communications in mathematical no. 46, October 2002

m @TC I]:D’ MATCDY (46) 253 - 273 (2002)

and in computer chemistry ISSN 0304-6253

THE ARGENT PROGRAM SYSTEM: A
SECOND-GENERATION TOOL AIMED AT
COMBINATORIAL SEARCH FOR NEW TYPES OF
ORGANIC REACTIONS. 1. MAIN CONCEPTS AND
POTENTIALITIES

Nikolai S. Zefirov,! Serge S. Tratch,! and Marina S. Molchanovat

1 Department of Chemistry, Moscow State University;
Leninskie Gory, Moscow 119899, Russia
¥ Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences;
Leninsky Prospekt 47, Moscow 117913, Russia

Abstract

The main principles and prospects of ARGENT, a new software package for
multistage reaction design on the basis of our Formal-Logical Approach to Organic
Reactions, are presented. The distinctive features that make ARGENT a poten-
tially versatile and efficient tool for finding new types of chemical interconversions
are discussed. A general outline of the reaction hierarchy within the present-state
Formal-Logical Approach is given, and a representation of this hierarchy by a mul-
tistage graph labeling technique is described. The basic principles of reaction design
and their implementation in the program ARGENT-1 (the first executable module
of the ARGENT system) are illustrated by several examples.

1. INTRODUCTION

In the preceding publications,' the current state of the Formal-Logical Approach to Or-
ganic Reactions®® was described in detail, and the theoretical principles that can form
the basis of an enhanced program system for solution of reaction design problems were
considered. We are currently planning to implement these principles in a new multi-
purpose reaction design system called ARGENT (Automatic Reaction Generation and
Evaluation of New Types). In this paper, we discuss the general foundations, main fea-
tures, and future prospects of this system; a description of the mathematical models that



make it possible to successively solve all the generation problems appearing in the first
program of the ARGENT 1 series (as well as some related problems) are outlined in the
next paper in this issue.*

Of course, our program system is not the first computerized tool aimed at systematic
search for chemical interconversions. Actually, creation of such programs has been evok-
ing the attention of many specialists in computer chemistry over the last thirty years.
However, the overwhelming majority of existing software products in this field deal with
search for new synthetic pathways (computer-assisted synthesis design) rather than with
computer-assisted reaction design in the narrow sense of the term, that is, with search
for new reaction types. The difference between these two kinds of programs was first
mentioned by Herges,” who considered reaction planning (and reaction design) exactly as
prediction of unprecedented types of chemical interconversions.

In fact, programs of the first aforementioned type, i.e., of synthesis design, may con-
cern retrosynthesis (search for possible synthetic routes to a given substance) or prosyn-
thesis (scarch for possible reactions of a given compound),®® but, in any case, they must
start from some preselected structure. On the other hand, programs of the second type
are oriented to creation of novel types of chemical interconversions and prediction of their
educts and products. Following the notation of Dugundji-Ugi’s well-known model,” let us
characterize an organic reaction by the chemical systems at its beginning (B) and end (E)
and by the corresponding transformation matrix {(R). Then, computer-assisted synthesis
design means listing of possible (R, B)-pairs for a given E (retrosynthesis) or (R, E)-pairs
for a given B (prosynthesis), whereas reaction design means generation of various accept-
able R and listing of possible (B, E)-pairs for each presclected . (See ref 10 for a more
detailed discussion.)

Elaboration and improvement of programs for computer-assisted synthesis design was
and still is very popular,” and this is natural becanse of their evident importance for
practice. However, problems of reaction design — in the strict sense of the term — have
received comparatively little attention. Several papers (e.g., see refs 11-14) dealing with
generation and classification of specific kinds of reactions have been published, but ready-
to-use universal software for reaction design seems to be very scarce. To our knowledge,
the only full-scale programs are IGOR and IGOR2,°!'%%'% elahorated by the Munich
group, and SYMBEQ,**%¢ developed within the framework of the Formal-Logical Ap-
proach at Moscow State University.

In contrast to SYMBEQ, other software products of the Moscow University group
arc oriented to solution of less general problems. In particular, the program ELSE can
generate ionic, radicalic, or redox processes with linear electron transfer;'” these processes
typically describe elementary steps of complex reactions. The second program, GREH,®
cnables one to construct bicyclic graphs corresponding to interconversions of heterocyclic
systems. This program makes allowance for the cyclic structure and tautomerism of
heterocyclic compounds but completely neglects all acyclic appendages and substituents.

All the above programs have been successfully used for predicting new types of re-
actions, mostly pericyclic ones (see refs 3c,d, 5, 15a, 16b): several other generic classes
of reaction processes have been systematically treated in separate works.'>?" However,
new reaction types really predicted by a computer are not numerous, and future progress
in reaction design must hence be associated with development of highly improved and
versatile, “sccond-generation” program tools aimed at computer-assisted search for new
chemical interconversions.
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Actually, analysis of existing reaction design programs reveals many limitations and
drawbacks, such as inadequate generation capabilities, insufficient development of selec-
tion eriteria, inconvenient implementation of the man-machine dialog, etc. For example,
neither IGOR nor IGOR2 can directly produce complete lists of reactions correspond-
ing to a given (e.g., cyclic) topology of bond redistribution, because these programs do
not contain modules®® generating all relevant transformations R. Similarly, the results
of SYMBEQ cannot be considered as exhaustive, because they lack interconversions of
organic ions, radicals, and ion-radicals.

2. SPECIFIC FEATURES OF THE NEW PROGRAM SYSTEM

In our work on the ARGENT program system, we are trying to overcome the difficulties
mentioned in the preceding section. Our aim is to combine the advantages of earlier
programs with new means available in the present-state Formal-Logical Approach® in
order to create an efficient and chemically versatile multipurpose program system with
the following distinctive features:

1. ARGENT is aimed to be a universal software package for design of reactions with
any topology of bond redistribution (i.e., disposition of bonds that change their
multiplicity during the reaction); the topology identifying graphs can, in principle,
be introduced by the user or generated by some external program. Also, in contrast
to SYMBEQ), the new program system treats not only interconversions of neutral
molecules but also those of charged and radicalic species. Therefore, it can produce
nearly all reactions of practical interest: neutral, ionic, radicalic, and even monore-
dox or diredox processes. Charges and unpaired free electrons at atoms are always
considered explicitly, in contrast to IGOR/IGOR2.

2. As in other existing reaction generators, the generation process in ARGENT is
based on a hierarchical classification of reactions. The difference between the de-
tailed hierarchy of the Formal-Logical Approach (which is the theoretical basis of
ARGENT) and other previously suggested multilevel classification systems?® is re-
sponsible for a difference in the degree of the program adaptation to solution of
some actual problems. For example, special hierarchy levels (in future versions of
ARGENT) are planned to rely on explicit consideration of additional ring closures
existing between atoms that participate in the reaction. This possibility has never
been taken into account in other reaction-generating programs; it seems to be an
especially useful tool in prediction of heterocyclic rearrangements or, for example,
in search for new synthetic routes to polycyclic and caged molecules.

3. A new system of hierarchical coding'® has been developed for purposes of the
ARGENT program system in order to provide the basis for saving the resultant re-
actions in a very compact new notation. In contrast to other notation systems,” our
“hierarchical organization” of any reaction code significantly facilitates the search
for its closest analogs in relevant databases and hence enables one to estimate the
degree of novelty for the corresponding reaction.

4. Rigorous mathematical models* elaborated for the purposes of the ARGENT pro-
gram system enable us to suggest powerful analytical enumeration (counting) tech-



256

niques®? for a manual or computer-aided solution of many reaction design problems.
The corresponding combinatorial algorithms*®® always ensure exhaustive, irredun-
dant, and efficient constructive enumeration (i.e., generation) of organic reactions.
In addition, as is demonstrated in the next paper,* the same models can be used to
solve certain structural design problems.

o

. An enhanced system of formal selection criteria makes it possible to perform efficient
automatic screening of the results generated by ARGENT, leaving mainly those of
interest for the problem currently considered. The system contains a number of new
criteria in comparison with SYMBEQ and in some respects makes more extensive
use of formal chemical knowledge in comparison with IGOR/IGOR2. The sclection
criteria used within the ARGENT 1 program will be described in future papers of
this series.”®

6. Last but not least: in contrast to IGORs and SYMBEQ, which may be mastered
only thronugh considerable time and effort, ARGENT is planned to be an easy-to-use
tool for any chemist, not necessarily a specialist in computer chemistry. For this
purpose, a well-developed graphic interface for MS Windows and a help system based
mostly on the language of chemistry (rather than on the language of combinatorics
or graph theory) are being created. The user is additionally provided with the
possibility to work cither with a simple, specially reduced set of selection criteria or
with a more complicated one, corresponding to the novice and ezpert work levels,
respectively. All programs within ARGENT are meant to be very versatile; in
particular, generation may be started and terminated at any level of the reaction
hierarchy (see below), thus providing easy access to reaction types of the desired
degree of novelty.

We believe that the above combination of features must make ARGENT a universal
program system in the ficld of reaction design, and, since it will represent a new level of
adaptation to solution of actual chemical problems, we claim it to be the first second-
generation tool aimed at systematic search for new types of organic reactions.

In this communication, we outline the present-day potentialitics and future prospects
of the ARGENT system with special attention to the first program implementation of this
system, hereafter referred to as ARGENT-1. To clearly understand the representation of
organic reactions and the main generation stages in ARGENT-1, one must be familiar
with several ideas and terms that have already been introduced in our earlier publications
and with the present development of these ideas. That is why some main notions of the
Formal-Logical Approach are briefly explained and illustrated in the next two sections.

3. FUNDAMENTALS OF THE FORMAL- LOGICAL
APPROACH TO ORGANIC REACTIONS

The Formal-Logical Approach (sec refs 1,3 and references therein) provides a hierarchi-
cal graph-theoretical description of chemical interconversions, both known and unprece-
dented. In accordance with this hierarchy, the design of new reactions, which is the main
aim of the approach, may be reduced to solution of graph-theoretical problems — more
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precisely, to generation of some graphs that can represent novel types of chemical transfor-
mations. In the following paragraphs, the main notions of the Formal-Logical Approach
are introduced in a concise form.

Figure 1: An organic reaction as described within the Formal-Logical Approach: (a) a
complete chemical equation (with reaction centers denoted by rectangles and structural
centers denoted by circles); (b) reaction and (c) symbolic equations corresponding to
the given complete equation; (d)-(f) graphs Gerg, Greg, and Gspe; (g) signed and
(h) unsigned topology identifiers; (i) an empty signed graph corresponding to the c/c-
subcategory of ionic reactions for a six-centered process.

d) mz 4 GCE /]

H m__Can NE N
C22 Clo
1!1& 213

G,
b)  _nf N €) "“f“+ e
¢ — R
ﬁ‘cwﬂ-l Cilov ¥ Gogzot®
c=% " H
<) f) wx  OsEo
ey m = -
‘ L L et (4)

Grop b G 5
(/\ C/\ e W

1. The initial and final systems contain one or more components; each of these compo-
nents is a connected structure and represents a definite molecule, or ion, or radical,
etc. In the present-day state of the Formal-Logical Approach, only bonds of in-
teger multiplicities — single, double, and triple — are considered. (In principle,
the approach can be further expanded to fractional bond orders, which have been
shown?” to satisfactorily describe chemical interconversions involving nonclassical
structures.) Tautomeric forms® and even nonidentical resonance structures of the
same compound are regarded as different chemical species.



2. Any chemical interconversion — that is, conversion of some initial (educt) system
into some final (product) one — is represented by a change in the multiplicity of
some bonds; this change may be accompanied by appearance or disappearance of
signs (designating charges or free electrons) at some atoms. Note that complete
formation or breakup of a bond is also regarded as a change in its multiplicity
from zero or to zero, respectively. Thus, any reaction is considered as a bond-and-
sign redistribution, that is, as a process which involves a change in the multiplicity
of some bonds and maybe also a change in the sign of some atoms. Direct and
inverse processes (conversions from the initial into the final system and vice versa)
are not differentiated. The mechanism of the reaction,®?? the actual possibility of
its implementation, and also its reversibility (or irreversibility) and stereochemical
aspects are not explicitly taken into account.

3. All atoms incident to any bonds that change their multiplicity during the reaction
are referred to as reaction centers, or RCs. Examples of RCs (marked with rect-
angles) may be found in Fig. la, which represents the well-known decomposition
process resulting in dehydrobenzene. Some RCs can bear charges or free electrons
in the educt or product system; they are supplied with the respective plus (“+"),
minus (7). or radical (*”) symbols and referred to as signed reaction centers
(SRCs). Lone clectron pairs or vacant orbitals at reaction centers are not explicitly
taken into account. Further analysis is confined to systems where each signed re-
action center bears only one definite sign “+7, “=", or 7 either in the educt or
in the product system but not in both.® It can be easily proved!® that the total
number of signed reaction centers in both systems (initial and final) is always even;
within ARGENT 1, it may be equal to 0 or 2.

4. Oune can distinguish two types of bonds that do not change their multiplicity dur-
ing the reaction: those which form additional rings with participation of reaction
centers (in the initial or final system) and those which do not; for a more precise
distinction, see ref 1b. Atoms that belong to the aforementioned rings but are not
reaction centers themselves are referred to as structural centers. For example, a
chain consisting of four structural centers (circled carbon atoms) may be found in
the chemical equation in Fig. la. Obviously, account for structural centers and
specification of ring structures in educt and product molecules enable one to more
precisely characterize the degree of novelty for a particular organic interconversion.

ot

. Additional notions in the Formal-Logical Approach are associated with reaction
fragments,'® i.e., with structural units (consisting of RCs and modified bonds be-
tween them) that “behave as a whole™ in the process under consideration. In Fig. la,
two monoatomic (N and H) and two diatomic (CC and CO} reaction fragments can
be observed. Note that substitution of one or several reaction fragments by similar
fragments from a preselected list can result in prediction of new analogs of well-
known reaction processes; a nontrivial example of this specific approach to reaction
design problems was briefly considered in ref 1b.

In this brief survey, we do not explicitly consider varions structural and numerical char-
acteristics of bond and bond-and-sign redistributions or characteristics of individual reac-
tion centers, structural centers, and reaction fragments. This information (see refs la,b}



is mare suitable for discussions of classification problems rather than problems of reac-
tion design. At the same time, the main features and generation stages in our current
design program, ARGENT-1, depend on hierarchically organized specific representations
of bond-and-sign redistributions in the form of graphs with labeled vertices and/or edges.
Consideration of these graphs and more or less generalized equations corresponding to
them is the subject of the next section.

4. LEVELS OF THE REACTION HIERARCHY

For the purposes of reaction design, the most important feature of any formal approach
to chemical interconversions is the hierarchy of their description, that is, the choice of
representations that describe the corresponding bond-and-sign redistributions at different
levels of generalization. (For a detailed comparison of the hierarchy used in the Formal-
Logical Approach with those developed by other authors, see the review in ref 1b and
references therein.)

Let us describe different levels of generalization with respect to a particular organic
reaction — in our case, to the dehydrobenzene formation process. Naturally, the least
generalized level of the hierarchy is the level of a complete chemical equation (Fig. la),
which explicitly represents all information on the structures of components (molecules,
ions, radicals, etc.) in the educt and product systems, including not only all reaction
and structural centers and bonds between them but also all substituents and all hydrogen
atoms.

However, some atoms and groups in the educt and product systems do not actually
participate in the reaction and therefore may be neglected. So, to reflect all and only
information on struetural changes, one should consider only RCs and bonds between
them, and a complete equation is thus transformed into a reaction equation (Fig. 1b).

At the next level of generalization, a bond-and-sign redistribution may be described
independently of the actual chemical nature of reaction centers (H, O, N, C, P, etc.).
For such a description, one should regard them as some “abstract” reaction centers,
denote them by special symbols (preserving only the sign, if any), and thus obtain a
symbolic equation; see Fig. lc for an example.® This equation plays a very important
role in the Formal-Logical Approach: it provides a clear and evident representation of
the most essential information on the overall structural changes but completely ignores
less important evidence such as unchanged bonds or the nature of atoms involved.

It is important that equations at all generalization levels are intended to depict not
only the structures of educts and products but also the pattern of valence reorganization.
‘To unambiguously represent this information, organic chemists traditionally use curved
arrows similar to those in Figs. 1b,c (in the complete equation of Fig. 1la, these arrows
are omitted due to lack of space).

Up to this moment, each kind of equation was represented hy two graphs correspond-
ing to the initial and final systems. However, a more compact representation would be
convenient for discussion of generation problems. To obtain it, let us consider a complete,
reaction, or symbolic equation and superimpose its left-hand and right-hand parts. As a
result, one gets a single graph whose vertices (corresponding to reaction centers, struc-
tural centers, or “non-centers”) are connected by an edge if and only if a bond between
these centers exists in the educt or product system. Edges of this graph are marked
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with “double” labels of the form a/b, with @ and b (0 < a,b < 3; a + b > 0) being the
multiplicities of bonds between the corresponding atoms in the initial and final systems,
respectively. If some RC is signed in the initial system, it retains the same sign in the
superimposed graph; if it is signed in the final system (note that it cannot be signed in
both systems, sec above), its sign is parenthesized: “(+)”, “(—)”, or “(:)".

Evidently, a graph thus constructed unambignously characterizes the equation under
consideration. Three kinds of such graphs, i.e., Gepg, Greg, and Gsgg, are exemplified
in Figs. 1d-f; these graphs are very similar to Fujita's'®® “imaginary transition structures”,
“reaction center graphs”, and “reaction graphs”, respectively. Note that various kinds of
labeled superimposed graphs have also been used by many other authors; only selected
references® are given here.

Further, a representation more generalized than Gggq can be obtained if one considers
only the topology of the bond-and-sign redistribution rather than the magnitudes of
the actual changes in bond multiplicities. In this way, one can construct the topology
identifying graph Grop, which is similar 1o Gggg but contains only unlabeled ordinary
edges (the graph in Fig. lg can serve as example).

Note that Grop is still a signed graph; that is, it contains information on the positions
and types of signed reaction centers, if any. Disregarding this information results in the
unsigned topology tdentifying graph G (sec Fig. 1h); this graph may be regarded as the
“parent” for all graphs successively produced by labeling of its vertices and/or edges. On
the other hand, if one disregards the conneetivity information in Grop, then an empty
graph with 0 or 2 signed vertices (such as the graph in Fig. 1i) will be obtained. This
graph makes it possible to recognize the number and nature of non-neutral atoms in the
initial and final systems (and the total number of added or removed electrons in the case
of redox processes). In the Formal-Logical Approach. this information is associated with
the category of the process (e.g., nentral, ionic, radicalic, etc.) and with its subcategory,
which is determined by the actual number of SRCs bearing cach of the possible signs
(“4+7, =", or “") in the initial and final systems.™

Finally, note one additional important detail. We may also choose a slightly different
strategy of gencralization and consider equations and graphs that include not only reaction
centers and bonds between them but also structural centers and additional ring systems
containing them.'” The corresponding levels of the hicrarchy are represented by skeleial
equations, structural equations, and fsigned and unsigned) expanded topology identifiers —
i.e., by analogs of reaction equations, symbolic equations, and graphs Gyop and G. The
skeletal and structural equations and the labeled superimposed graphs corresponding to
them have not been considered in other general approaches developed up to now. These
equations and graphs also play an important role in solution of reaction design problems;
their generation will be implemented in future versions of the ARGENT program system.

5. MAIN STAGES OF THE GENERATION PROCESS

Let us discuss the generation process starting from a presclected parent graph G that rep-
resents some topology of bond redistribution. In ARGENT-1, the stages of the generation
process are in one-to-one correspondence with the above-described levels of the reaction
hierarchy. Thus, the first generation stage consists in obtaining all possible graphs Grop
from G (if the category of the process is not neutral, because otherwise there are no signed
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reaction centers and Gpop = G). At the second stage, all symbolic equations represented
by graphs Gsgq are to be constructed for each of the graphs Grop. Finally, at the third
stage, the program must produce all reaction equations represented by graphs Grgq for
each graph Ggpq. Generation of graphs G pq, which identify complete chemical equa-
tions, lies outside the scope of this work.*”

That is, generation may he regarded as a multistage process G = Gyrop = Gspq =
Greq, where each stage means derivation of more detailed reaction representations from
less detailed ones. The three successive stages — I (G = Grop), II (Grop = Gsig).
and III (Gsepg = Greq) — are exemplified in Fig. 2 for a well-known nucleophilic
substitution reaction belonging to the ca/n subcategory. It is important that generation
processes at all these stages have much in common: they consist in assignment of some
labels to vertices or edges of a graph. As a result, the overall problem is reduced to a
multistage graph labeling problem.

Figure 2: Three labeling stages (G = Grop = Gsrg = Greg) illustrated for the reaction
equation that depicts a phosphonium ylide alkylation process.
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At the first stage, generation of signed topology identifiers Grop from an unsigned
graph G consists in assignment of sign labels — “47, “=7 7 S(4)7 (=), “(.)", and
the blank label corresponding to unsigned RCs — to all graph vertices; in ARGENT-1,
the actual choice of sign labels to be used depends on the preselected subcategory (or
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subcategories). For example, to obtain equations representing dipolar (ca/n) processes,
the sign labels “4+” and “—" (or *(+)" and “(—)", see stage 1 in Fig. 2) must be used.
In general, each graph Gprop within the Formal-Logical Approach contains two signed
reaction centers for any non-neutral subcategory. Therefore, two vertices in each graph
Grop must be assigned non-blank labels, while all other vertices must bear the blank
label. Note that six out of seven labels used for generation of Gop are actually paired
labels, that is, have counterparts that are converted into them by reversal of the reaction
direction: “4+”7 and “(+)”. “~" and “(-)”, “” and “(:)”. The only unpaired label is the
blank one, indicating that the atom bears no charge or free electron both in the initial
system and in the final one.

At the next stage, generation of graphs Ggpo — and hence symbolic equations — from
an unsigned or signed topology identifier Grop consists in assignment of “double” labels of
the form a/b (a,b =0, 1, 2, 3;a # b) to all edges of Grop. All labels used for this purpose
are evidently paired: labels a/b and b/a are considered as counterparts. Indeed, each label
a/b is converted into b/a if the direction of a reaction process is reversed. Assignment of
the bond labels 2/1, 0/1, and 1/0 to three edges of graph Gy is illustrated by stage 11
in Fig. 2.

At the last stage, generation of graphs Greg and hence reaction equations —
starting from some graph G s is reduced to assignment of atom labels from a preselected
set (H, O, N, C. P, S, 1, ...) to all graph vertices, i.e., reaction centers. (Note that atom
labels must unambiguously represent the valence states of corresponding atoms; for this
reason, different labels may be attributed in ARGENT-1 to, e.g., divalent, tetravalent,
and hexavalent sulfur atoms.) Evidently. reversal of the reaction direction does not affect
the atom name and its actual valence state(s); that is why all corresponding labels are
regarded as unpaired. In the example of Fig. 2, the graph Ggrg constructed at stage 111
via vertex labeling of graph Gsgg uniquely corresponds to the reaction cquation under
consideration (see the bottom of this figure).

It should be stressed that, at any of the labeling stages, the lists of resultant graphs
rather than a single “best” labeled graph ave typically produced. In Figs. 3a ¢, the
complete lists of signed topology identifiers for the “methylcyclopropane-like” graph G
are tepresented; in the case of the selected subcategories (¢/c, ca/n, and rr/n), these
lists consist only of 4, 7, and 4 graphs, respectively. In the general case, the number of
results obtained at stage I is relatively small.

On the contrary, complete lists of graphs Gsgq generated at stage IT from a single
graph Grop can hardly be examined. In accordance with theoretical calculations (based
on the general methodology of ref 24a), the total number of symbolic equations for an
unsigned graph G p = G in Fig. 3 equals 656; surely, only a small part of these equations
is of interest to an organic chemist. For illustrative purposes, in Figs. 4a~h we present
all edge-labeled graphs Ggpe that correspond to symbolic equations'®® with (1) only one
RC changing its valence (by two units) and (2) without RCs whose formal valences in
the left-hand and right-hand parts of the symbolic equations exceed three. The sym-
holic equations are exemplified by (a) really observed®®* and (b) predicted'®® processes
of phosphonium ylide formation from dibenzoylethylene and (substituted) cyclopropene,
respectively; (¢) deoxygenation of a peroxide®® and (d) desulfurization of an episulfide
by tertiary phosphines and phosphites, respectively; (e) hypothetical formation of sulfo-
nium ylides from sulfides and azirines as methylenating agents; decomposition processes
of (f) substituted aminonitrene,?® (g) cyclopropylnitrene,**® and (h) cyclopropenylni-
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Figure 3: Complete lists of signed topology identifiers Grop corresponding to (a) cationic,
(b) dipolar, and (c) diradicalic subcategories for a given graph G.
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trene.® Several additional examples can be found in refs 20a and 25b.

The numbers of vertex-labeled graphs Grpo (and reaction equations) produced at
stage I1I for a preselected Ggpq can be very large; their multiplicity has been discussed in
literature (see, e.g., refs 11¢ and 40) for some specific cases. In this paper, we present only
four graphs G gu (see Figs. 5) constructed for the edge-labeled graph Ggpq of Fig. 4c; the
corresponding reaction equations represent the oxidative cleavage of (a) carbon—boron''#
and (b) silicon-silicon!'® bonds, (¢) desulfurization of disulfides,*'¢ and (d) imination
of organic sulfides by the sodium salt of N-chloro-p-toluenesulfonamide.*'d Note that the
example equations of Figs. 4 and 5 need not necessarily evoke the thoughts about concerted
processes; many reaction equations actually represent elementary steps or overall results
of multistage organic reactions.

It is important that a novel, unprecedented type of an organic reaction may be ob-
served at any stage of the multistage labeling process: a reaction or symbolic equation
generated by the ARGENT-1 program (and sometimes even a topology identifier) may
be of the type never encountered before. It is also evident, however, that the degree of
novelty depends on the actual stage at which this “novelty” was observed. For example,
a symbolic equation that represents a new bond-and-sign redistribution pattern possesses
a higher degree of novelty than a reaction equation, because in the latter case the corre-
sponding reaction process differs from previously known ones only by the nature of some
atoms.

Finally, note one important detail. Of course, not all graphs generated in the above-
discussed multistage labeling process must represent realistic chemical interconversions:
many of them can be chemically infeasible or even formally forbidden. Here are three
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Figure 4: The restricted list of graphs Ggpg, the corresponding symbolic equations, and
examples of reaction equations for a four-centered unsigned identifier of a linear-cyclic
topology. The reaction equations (b) and (e) correspond to hypothetical processes; all
other examples describe already known organic reactions.
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Figure 5: Selected examples of graphs Grpg corresponding to the edge-labeled graph
Gsgg in Fig. 4c. The known processes represented by reaction equations (a)-(b) and
(c)—(d) actually proceed in opposite directions.
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simple rules related to stages I, II, and III of the generation process, respectively; the
corresponding selection criteria are incorporated into any version of the ARGENT system
and therefore called built-in criteria.

o All signed topology identifiers Grop where the number of signed reaction centers is
not equal to 0 or 2 are automatically disregarded becaunse of the general limitations
of the present-state Formal-Logical Approach (sec above).

As was proved in refs 3a,d, the so-called rank of a reaction center — i.e., the sum of
the absolute values of all changes in the multiplicities of its adjacent bonds — must
always be even for an unsigned RC and odd for a signed one. (In the example of
Fig. 1f, the rank equals 1 for both SRCs and 2 for all unsigned RCs.) As a result, all
graphs Gygg that do not satisfy this “parity rule” are automatically disregarded.

If the maximal possible valence of some element is exceeded in the educt or product
system, this reaction is a priori infeasible. For this reason, all graphs Grgo that
contain one or more “unrcalistically multivalent” atoms (such as hexavalent carbon
or trivalent hydrogen) are automatically rejected.

Furthermore, even if some reaction found by the program is correct from the formal
standpoint, this fact does not necessarily meau that this reaction should be considered as
one of the desired results: it may be infeasible because of some chemical reasons or just be
out of the user’s personal scope of interest. Therefore, ARGENT 1 enables the chemist to
specify a set of diverse criteria that can be used for selection of promising interconversions
among those generated by the program. The formulation of these “user-defined” criteria
and the most important features of their algorithmic implementation will be discussed in
future communications of this series.®

6. POTENTIALITIES AND FUTURE PROSPECTS

The above-considered main principle of ARGENT-1 — i.c., multistage construction of
labeled graphs representing chemical interconversions at different levels of the reaction
hierarchy  remains valid for other programs of the ARGENT system. However, it is
planned that future programs of this system will provide a wider range of generation
modes and supplementary means, which are shown in a condensed form in Fig. 6.

Thus, in addition to the built-in and user-defined selection criteria already imple-
mented, future versions of ARGENT can be supplied with new evaluation tools based on
some easily calenlated numerical (e.g., thermodynamic or other physicochemical) char-
acteristics of output reactions. Another possible tool (see the left-hand part of Fig. 6)
is associated with the use of databases containing evidence on already known elemen-
tary or multistep organic reactions. In order to organize such databases, one must solve
separate sophisticated problems (such as completion of traditionally truncated chemical
equations*? or canonization of reaction representations?42®), but the use of databases
offers attractive new possibilities. For example. the degree of novelty could be directly
estimated for any reaction devised by a computer via its comparison with similar chemical
(or reaction, or symbolic, ete.) equations from a database.

In contrast to the first implementation, next versions of the ARGENT program sys-
tem will not require explicit input of the parent graph by the user; appropriate lists of
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Figure 6: The purposes, techniques, and future possibilities of the ARGENT program
system as a whole.
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such graphs may be supplied by a separate program module. For this purpose, one can
use the known generation technique for “mathematical” graphs*® or utilize any of the
structure generators aimed at construction of “chemical” multigraphs (which can satisfy
numerous supplementary constraints, see refs 44 for description of some generation tech-
niques). It is important that one of the natural output modes (“to the reaction file”, see
the right-hand part of Fig. 6) makes it possible to accumulate the resultant cquations
into virtual “reaction libraries”. We anticipate that relevant manipulations with both
reaction databases and libraries will reveal new methodologies that can notably enhance
the reliability of the predictions obtained.

Now let us turn to general consideration of design problems that we are planning
to solve using the present-state and future programs of the ARGENT system. As it is
apparent from Fig. 6 (see its top part), generation of symbolic and reaction equations that
conform to given constraints is one of these problems; the three stages of the generation
process and the basic prineiples of the corresponding program, ARGENT-1, were outlined
in preceding sections, A related problem consists in construction of structural and then
skeletal equations (see section 4 and ref 1a) starting from an expanded topology identifier.
The principles and stages of the generation process are quite similar in this case, but
supplementary “intact” ring structures in one or both parts of the resultant equations
must be taken into account.

Another closely related problem can be formulated as search for reactions that belong
to some generalized type, such as rearrangements, additions/eliminations, substitutions,
ete.  Actually, this task may be viewed as construction of appropriate symbolic and
reaction (or structural and skeletal) equations combined with subsequent screening for
appropriate “general types”. Note that all the aforementioned generation problems can
also be formulated for a whole family of topology identifying graphs (e.g., produced by
some graph generator, see above) rather than for a single parent graph introduced by
the user. Surely, more severe restrictions must be used in this case in order to prevent a
combinatorial explosion, i.e., a drastic increase in the number of equations generated.

TIn addition to main generation problems of reaction design, there exist several other
problems whose solution must be based on similar techniques; the corresponding supple-
mentary directions of design are listed in the bottom part of Fig. 6. Firstly, we should
mention a very interesting task of “cyclicity design”, which consists in the use of some
well-investigated organic reaction for prediction of synthetic routes to (cither already
known or new}) polycyclic systems. To find novel synthetic possibilities, one should con-
struct and then analyze all ways of supplementary ring attachment to a preselected graph
Gypg or Greg: upon our knowledge, this intriguing problem has never been formulated
for the general case. The second promising task is based on the idea of “analog design”,
i.e.. of producing structurally analogous symbolic or reaction equations starting from the
equation that corresponds to a known chemical interconversion. For this purpose, one or
several reaction fragments (unbreakable units in the preselected equation, see section 3
and ref 1) should be successively replaced by other fragments taken from some user-defined
list that reflects the similarity relations between fragments under discussion.

Another very attractive problem is “degeneracy design”, which is associated with
scarch for new types of degenerate isomerizations. Although theoretical investigations as
well as reviews (e.g., see refs 45) on symmetry properties of reaction graphs describing
highly degenerate isomerizations have been published, only few attempts®® have been
made to find new interesting degenerate processes and to clarify the mathematical nature
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of degeneracy. Maybe the only example of a constructive approach described in literature
is the scarch®® for bullvalene-like rearrangements in annulene structures; even in this
specially chosen case, the exhaustiveness of results was not rigorously proved. However,
although the general problems associated with the search for degenerate (and especially
highly degenerate) processes are far from being solved,*®¢ some techniques for revealing
new possible types of degeneracy have been incorporated into ARGENT-1.

In our final comment, let us note that the results of generation, i.e., graphs Grop,
Gspg, and Greg, evidently depend on the symmetry of the starting graph (G, Grop, or
Gspg, respectively) and on the nature of labels used. (For example, out of 12 formally
possible “methylcyclopropane-like” graphs with 2 vertices bearing the “+” and “(+)”
signs, only 4 are actually nonequivalent and hence drawn in Fig. 3a). This trivial obser-
vation shows that one must thoroughly analyze the symmetry of the starting graph and
the interconvertibility of paired labels in order to formulate rigorous mathematical models
for all stages of the generation process. In turn, such models are necessary not only for
devising efficient combinatorial algorithms within the ARGENT system but also for esti-
mating the number of resultant graphs prior to their actual production at any generation
stage. These fairly complicated mathematical models are briefly described in the next
paper in this issue, and their similarity to more traditional formal models of structural
design problems is discussed therein.
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