACATOMIXY : RLEFTIRL 'plUS! 1) s= X

Prpt HUM top' M = 1 PAND' MAX 'OF' M = MAXTMAL '"THEN'
SINGLERPMAPI (MATCHES 'OF' MY[1)) 'pLUS' 1 "1
YEFE 3
"FOR' vy 'TO! PATOMCOUNT 'DO!
YIFT PPOSSLYY 'THENT PLEFTLPL '"PLUSY 1Y = ¥ TEI' ) ;

YIFY HAXIMAL >= 3 'YHEN''BOOLY ELIMIWNATE = "TRUE' ¢ "WHILE' FIIMINATE
'BEGIN'
'ROOL! CHECK 13 '"FALSE!'
LINT! HA $s 0
HAXIHMALATOMS tm O
DUPLICATES 3= (MAXIMAL,O,RLEFT) 3
YEQRY X 'TO! RL YBO''BEGIN!
€' SEARCH YHROUGH THE REMAINING RFACTANT ATOMS AND NOTE
THOSE HAVING A MATCH AT THE MAXIMAL MATCH RADIuS '
LINT' RLX - » RLEFTIX]) 3
"REF'UHATCH! RARLX = REACATOMIRLX)
YIF! MAX '"0OF' RARLX = MAXIMAL 'THEN!
C1FE NUHM 10F' RARLX = 1 'THEN'
LINTY! 2 = (MATCHES 'OfF' RARLX)I[1)

MAXIMALATOMS 'pLUg!' 1 3

.
’

lho!



840 "Ig! SINGLERPMAPI[Z2) = 1 '"THEM!

8414 ' MATCHPAIRIMP 'PLUS' 1) = (RLX,2) ; CHECK t3 '"TRUE''F1!
842 YELSE! (MATCHES 'OF' DUPLICATES)YINUM 'OF' DUPLICATES 'PLUS!' 1]
843 1= RLX tgplQ?
R44 'FI
B4S TEND!
BLb Pygt HUp > 0 '"THENT DELETE 3 HMp g3 0 'g1' 3
B47 tCY ANY HMAXIMAL REACTANT ATOMS MWAVING MORE THAM ONE POSSTIBRLE
848 HAPPING(THESE REACTANT ATOMS ARE STYORED IN "MATCHES 0F DUPLICATES" )
= RB49 ARE CHECKED TD SEE WHETHFER AMY OF TNF PRNODUET ATOMS HAVF BFFN DELETED
=—R80 IN THE FIRST SET OF MATCHINGS AT THE CURRENT MATCH RADING 'C!
851 1! HAXIMALATOMS > O TANDY NUM '0F' PUPLICATES > 0 '"THEN!
3¢ - IREF''INTL M = HUM 'OF' DUPLICATES 3 '"REF'[)'INT' HMOp =
853 (MATCHES 'OF!Y DUPLICATESY[1:HY ;
854 LIFY CHECK 'THENT''FOR! X 'TO' M 'DO''BEGIN!
855 INT! M 32 CHMATCHES 'OF' DUPLICATES)IX)Y :
856 'REFITHATCH® RAM = REACATOMI(MATCHES 'OF' nUPLICATESQYIX]) :
857 'REFFILINTY NODX = (MATCHES 'OF! DUPLICATESH[XY
858 YIF! RDELETENDIM) TTHEN!
859 HOpX 1= 990
860 IELSEY ' INTYL P 33 0
861 YEOR' Y 'TO' NUM 'OF' RAM 'DO!
Bé2 1YFI ' NOT! PDELETEDI(CAATCHES 'OF' RAMYIVI] '"THENY
863 (HATYCAES 'OF' RAMYIP 'PLUS' 1) 3= (MATCHES 'Oft' RAMYIVI'F1'}
864 NUM '0F! RAM := P 3
865 ' YIe! P = T "THEN' MATCHPAIRIMP 'PLUS' 1) 3= (M, (MATCHES
Bé6 . 10F! RAMYT1))
B67 3 CHECK = 'TRUE' : HMODYX 1= 9099 T'p1!
Y D — gyt
R LEHDY 3 YIRY HAp > 0 "THENY DELFTE 7 Mp 1= 0 *FI?
890 - LRI
87 = PEORT X 1700 M Tpo!
AW LIF - HMonlxy # 000 THENM!
st ks EREFVIINTY HODX = MODIXY @

874 TREF 1 1MATCH® RAMODX = REACATOMIMODX]




875
876

877
878

879

880
831
8R2
883
884
885
886
847
8838
889
890
891
892

893

894
895
896
897
898
899
900
001
902
903
904
905
906
907

908
909

PIFY NUM 1OFT RAMODX > O 'THEN!

YINTY J 13 0 , NOR g= NUM 'OF' RAMODX
'REF'IILINT! MORX = MATCHES '0F' RAMODX @
[TiNOR&NORTIVINT! AMALOGUES
'C! THE NEXT LOOP CHECKS ALL RFMAINING MAXIMAL REACTANT ATOMS
="HODY"a RAVING MORE THAN ONF POSSIBLE MAPPING TO QFF UMETHER
THEY POSSESS THE SAME MATCH~SET AS THE CURRENT ONE ="MODX"-
IF 80 , "HODY™ IS STORED IN THE LIST OF “ANALOGUEg®™ (0!

YEOR' v Y10 M YDO!
'REGIN?
'REFITINT! MODY = HMODLV]
YIEY AobY # 960 "AND' MODY # MODX "THEN!
IREFT'MATCH! RAMODY = REACATOMIHODY) :
PIET (NUM 'OF' RAMODX = NUM 'OF!' paMODY) 'ANNO!
(LHATCHES 'OF' RAMODX)[1:eNNORY 'EQUALS!
(HMATCHES 'OF' RAMODY)[1:NORIY '"THEN!
' ANALOGUESLJ '"pLUS' 131 := MODY 's1!
Frt
LEHD! 3
'Ct IF THE NUMBER 0OF ANALOGUES IS FQUAL 70 THE SIZ2r NF THE
MATCHwSET THEHN THE REACTANT ATOM , I1TS AMALOGUFS AnND THE
MATCHeSET ARE ALL ELIMINATED *(C!
"1f! J a2 HOR = 1 '"THEN!
PEORY 2 rTO' 4 'DO''REGIN'
IREF''INTY A2 = ANALNGUES([2)
MATCHPAIRIMP 'PLIISY 1] = (AZ,MORXIZ)Y ; CHErK 2= '"TRUF?
LgORY X 'TO' M 'pA!
T MNDIXY = AZ 'THEN' MONRIXY = 909 gy
"Eunt
HATCHPATIRIUP 'PLUSY 11 1= (MODX,HMORX[J+11) 3§ CHErK 1= '"TRUE!
tEOR! X 1TO' M IpOo!
TIpt HODCXY = HODX 'THENY' MODPIX) 1= 005 ‘g
'Fl'

IES8

LRIt §

H



910 CIFL. MP-> O 'THEN' DELETE 3 MP 3= 0 'FI!

011 Eprt—y
243 . 1C!' THE ALGORITHY TERMINATES EITHER IF THE MAXIMAL MATCH RADIUS < 3
913 OR IF THERE ARE STILL REMAINING ATOMS WITH THF CURRENT MAXIMAL
914 MATCH RADIUS 1"
915 ELIMIHNATE +=
916 PIF! MAXIMALATOMS # 0 'DOR!' HMAXIMAL = 3 V'THEN''FALSE!
9217 TELSE' MAXIMAL i3 0 3 MATCHATOMNS
- 918 YIF' MAXIMAL € 3 '"THEN''FALSE''ELSE' CHECK 'F]!
~— 919 tEl!
920 TEND!
— 921 YRIY
922
=2 R == tCY THIS ROUTINE DETECTS SOLITARY REACTANT ATOMS IN THE REACTION
924 SITES IE THOSE UHICH ARE NOT ATTACHED TO ANY OTHFR SITE ATOMS : IF ONE
825 IS FOUND , AN ATTEMPT IS MADE TO MATCH IT WITH AN ANALOGAUS PRODUCT
926 ATON 101
927 LIFY FOUNDHMAPPING 'THEH'TFOR! ¥ 'TN! RATOMCOUNT 'HO?
- 028 LIFLINOT! RDELETEDTXY 'THEN!
- 929 YREF'LIVINTY RAX 3 RADJACENCYIXY
930 1300L! B = '"TRUET ;
931 YEORY ¥ 'TO' REONNECTIVITYIX) 'WHILEY B 'pn?
932 B 33 RDELETEDIRAXIY))
== % 2 2= Lrr!' B 'THEN!
LV 1300L! NOMATCH i= 'TRUE'
835 'CHAR' R = RUNITSIX]
936 LEORY A '70! pATOMCOUNT 'WHILE' NOMATCH 1po!
937 IF'*HoT" OnELETEDCA) 'AND' PUNMITSTAY = R 'THEN!
938 'REE'IIVINT' PAA = PADJACENCYTIR) ;
939 tgook! A = 'TRUEY }
040 YFOR'! € 'TO' PCONNECTIVITYIAY '"WHILE' & 'DO*
941 » # 1= PDELETENTPAAILCY) ;
Q42 "1g' B 'THEN!
043 RODELEYEDIX] := POELETED(2] := 'TrUE! :

944 HNOMATCH := 'FALSE!

NP — T R R R R R RO



945

946

947
948

. N

950

—931
=952
053
954
955
956

958
959
960
961

962

963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
- 978

29

I3
38
'Fl'
3%
'RIL

'C! CHECK THAT AT LEAST ONE MATCH HAS REFN NBTAINED AND THAT NOT
ALL THE ATOHMS ON EITHER SIDE OF THE EQUATION HAVE BEEN EIIMINATED '¢!
YIF''NOT'! FOUNDMAPPING 'THEN' OK := 'FALSE' ; NOMATCH 'PLUS' 1
MATCHFAILURE 5 "NO ATOMS MATCHED" § MATCHFATLROUTINE
YELSEILINT' LEFT 3w 0 ;
"PROC' SETATOMBITS = ('INT' B) :
'BEGIN!
CIFY LEFT > 1 YTHENTIFOR! X 'FEROM' B "TO''IF' LEFT>8 'THEN' (LEET+7)
"ELSE! (BelLEFT=2Y'FI''pO!
MINIMUM = X YSET' MINIMUM
'ELSE' MATCHRAILURE = "IF' REACTANT 'THEN'
"LESS THAN TWO ANALYSIS REACTANT ATOMS"™ fTgisE!
"LESS THAN TWO ANALYSIS PRODUCT ATOMS™ 'FI': ALLMATCH vpLUS!' 1
MATCHFATLROUTINE
lFll
YEND!
"FOR' X 'YO! RATOMCOUNT 'pO!
LR YHOTY RDELETEDEXY 'THEN' LEFT 'PLUSY 1 'rI'
SETATOMBITS(2) ; RPERCENTLC(LEFT*100) '/ 'RATOMCOUNTYI'PLUSY 1
LEFY t3-0 -3 tpOR! X 'TO' PATOMCOUNT 'Do?
Yrp''HOT! pPDELETENCX) "THEN' LEFT 'PLUS' 1 'FI!'
' SETATOMBITS(17) 3 PPERCENTICLEFT#100)'/'PATOMCOUNTY ' PLUS!Y 1
F1' ;

END MATCH STRUCTURES 3



980 'PROCI RING ANALYSIS SCREENS = ('REF'[I'RITS' ARSBIT)Y
981 YREGIN!

982 'C! THIS PROCEDURF READS THE AMNALYSIS FRAGHENTS OUTPUT gnOM
983 THE YLN PROGRAMT THE FRAGMENTS, UPTO 10 IN NUMBER: ARE 20 CHAR. LONG
984 AND THE RINGS START WITH #,L,T OR R. THREF LFVELS OFf DFSCRIPTION
9RS ARE USED
Q86 £4)- 8138
087 (2) HUMBER OF HETEROATOMS.
_Q88 (3) A HUMBER PESCRIBING THE HETEROATYOM TYPES OR, IF HONEF ARE PRESENT,
989 THE SATURATION. IN EITHER CASE PLUS ONE MILLION IF THE RING 1S
9990 FUSED, BITS ARE ALSO SET IN MINIMuUM '(!
901 : FINTY P g= pA sw TIF' REACTANT 'THEN! 1801 '"ELSE' 2004 'Fyv 3
- 992 LINTY RINGOOUNT 3 0 ;
093 , EpROC!Y SETRINGRIT = C('INT' B) :
994 LBEGIN!
995 YIFY RINGCOUNT > 1 'THEN!
896 MINIMUM g= EB+1)'SET! MINIMUM 3 MINIHUM = B 'SET' MINIMUM
S YELSF! RINGEOUNT = 1 'THEN' MINIMUM s= B 1SET! MINTMUM 'FI?
998 LEND! ;
Q909 Yol 10 YUHILEY CTpY # = " 'DO!
1000 1BEGIN!
1001 YREF'ICHAR! CRHAR = CLPY
1002 PIF! CHAR = "@" 10R!' CHAR = "T" '0R'" CHAR = "L" 'THEN?
1003 [1:330INTY RING ;
1004 [J'CHARL HET = (Ny","00 nQN ,"N", "M¥ ny» upn) o
1005 [1:73'INTY FREQ ; "CLFAR' FRFQ
1006 LINT! PLIMET = P + 16}
1007 'WHILE' CrpY > "o" no' p 'prLuUs! 1 ;
1008 RINGE1) 2= TABS' C[P) 3
1009 P 'PLUSY 4 §
1040 YWHILE! € P < PLIMIT 'AND! CIPY = " ")IPDOU'IBREGIN
1011 1300t B = 'TRUE' ;
1012 'REFYICAARY CHAR = CI» 'pPLUS' 2]
1013 rEORE X tTO' 7 'WHILE' B 'po!

1014 Y10 CHAR = HETEX) 'THEN! R := 'FA|SE! :



~N

1015
© 1016

- 1017

© 1018

‘et01g-

81020

—-1021

1022
4083

1024

1025

1026

1027

1028

1029

1030
1031

1032

1033

2034

1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045

1046°

1047
1048

1049

FREOTX) 'pPLUS' 1 'g1'
P '"prLusST 4
LEND'! }
FREQL4) 'pLUS' FREQELSZ) '"pLUS' FRFQIAY § FRFQIS) := goEa[?)
LINYL- 1 u--0- - J -tm-0-}
YFORY X 70" 5 "po' (1 '"PLUS' EREQIXY : J 'pLUS?
(104(Xm1) Y *FREQIX))
RINGE2)Y 13 TIFY 1 # 0 '"THEN' I 'ELSE' 90 'gp1'
LIFY 1 # 0 YTHEN' RINGI3Z) :=
YELSE''WHILE® ¢Cp) # "J" 'DO' p 'PLUS' 1 : P 'MINUS' 1
RINGLE3Y 3 'IFY CIpPY = "T" 'THEN' 1 VYELSE! 2 'g1?
=
LIF! CHAR = "#" YTHEN' RINGIZ) 'PLUS' 1000000 'g1' ;
SEARCHC(RINGIANALRINGINDEX,ANALRINGPARENT,ANALRINGSCREEN,
ARSBITY
RINGCOUNT 2PLUS' 1 ;
P 3= pA tprls' 20

YELSF! CHAR = "“R"™ 'THEN!

ARSBITI13 ¢3 23 *SET!' ARSBITI1Y ! RINGCOUNT 'pLUS' 1

FEESEEP=—rw PRk 'RPLUS20- 1!
LEND!

REACTANT 'THEN' SETRINGBIT(3) 'ELSF' SFEFTRINGRIT(7) r¢I?

ATONBONDSCREENS = ('REF'II'CHAR' UNITS,ATOMLIST,'INT!' AvoMCOUNT,
BONDCOUNT,"REF'[YIBONLY RINGATOMTEST,DELFTED, "REFYP,I'INTY ARJACENCY,
BONDTABLE,"REE'[YPINT' CONNECTIVITY,'RFF'[I'RITS' ASBIT,AASBIT,BSRIT,
ABSBIT)

(5:611INTY RONNRROP

(1 3ATONCOUNT 173 INT' ATOHPROP

'REF'LIVINT! APt = ATOHPROPL,1) + AP2 = ATOMPROPI,2T .
AP3 = ATOMPRNPT?31

YREF'L,IYINT! AD37 = ATOHMPROPE,3:7)

'EOR! X 'TO'! ATOMCOUNT 'DO''BEGIN'



1050 '8! THE FIRST THREE ATOMIC PROPERTY VALUES CORRESPOND TO THE

1051 ATOM TYPE, THE COORDINATED ATOM AND THF BONDED ATOM. SIRSEQUENT
1082 VALUES ARE CALCULATED HSING THF MORGAN ALGORITHM it
1053 APTIX) = 'CASE''ABS' ATOMLISTIX)=32 "N
1084 0.0;2300'5';7011l0:310:00000:1‘?017:0a0:0013 "eqAC! 3
408§ AP2IXAT 1% ApTIXY + CONHNECTIVITVIXY ¢ AP3IIX) s= 'ABSQ' UNITSTX)
1056 LEND! ;
=S¥ ¥ YEORY X YFPROWY & TyOor 7 1not
-41088 'BEGIN!
1059 YREF'TIVINTY Ap = ATOMPROPIL,X) ¢ LASTAP = ATOMPROP[,X=Z) !
- 1060 LEOR'Y v 'Tor ATOMCOUNT 'DO!?
— 4061 APLYY 13 ZxLASTAPILY) & ('INT' SUM = O 3 '"REF'[Y1'IHTY A =
— 1062 ADJACENCYLYY
1063 YFORY € '"To!' CONNEETIVITYIYY *'nO?
- 1064 SUM tpLUS!' LASTAPIALCYY
1065 SUM )
1066 LENDL 3
1067 YFORY X 'TOY ATOMCOUNT 'DO''BEGIN!
1068 'REFLTILINTY ApX = AP3IZIX) 3
1069 LIFY RINGATOMTESTIXY 'THEN' APTIXY 'pPLUS' 1007 AP2rX) tpLUS! 100
1070 AP3TXY 'pPLUS' 100 'pI'
1071 'Cr SET BITS IH THE HMOLECULAR SCREENS AND, IF THE ATOM 1§ 1IN
1072 THE REACTION SITE., IN THE ANALYSTS SCRFEENS AS WELL '(¢?
4073 SEARCHCAPX,ATOMINDEXATOMPARENT,ATOMSCREEN, ASBIT) :
1074 YIF''NOT' DELETEDIXT 'THEWN' SEARCHC(APX,ANALATOMINDEX,
1075 ' ANALATOMPARENT,ANALATOMSOREEN,AASBIT) 'FI°
1076 PEND!
1077 YEORY X 'To' BONDCOUNT 'DOY'BEGIN'
1078 '"REF'TININT! BT = BONDTABLEIX) :
1079 YREFITIVINT! Ap1 = ATOMPROPIBTINIT + AP2 = ATOHPROPIBT(2)]
1080~ LEQRY v TNt & 'O BONDPRAPILYY = Ap1IYIwAp2[Y)
1081 ' SEARCH(RONDPROP,BONDINDEX,BONDPARENT ,BONDSCREEN,BSRITY
1082 10 THE ANALYSIS BOND SCREEHS ARF SET ONLY IF BOTH THE ATOHMS
1083 CONPRISING THE BOHD ARE I# THE REACTION SITE ¢!

1084 L1F''NOT! DELETEDEBTI11) 'AND''NOT' DELETEDIRY[2]) 'THeN!



SEARCHC(BONDPROP, ANALBONDINDEX s ANALRONDPARENT,ANAL RONNSCREEN,
ABSBIT) tgr?
LEND!
YENDY 7

FPROCY MOLFORMSCREEN = ('INT' TI,'REF'LIVINT' HOLFORMY .
'REGIN!
1CY SET Up MOLECHLAR FORMULA SCRFENS , THE 2% RITS ArRF UcED AS BELOW
1=6 NUMBERS 0DF CARBOHNS (0=é,5=10,11=15,.525)
7=11 INDIVIDUAL HALOGENS AND PHOSPHORUS
12 GENERAL HALOGEN
13=15 GENERAL HETEROATOMS (1,2,>2)
16218 HITROGEN ATOMS (1,2.>2)
19=2% OXYGEN ATOMS (1,2,52)
22=23 SULPHUR ATOMS (1.>1)
(T2
'REF'!'BITS! MFg = (MOLFORMRITS 'OF' OUTPUTRUFFERYI[1]
LINTY HALOGEN ¢=2 0 , HETERNATOHM :=m 0 3
'gO0oL! B &
LINTE 4 gm FIFY J = 2 'ORY 1 = 4 'YTHEN' MOLFORMI1]
LELSE' (MOLFORMT11"/'5)+1 'ERI!' }
YIRY J # 0 YTHEN'YFORY X YTO'YIEY J < 6 "THEN' J 'ELSE' 6 'FI''pO?
MES g¢a X 'SETY! MES 'fI' ;
YEORY X TEROM! 2 Tyor 5 'pyn!
PIFL MOLFORMEXY > O 'THEN' HFS 1= (X+5)'SET'MFS : HALOGEN 'pius!
MOLFORHTIXY 'prt
Y1F' HALOGEN > 0 TTHEN' MFS 1= 12'SET'MFS 'FI! ;
YEORY X 'YFROM! 2 FTO' 9 'DN' HETERNATOM 'PLUS! MOLFORMIX]
Y1r!' MOLFORMIBY > O 'THEN' MPS s= 11'SETYHMES 'y
P1r' HOLFORMIGY > O 'YTHEN''C' MITROGEN ATOM '€!
LEOR! X 'FROMY 14 "TO''CASE' MOLFORMIGY '"IN' 14,17 '"OUT! 18 'ESAC''po!
MFS = X 'SET! HES 'fr1I' ;
Y1fp! HOLFORME?ZY > O 'THEN''EOR!' X 'FROM' 40 'TO'ICASE' MOLFORM(7)
PINY 19,20 'our® 21 'ESACY 'pO' MFS := X 'SEY' MfESs 'g1!
J = HOLFORMI®Y 3 tc' SOLPHUR '@



1120 'Ie' J = 1 tTHEN' MFS ¢= 22'SETIMFS 3 HETEROATOM 'ppLUg' 1

1121 YELSF! J > 1 YTHER' MFS i3 22 'SET! MES 3 MFS s¢= 23 "SET' MFS 'FI' @
1122 YIF! HETEROATOM > 0O 'THEN' 'C' SET GENERAL HETERGATOM pI1Tg '
1123 TEORY X VFROMY 13 'TO''CASE' HETFROATOM PINY 1%,14 'OUTY 15 'ESAC!
1124 1DOY MFES 43 X 'SET' MFS 'FI!
11258 YEND' }
1126
1127

—1128

1129 'DO''BEGIN!
1130 'CLEAR!' RINGBITS '0F' QUTPUTBUFFER 3 '"CLEAR' MOLATOMRITS 'nF!
1131 OUTPUTBUFFER 1 '"CLEAR' ANALATOMARITS 'OF' QUTPUTRBUFFER ! 'CLEAR!
1132 MOLBONDBITS '0F! QUTPUTBUFFER 3 'CLEAR! ANALRONDRITS '0OF' OUTPUTRUFFER 3
33— MINTHUH s 1BINT 0
1134 'CLEAR! MOLFORMRITS *OF' OUTPUTRUFFER :
1135 YCLEAR' RCONNECTIVITY ; 'CLEAR' PCONNECTIVITY ;
1136 'CLEAR' RADJACENCY 3 T"CLEAR' PADJACENCY
1137 YCLEAR' RDELETED § 'CLEAR' PDELETED
1138 'CLEAR! RUNITS 3 'CLEAR' PUNITS
1136 YCLEARY RRINGATOMTEST ; 'CLEAR' PRINGATOMTEST :
1140 'CLEAR! RBONDTABRLE 3 YCLEAR' PBONDTABLE :
1141 YCLEAR' RHOLFORM 3 V"CLEAR' PMOLFOR ;
1142 'CLEAR! (ULKN 'OF' OUTPUTBUFFER) 7
1143 REACTIONS 'pPLUS! 1
1144 MHTRDB(¢1, CLENGTH 'Opv BUFFER)[11,576)
1145 YIFY CL439) s % " 1AND? C[12390) = * " ¢THEN!
1146 180QL' QK :3 'TRUE!' ;
1147 PA t3 1 § REACTANT i= 'TRUE'
1148 REACTANT = tTRUE! §
1149 OK s= CREATE ADJACERCY TABLECRADJACENCY,RBONDTABLE,RCONNECTIVITY,
1150 : RHOLFORM,RATOMCOUNT ,RBONDCOUNT ,RRINGATOMTYEST ,RULN,RUNITS,RATOMLIST)
1151 REACTANT 13 V1FALSE! r PA 1= 301 .
1152 LIFt QK 'THEMN! 0K t3 CREATE ADJACENCY TARLF(PADJACENCY/PRONDTARLF,
1153 PCONNECTIVITY,PMOLFORM, PATOMCOUNT ,PBONDCOUNT, PRINGATOMTEST.

1184 PULNPUNITS.PATOMLIST) !



40 ==

1151

OK 'THEN! GENERATED ADJACENCY TABLE 'pLuS' 1 ;

OK g= HATCH STRUCTURES :

L8

FL QK 1YHEM!
REACTANT = 'TRUE' ;
RING ANALYSIS SCREENSC(RINGBITS 'OF' OUTRPUTRUFFERYII2])Y I

REACTANT = YFALSE' ;

'F
'F1!
'F11

'F1!?

'EnD!

RING ANALYSIS SCREENS((RINGBITS '0F' OUTPUTBUFEERYTAD)Y
ATOMBONDSCREENS (RUNITS,RATOMLIST,RATOMAOUNT, RRONDEOUNT |
RRINGATOMTEST,RDELETED,RADJACENCY RBONDTARIE,RCONNECTIVITY,
(MOLATOMBITS 'OF' OUTPUTBUFFER)IT], (ANALATOMRITS 'O
QUTPUTBUFFER)[1),(MOLBONDRITS '0OF' OUYPUTRUFFERY[1],
~CANALBONDRITS 'OF' OUTPUTBUFEER)I[1Y)Y
ATOMBONDSCREENS(PUNITS,PATOMLIST,PATOMCOUNT, PRONDCOUNT .,
PRINGATOMTEST.PDELETED:DADJACENCY:PBONDTARIE.PCONNECTIV!TY.
(MOLATOHMRITS 'OF' QUTPUTBUFFERY[2), (ANALATOMBITS 'OFf¢
OUTPUTBUFFERYC2], (MOLBONDBITS 'OF' OUTPUTRUFFERYT2]Y,
(ANALBONDRITS 'OF! OUTPUTBUFFER)Y(2Y) ;
HOLFORMSCREENC1, RMOLFORM) : MOLFORMSARFEN(Z, PMOLFORMY
'FOR! x 'tnr 9 'po?
'BEGIN!
'REF'VINTY RHMX = RMOLFORMIXY) , PMX = PMOLENRMIX)
YIF! RMX 3 PHMX 'THEN' RMX 'MINUSY pMX : pDMY 1= 0
"ELSE! pMX '"MINDOSY RMX 3 RMX 3= 0 gt
YENDY }
MOLFORMSCREENL{2,RMOLFORM) ; MOLFORMSCREEN(4,PMOLFORM)
SUCCESS 'pLUsS" 1 ;
ULNFRAGMENTS YoF!' O0TPUTBUFFER 1= C[1801:2200) ;
BIBDETAILS 'OF' OQUTPUTBUFFER 1= £12201:2223 ;
NTUR(2,(LENGTR 'OF' OUTPUTAUFFERYIL1))Y
ISKIP!
1!



1190
1191 FINIS ¢

1192 PUT(MATRIXOUT, ("NUMBER OF REACTIONS INPUT = * REACTIONS,NEWLINE,MEULINE,
1193 "NUMBER OF REACTYONS SUBMITTED TN THF STRUCTURE MATCHING ALGORITHM = *,
1194 GENERATED ADJACENCY TABLETNEWLINE,HEWLINE,

1195 "NUMRER OF REACTIONS FOR WHICH NO ATOM/ATOM EFQUIVALENCES WERE FOUND = ",
1196 NOMATCH, HEWLINE,NEWLINE,

1197 "NUMBER OF REACTIONS IN UHICH ALL THF ATOMS UERE ELIHINATED = ",

1108 ALLMATCH, NEWLINE,NEQLINE,"NUMBER OF REACTIONS FOR WHICH OVERELNOW SFT = "
1109 +OVERFLOUINMATCH, NEWLINE,NEWLINE))Y

1200 PRINTC(C(HEULINE,REACTIONS ,SUCCESS, NOMATCH,ALLMATCH)Y)) :

1201 HTEND(1,+"CLOSE")Y 7 MTEND(2,"CLOSE")

1202 'SKIP?

4203 YEnD!

1204  'FINISH!
1205 wwuw
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A sualitative comparison of Wiswesser Line Notation
descriptors of reactions and Mthe Derwent Chemical
Reaction Documentation Service.

David Bawden*, Trevor K. Dcvon, Frank T. Jackson and Sandra I. Wood,
(Pfizer Central Rescarch, Sandwich, Kent)
and

Michael F. Lynch and Peter Willett,
(Postgraduate School of Librarianship and Information Science,
University of Sheffield, Western Bank, Sheffield, S10 2TN).

Two methods of retrieving chemical reaction information are comparecd.
One involves the generation of reaction descriptors automatically by an
analysis of the Wiswesser Line Notation of the reacting molecules. The
other, Derwent's Chémical Reaction Documentation Service (CRDS), iﬁVolves
manual indexing and uses a bond-change code to describe the reaction, with
Rinzcode for structural description. A series of reaction queries was
scarched using both systems: the results were qualitative and indicative

of the general nature of the descriptions provided.

.Both systems are found to perform effectively with queries involving a
definite reaction site change. The WLN system gives greater precision in
. some cases, due to the varying levels of structural reqpreséntation
provided. CRDS is valuable where particular bond changes are specified,
and could be valuable in synthetic planning: Neither system performs
well with queries where no definite reaction site is specified, and both
‘wohld require additional concept indexing for full effectiveness. The
WLN systém has a useful potential for producing printed indexes of

reactions.

*To whom correspondence should be addressed.



Introduction.

The provision of access to chemical reaction information has heen a

continuing problem for chemical information workers, and a variety of

)

1,2 .
approaches has becn adoptedg ’ One method involves the automatie

generation of reaction descriptions from machine-readable representations
of chemical structures. Such descriptions may then be scarched by computer

or vsed for the production of printed indexes. This approach is likely to

be of particular value within computerised chemical information systems,
Tnvestigations along these lines have been carried out for some years at

Sheffield, using both connection table and Wiswesser Line Notation (WLN)

(3)

representations of structure. This work has resulted in the development

(4)

of a method of reaction analysis based on WLN. The WIXNs for the reactant
and product molecules are fragmented algorithmically, the fragments compared |
and duplicates eliminated, and the remaining fragments then recombined to

give a description of the reaction site. The fragments constituting the
reaction site are the main entry points to the reaction file: further
information may be obtained by considering the fuller reaction site notations
and theﬁ the original WLNs, In a printed ingex these latter stages are

carried out by scanning the entries under the appropriate reaction site

fragment(s). In a computerised form, a string search procedure would be
used on the reaction site notation and/or full WLN. At present this approacl

to reaction indexing is at an experimental stage.

A reaction documentation system based on structural concepts is, howaver,
commercially available at the presenﬁ time, This is the Chemical Reactions

Documentation Service (CRDS) based on a system originally devised by the

(6)

Pharma Dokumentation Ring. This system describes reactions according to

a representation of bonds formed and broken, derived from the coding used in

(7)

Theilheimer's "Synthetic Methods" series. Structures of reactant and '

product molecules are represented by the fragmentation code develbped by

(8)

the Pharma Dokumentations Ring (Ringcode)', The service is amenable to

computer searching in batch mode, the reactions being searched by the bond

4

change codes and Ringcodes for the reactant and product structures. - 1t has



. o, . \
been proposed by Derwent that this system will be made available on-line,

with added keyword indexing.

A comparison of these two systems appcars to be wvorthwhile in order to

determine whether one type of reaction description is markedly superior to

the otner.

Methodology

There are major differences in the current state ofAimplementation of
the two systems. CRDS is a fully operational qomputerised system with
facilitie; for searching on feaction conditions etc., and allowing searching
of reactant and product structures using Ringcode; the Sheffield WLN system
is still at an experimental stage and has a printed index -output wiﬁh manual
scanning; thus, the provision for whole structure searching in the two systcms
is_so different that, for example, relative precision figures would be meaningle;
For these'reasons, and because the main objective of the study was a comparison
of the basic reaction descriptions provided, rather than of éverall system
, effectiveness, no formal qﬁantitative evaluation was attempted. Rather, the
aim was to produce a qualitativg understapding'of the strengths, weaknesses
and potentialities of each method: quaﬁ{iﬁative evaluation would only bé

appropriaté in the context of two fully operational systems. Ease of use

and other human factors were .not specifically examined, but had to be taken ‘|
- . . B . . C
into account to some extent. Using printed tools, especially with a relatively

small data-base, it is easy to scan a large proportion of the possible results.

PR

Some subjective judgement as to what would be realistic in a practical applicatio
&l
was therefore necessary. S

- The data base used for the evaluation consisted of 273 abstracfs, chosen
randomly from each of volumes 22, 24 and 30 of Theilheimer's "Synthetic Methods™ ¢’
" this series forms the bulk of the CRDS data base. Each one-step reaction
from these abstracts, including all possibilities in the case of multistep
reactions, was selected, giving a total of 582 reactions. The reactant and

product molecules were encoded in fully expanded WLN and a printed index. was
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3.

(4)

produced for the set of reactions using the Shnffieid programs® /; this index
was scarched manually. ‘The CKkDS file, vhich includes the set of reactions
under consideration, was searchea using programs written af Pfizer for that
purpose. The appropriate volumes of Theilbeimer wére also searched, both
by the manual coding system and by the keyword inde*. The pufpose.of this

\ _

was to ascertain whether the keywording or codes would be useful in an specific

situation where the structural description did not perform well.

VVA set of 18 queries was then constructed which was intended to represent
the variety of reaction searches which a general purpose system should deal
with; Dboth general and Specificiquefies were.included. Because of the small’
size of tbe datq base there were in general few exampleélof each reaction type;

(9,10) and is not

this is to be expected from the known distribution of reactions
greatly deleterious to the qualitétive evaluation attempted here. Eaéh abst;réctg
in the data base was examined to determine those reactions relevant to each of
ihe queries. This provided the ideal response sets against which the
performance of the systems could be ﬁeaSUred. |

One example of the searching procedures is given here by way of illustration

The examplé shown in Fig.lc involves the replacemént of an aldehyde by a cyano

group.
Relevant reactions will be analysed by the WLN algorithms(a) as
—CHO —————> —CN
or —-CHZCHO 'fff?fj?h —-CHZCN

' ot
//'\/ .- »?

where the groups may be attached mpfﬁ'io ringsand<{ to acyclic substructures.
L =

Therefore the printed index was scanned under the reactant site fragments

(4)

.

xVH,/VH, *1VH and /IVH and then the possible reactions checked by

consideration of the reaction site notations.

In CRDS the (formal) brecking . of C—H and C=0 bonds, and formation of
a C==N bond were encoded. ' The codes for aldehyde in the reactant and cyano
group in the product were also included. The search output was the Theilheimer

abstract numbers.
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Results o | : . |
Scven relatively simple functional group interchange reactiéns were first
considered. These are shown in Figure 1. " Both the WLN systems and CRDS
worked well on these examples. The first five examples were searched
straightforwardly and all relevant answers found by both systems. 1In
examples f and g, one possibly relevant reacgion w#s missed by the WLN:

this reaction was of the form

R—COCHBr -—--—» R—COCHD

. Because the WLN analysis algorithms produce the most detailed description

(4)

possible of the reaction site » the analysis was |

— COCHBr ~——% - COCHD
rather than the more general

—CHBr ———> —CHD

This is an example of the precision of the WLN épproach. For a more
general acyclic search, it is at present necessary to consider possible

subsections of the reaction site character strings. Note that the reactions

f and g require different coding in CRDS since ‘the latter requires specificatic

of both the bromine and the deuterium: the WLN searches are identical. The

manual Theilheimer coding also prcved reasonably efficient for these simple

‘queries, although it involved a good deal of manual scanning.

A more specific qgery‘is shown in Figure 2 which involves a considerétion
of the reactant/producﬁ structures. In the case of CRDS mbfe specific
Ringcoding than in the general case was needed; with WLN, scanning qf the
printed“n?tations*was'sufficienf-- in a computerised system a sfringsear;h
could be used. Both examples were straightforwardly searched in the two

systems and the relevant reactions found..

Two elimination reactions, one with greater structural specificity, were
tested (Figure 3). Both systems found the relevant answers for the more

general case, and 3b was found by product structure search.
+

Two somewhat more complex reactions were then examined, as shown in

Figure 4. For 4a, the addition of methyls to an unspecified substrate,

e




5.
the lack of information méde it jmpossible to code any reactant or product
structure for the CRDS. The large output resulting from use of the rather ﬁ
general reaction code included the relevant reactionms. The relevant answers V
were fodnd in WLN‘by scanning the full notations of those reactions involging
tﬁe gain of two methyl groups. 'In example 4b a WLN search was possible by
lookihg through examples of formation of all ﬁppro;fiate heterocyclic rings,

which retrieved the relevent examples. CRDS produced the relevant reactions,

but with many spurious answers due to the ill-defined query.

Two ring reaction queries were considered (Figure 5). The specific
formation of a C—C bond within a defined heterocyclic ring in 5a presented
no problems to either of the systems, both of which produced the relevant
reactions from a straightforward search, The same was found with 5Sb, where
the presence of‘a éarbonyl linkage in a ring in both reactant and product
_gives structural specificity. It.is worth noting that in both these cases
a search in the Theilheimer volumes via the reaction ;oding would be highly
inefficient, sincé all the sections corresponding fo formation or breaking of
C—C bonds would have to be scanned. The CRDS‘'system allows specification of
reactaﬁt_and product structure, wﬁile in the WLN system the reaction site

fragments include the whole ring formed or broken.

Finally, four more general queries were selected, as shown in Figure 6.

These in general caused the greatest problems to the systems.

In the first three examples the structural environment is ill-defined.
For all of these queries only acyclic WLN searches were made since in cyclic
. structures;the reaction site fragments would comprise the whole monocycles
involved in the change and each of these would have' to be separately searched.
No coding at all can be p:oduced for a CRDS search forvﬁb, while 6a can only

be coded for "formation of a C—H bond", giving rise to many errors.

Keywording for general concepts, e.g., "hydrogenation",'"double bond
migration", seems a more feasible way of dealing with general concepts of

this sort. Thus in example 6c, the relevant reactions may be readily found

+

4



~.

from the index to the Theilheimer volumes, under the heading "ketones from

allenes'", emphasising the value of keywording for councepts of this sort.

For query 6d, the relevant answers can be found from the WLN only by
scanning all appropriate heterocyclic rings formed; an impractical procedure
for a large data base; similariy the CRDS secarch produces a very large output,
becaJ;e of the generality of the structure clhiange. The relevant reactions |

are readily found from the Theilheimer volumes by the keyword phrase :

"replacement of oxygen, cyclic, by nitrogen/sulphur, cyclice”. ' v |

Several of the queries were retested, using only the reaction (bond
change)‘coding of CRDS, without reactant or product structures. In all
cases a very large number of answers, many erroneous, resulted from the
general coding. The specification of reactant and/or product structures by i
Ringcode is obviously an essential component of this system in a practical
situation. The erroneous output from CRDS used in this way represent;, as
might be eﬁpected, a wide variety of reactions involving the same type of
bonds broken or formed. When CRDS is used with structures specified

relatively few erroneous results appear. These are usually due to a bond

change in a different part of the structure; - thus the reaction shown in

Figure 7a was retrieved as.an answer to 6¢c and that in 7b as an answer to 1d.

iﬁ is difficult to make a diréc; compariéon with likely errors in the
WLN system, where the search was carried éﬁt by scanning a printed index.
It is evident, from the number of occurrences of thevvarious fragment keys
from thevWLN analysis, that some form of structure search may be necessary
to limit the output. However, increased precision in'searcheé may be
obtained from the fact that a structured feature ma& be specified as being

actually involved in the reaction, rather than merely being present in one

of the reacting molecules, by 1its presence in the reaction site notation.

Discussion
21scure o
- The most immediate impression gained from the results of this comparison

is the great similarity between the performance of the two systems. In

—



general, reactions occurring in well-defined structural environments may be
scarched efficiently by either system, whereas more generally stated queries
are poorly dealt with. There are, nonetheless, distinct differences, as will

be noted below.

An evaluation of this sort makes clear the large extent to which a

L] .
reaction information system requires a structire search capability. The
CRDS system requires the specific coding of reactants and products to reduce
output to a manageable level.  The WLN system to some extent incorporates
structurél information by including larger fragments in its reactioﬁ site
analysis, but may still require some examination of reactant and product
structures for maximum effectiveness. In many cases, howvever, the reaction
site notations'are'sufficientlto characterise the change. In a computerised
system based on WLN a substructure search procedure would be required, operatiné
on the reaction site and/or the full reactant and product notations. The
_relative merits of Ringcode and WLN {or substructure search would then have

(11)

to be considered in a comparison of these reaction systems.
The inclusion of considerable structural i;fqrmation in the reaction site %
notation often enables the WLNfsystem to give a more precise analysis than CRDSQ
This is exemplified by the search for reaction 1f, where the presence of a |
ketone adjacent to the reaction site gave a different anaiysis, and in the ring;
formation and closure reactions where'the monocycles involved were delineated
both 5y the fragments and the reaction site notation. This is a very powérful%
feature of this type of analysis. Frequently reaction queries are specified i;
“just-this way, i.e., in terms of precise groups and ring systenms, and #n;n g
analysis based on WLN gives a rapid and reliable result. This is due to the
extent to which such analyses retain the ability of the notation to déscribe

structures in accordance with chemical intuition. In other cases, however,

the two types of analysis are comparable.

Both systems are currently poorly equipped for handling the more general

queries, i.e. those involving particular structural modifications in’a variety
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of environments. For a maunually-indexed file, these problems could be
alleviated by the use of intellectually assigned keywords similar to those
used in the indexes of Theilheimer; this has been proposed by Derwent for

the on~line version of CRDS. 1In the case of the WLN system, generic searc

Capabilitiés c0q1d be obtained aigorithmica]lyvbo;h from the reaction site

(12)

. .
and parent compound notations. .

In summarising the performance of the two systems it is useful to
consider the various access points to reaction information prdvided by the
systems, and their appropriateness to the several types of reaction query

likelylto be encountered.

The two systems, as noted abovg,'allow for approaches to reaétions at
Qifferent leyélé'of structural specificity; CRDS allows searching directly
for bonds formed and broken: in the WLN system this can only be achieved
indirectly, by considering the possible reaction site changes brought about
by a given bond change. The WLN'system allows for a direct séarcﬁ on reactfo
‘sites: in CRDS an indirect search, combining bonds changed with structural

features present or not present in reactant and product, is required,

The WLN approach gives three levels of structural description(4):
reaction fragments, reaction site notations, and parent structure WLNs.
CRDS allows two levels: bond changes, and bond chahges plus struvctural

features of reactant and product.(which may or may pot form part of the ;
reaction site). , |
Y

It is helpful, accepting some-degree of over-simplification,.to consider}’

| 2 3

possible reaction enquiries as falling into three classes: structural concepti
. i

related, reaction site related, and bond related.

i
gl

Concept related questions are typified by the more general test queries
above. They are expressed as structural concepts, - as'e;e@plified by

z t5e‘reacti6n3;of Figure 6 , but are not restricted to anything other fhan

a very general structural environment. Such questions are poorly dealt with
.by the structural reaction descriptions of both systems, and some form of

concept indexing is desirable.
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Reaction sité related queries involve spociffnn(ion of the bond ch;ngcs,
with sufficient information on surrounding atoms to give a description of the
reaction in chemically significant wnits, functional groups, ring S&Stems ete.
It may well be that this type of query will predominate for a general organic
reéction information service. These queries are‘gea]t with by‘using the
rcac;ion site information from WLN, or the bbnd change with reactant and

‘product structures in CRDS.  As noted above, both systems dealt effectively

with test questions of this sort, with the WLN system having some advantages.

Bond related queries involve spécification.of a bond or sonds broken
or formed, without full specification of the reaction site change: such
informatidn could be particularly useful for synthetic planning. Direct
access at the bond level would be a.valuable component of a comprehensive
reaction information system: this could be provided by manﬁal indexing, as

in CRDS, or by algorithmic meansgl3’14)

Any of these three types of query may involve specification of
structural features of the reacting molecules, not involved in the reaction
site. This may be achieved in both systems, using the substructure searching

capabilities of WLN and Ringcode respectively.

A comparison of ease of use of the two systems would not be entirely
meéningful, since much of the complexity of use of CRDS is due to structure
searching via Ringcode.  The corresponding compuferised WLN searching was
not undertaken: consideration of thié factor again brings up the comparison

of WLN and Ringcode as structure representation.

A WLN system is inherently more flexible than a fragmentation based
system, since it allows production of printed indgxes with ﬁhole structure
representations provided as well as computer searches. This means that a
WLN reaction system can provide both hard-copy output and printed desk-top
tools &hich,'given a woxking knowledge of WLN, could be used by the bench
chemist. A fragmentation code system can only be efficiently used via

computer, unless it relies upon a restricted coding such as the Theilheimer
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code. Tt may be that a printed index WLN reactibn analysis- system would be
best used as an aid to immediate synthetic problems, perhaps with‘rela;ively
small files. TIn this way full advantage could be taken of its ability to
rapidly answer precise quéstions of the kind often. encountered in day-to-day
synthetic work. A useful application would be reaction indexing of internal
data Lanké, where structures are already codsd in WLN and where existing WLN
handling programs could be utilised. This would give a reaétion searching
capability entirely compatible with in-house structure searching.. For

larger files, a computerised search system would probably be required.

Conclusions

The two systems, based on WLN analysis and on bond change descriptors
with Ringcode, were both found to deai effectively with queries defined in
terms of reaction site chaﬁge, involving functional groups, ring systems, etc.
Such queries may well predominate in general purpose reaction information |
systems. The WLN system provided greater precision in some cases, due to
the varying levels of structural representation provided. - For some questions
the bond change jnformation in CRDS is valuable: this may be partiéularly
useful for synthetic planning. Both systems perform poorly with concept
related quefies, where there is no specificAreaction 5ite indication. They

both require some form of concept indexing for full overall effectiveness.

A WLN-based system may be valuable in providing printed indexes of reactions.
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In this case R'

and RZ may not be part of the same ring and X represents a halog
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A ketonic group must remain unreduced in R

Figure 2.
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Ts is v'para,toluene sulpfonyl .

Figure 3.
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X is any carbon atom
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Figure 5.
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The three reactions above may occur in any environment
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The circle represents any'sort of ring and X represents nitrogen or sulphur

Figure 6.
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