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Abstract

We have adopted and extended the CHMTRN language and used it for the knowledge base of a
computer program to generate a large database of synthetically accessible, drug-like chemical
structures, the Synthetically Accessible Virtual Inventory (SAVI) Database. CHMTRN is a
powerful language originally developed in the LHASA (Logic and Heuristics Applied to Synthetic
Analysis) project at Harvard University and used together with the chemical pattern description
language, PATRAN, to describe chemical retro-reactions. The languages have proven to be useful
beyond the design of retrosynthetic routes and have the potential for much wider use in chemistry;
this paper describes CHMTRN and PATRAN as now reimplemented for the forward-synthetic
SAVI project but able to describe both forward and retro-reactions.
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CHMTRN/PATRAN

INTRODUCTION

Virtual screening has become a common step in early stage drug discovery. However,
screenable databases of compounds are still dwarfed by the size of the universe of drug-like
molecules.! We and others2=> aim to generate databases of billions of compounds that can
be synthesized in one step from readily available starting materials, which constitutes a
significant challenge. For our project, the Synthetically Accessible Virtual Inventory (SAVI)
Database, it was necessary to create and maintain a generic chemical reactions knowledge
base.5~9 Use of a text-based language was preferred to a graphical tool both because of the
potential savings in programming effort and because it would allow anyone to work on, and
read, knowledge base content using only a text editor. For a while in the 1970s the use of
natural language like programming languages was favored. This idea went out of fashion
but, with the rapid development of natural language processing more generally, it is perhaps
time to look at it again.

CHMTRN, originally developed by a team at Harvard University for the LHASA (Logic
and Heuristics Applied to Synthetic Analysis) project in the 1970s,10:11 has been adopted
and adapted for the SAVI project. The purpose of this paper is to describe those parts of

the revised language that we are using. A more extended version of this Application Note is
available at 10.26434/chemrxiv.11439984.v1.

BACKGROUND

When CHMTRN was created by the team at Harvard University, it was extremely forward
looking. Its coverage and flexibility still do not appear to be matched by any other textual
language for coding reaction and retro-reaction descriptions.

In the LHASA project, a software interpreter packed the information contained in the
knowledge base into a set of computer words for fast processing at run time. We have
developed a new, similar software interpreter, which we describe in a separate paper about
the SAVI project,8 using the CACTVS toolkit.12-15 This paper is about the language itself.
We have adopted those terms used in the original CHMTRN that are relevant to our project
and added new ones, including modifications to make the language more convenient for use
with applications carrying out reaction prediction as well as those carrying out retrosynthetic
analysis. The definitions of many terms in the language as implemented for SAVI are
closely similar to those used in the original CHMTRN, since the terms are everyday ones

in chemistry, such as “acid halide”, “double bond”, “leaving group”. Nevertheless, in the
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Supporting Information to this paper we have defined how all of them are used in SAVI to
avoid potential uncertainty.

CHMTRN AND PATRAN

Each description of a retrosynthetic reaction in CHMTRN is termed a “transform”. A central
purpose of CHMTRN is to allow reasoning about sets (e.g., a conditional statement based on
whether an atom belongs to a set with a particular property). It provides most of the control
and conditional functionality expected of a modern programming language, such as “if -
then ... else”, and “for each” statements. The writer can instruct the application reading the
knowledge base to adjust its confidence in the likely success of a reaction, depending on
chemical structure and functionality in a query, and to issue messages to the end user.

Transforms in the CHMTRN developed for the LHASA project could contain a linear
string description of the keying features of the reaction product (i.e., the target in a retro-
reaction) written in PATRAN (vide infra).18 We have extended PATRAN to describe also
the precursors to the retro-reaction, thus allowing transforms to be run in either direction.
This was true for LHASA transforms that included “2D” patterns (described briefly in the
Supporting Information), but the 2D patterns were more difficult to design and enter and
provided less support for specifying atom and bond properties than the so-called “1D”
PATRAN strings.

LHASA transforms were written retrosynthetically. Transforms for the SAVI project could
have been written in the synthetic direction with only the minor change of introducing

a forward reaction arrow into the PATRAN language and small changes to how multiple
reaction components are handled but we have written them retrosynthetically for backward
compatibility with the LHASA program.

Transform, Atom, and Bond Identifiers.

The first line of each transform description is a header defining a unique, integer identifier
for the transform.

e.g.,, TRANSFORM 1234

Atoms and bonds that are included in the keying substructure(s) are uniquely identified
within a transform by the terms ATOM*n and BOND*n, where n is an integer between 1
and 32. Note that while an atom or bond is unique within a transform, it may be present in
both the target (product) and a precursor (reactant). For example the oxygen atoms in the
target and the first precursor in the following retro-reaction are the same atom:

R-O-R'= >R-OH+R'-Br

Hydrogen Atoms.

In CHMTRN, hydrogen atoms are not treated as atoms in their own right, except where this
is necessary for particular reasons, but as properties of the atoms to which they are attached.
The implications of this are discussed in the Supporting Information.
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PATTERNS

In early implementations of the CHMTRN language, transforms were keyed by functional
groups in a target structure (product). Later PATRAN, a flexible, string representation

for keying substructures to be read by a PAttern TRANslator module, was developed

and incorporated into transform descriptions under the header, LD*PATTERN. Patterns
contained information only about the substructural features associated with the product of a
reaction since LHASA operated retrosynthetically. To support operating also in the forward-
synthetic direction, a new representation was developed and incorporated into transforms
under the header, 2D*PATTERN. As explained below, for our current project we have
instead extended the linear 1D*PATTERNS to describe the precursors as well as the products
of reactions.

Pattern statements in a transform are preceded by the name of the pattern type and a carriage
return. They are followed, after the last pattern, by END*PATTERN or END*PATTERNS.
Multiple patterns of the same type are allowed, provided that the atom (and bond)
numbering corresponds between them.

1D*PATTERN

The PATRAN 1D patterns used in CHMTRN are similar to other linear representations

such as SMILES, 1718 SMARTS,9 and Sybyl Line Notation,20-2! and in fact PATRAN
predates most of them. Branching is indicated using parentheses. Atoms are represented

by their elemental symbols in capital letters (e.g., chlorine is “CL"), with the letter X
representing any element. Bonds are represented by “-”, “=", “#”, “%”, “&”, and “+”,

for single, double, triple, aromatic, any bond type, and no bond (the separator between
fragments in a disconnected graph), respectively. Alternative atoms and alternative bonds are
separated by commas. Rings are indicated by an @ sign followed by the sequence number
of an earlier atom in the pattern string to which a bond connects to complete the ring (atoms
and bonds are automatically numbered sequentially from the left).

Atom and bond properties are inserted between square brackets. Alternative values for a
property are separated by commas; alternative properties are separated by semicolons (e.g.,
[HS=0;ARYL=YES]). The atom properties currently supported are listed in Table 1 in the
Supporting Information.

For example, the following pattern represents the substructures in Figure 1 (where no
substituent is shown in Figure 1, any substituent is allowed).

N[HS = 1]%C( — C[FGS = ESTER, AMIDE])%C,N%C%C @ 1

Long patterns can be written on multiple lines by breaking after a bond symbol, comma, or
semicolon.
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NEW*1D*PATTERN

NEW*1D*PATTERNS, which we have implemented, convey information about the
precursors, as well as the products, of retro-reactions and about atom correspondences
between the two sides of the retrosynthesis arrow. The representation of atoms, bonds, and
their properties is the same as in 1D patterns that describe only the reaction product (target),
but a retrosynthetic arrow is included and precursor patterns are written to the right of it.
Within the context only of the pattern description (e.g., for use with the @ symbol), the
atoms and bonds in the set of fragments to the left and right of the retrosynthetic arrow

are numbered independently. Atoms to the right of the arrow are mapped to atoms on the
left by appending A and the number of that atom, counted from the left. It is not necessary
to map bonds between the two sides of the arrow since their mapping is implied by that

of the atoms. Within CHMTRN statements, atoms in the set of precursors after application
of the mechanism retain the numbers they had in the target; if there are new atoms or

bonds in the precursors they are given sequence numbers continuing from the last number,
respectively, used in the pattern string for the target. Patterns written in multiple lines can
be broken following the retro-reaction arrow as well as following a bond symbol, comma, or
semicolon.

For example, the following pattern, taken from transform 6026, represents the retro-reaction
shown in Figure 2.

S[HS =0]( = O)(= O)(— C[ARYL = YES]) -N = >
SAIHS =0](=0A2)(=0A3)(—CA4[ARYL=YES])-CI+NAS5-
[HS =1,2]

CHMTRN STATEMENTS

From its inception, CHMTRN was intended to be English-language like and to use chemical
terms wherever appropriate.10 A set of “buzz words” supports this. For example, the first of
the following statements contains all the keywords needed by the interpreter software, but
the second, making use of buzz words, is clearer to a human:

OXIME SUBTRACT 30
IF THERE IS AN OXIME ANYWHERE THEN SUBTRACT 30

The underlying purpose of CHMTRN is to manipulate sets programmatically, and this is
apparent in its vocabulary and syntax. It is neither practical nor appropriate to illustrate the
use of every term in the language or all of the ways in which they can be combined in a
transform. The terms currently used in our SAVI project, together with brief notes about
them, are described in the Supporting Information to this paper. Use of the language, and
features that we have added or changed significantly, are described below.

Control Statements.

Simple iteration can be performed by using FOR EACH in a single statement. For example
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RAISE*RATING SLIGHTLY FOR EACH ENOLIZABLE ATOM BETA TO ATOM*2

Multiple sets can be selected for iteration by adding further EACH clauses, using
“AND:FOR?” for readability:

LOWER*RATING SLIGHTLY FOR EACH QUARTER-NARY*CENTER WITHIN &
GAMMA TO ATOM*2 AND:FOR EACH ALKYL*ATOM ALPHA TO ATOM*7

The use of DO and ENDDO in combination with FOR EACH allows multiple statements to
be executed. For example

FOR EACH IODINE ATOM ANYWHERE DO I_CHK
IF THERE IS ONLY ONE ATOM ALPHA TO SPECIFIED*ATOM 1 &
AND:IF THERE IS AN AROMATIC ATOM ALPHA &
TO SPECIFIED*ATOM 1 THEN KILL

I CHK ENDDO

The terms “ SPECIFIED*ATOM( S) n” and "SPECIFIED*BOND(S) n” are used to identify
parameters passed to a subroutine (see the Supporting Information). As there is only one
parameter passed to a DO loop in each iteration it is always SPECIFIED*ATOM 1 or
SPECIFIED*BOND 1.

FOR EACH...DO loops can be nested to multiple levels.

The terms, LOOP and JUMP, are used in the original CHMTRN language in contexts that
are not relevant to SAVI and they have not currently been reimplemented. For backward
compatibility, the terms, BRANCH and THEN*TO (e.g., “BRANCH TO BR_MECH
THEN*TO CL_MECH?”) are still used only within mechanism statements (g.v.), although
our implementation allows them to be used anywhere.

If an END*TRANSFORM statement is encountered in a branch, the retro-reaction defined
by the branch is stored and displayed, and the program moves to the next branch.

Conditional Statements.

Basic conditional statements take the form of a single statement in either of two formats
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yyy IF xxx

or

IF xooxt THEN yyy

in which xxx is a single condition and yyy is a single outcome.

For example

LOWER*RATING STRONGLY IF THERE IS A KETONE
ALPHA TO ATOM*3

or

IF THERE IS A KETONE ALPHA TO ATOM*3 THEN
LOWER*RATING STRONGLY

Depending on the design of the CHMTRN interpreter, there may be restrictions on the use
of the first of these options: if the same bits in a computer word are used to store different
information depending on context, “THEN" is needed to trigger separation of the statement
into separate words.

Alternative conditions, and alternative second terms in a condition, can be included in
a single statement using “OR:”, “AND:”, “OR:IF”, and “AND:IF”. “OTHERWISE”, as
included in the following example, can be used only if it leads to an outcome of GOTO,
EXIT, or RETURN.

IF ON ATOM*3 THERE IS A KETONE OR: NITRILE AND:IF BOND*5 &
ISNOT A DOUBLE*BOND THEN LOWER*RATING STRONGLY &

OTHERWISE GOTO DB_CHK

The first part of a statement like, “IF ON ATOM*3 THERE IS A KETONE OR:
NITRILE...”, is interpreted as meaning “IF ON ATOM*3 THERE IS A KETONE OR:IF
ON ATOM*3 THERE IS A NITRILE...” Multiple instances of either AND:IF or OR:IF in
the same statement are supported but the use of both in the same statement is not, to avoid
ambiguity (the use of parentheses in statements of this kind is not supported).

The term “AND*THEN" allows multiple outcomes to be triggered by the same condition
within a single statement. For example

IF THERE IS A NITRILE ALPHA TO ATOM*3 THEN &
LOWER*RATING STRONGLY AND*THEN &

WARNING 32: Evolution of hydrogen cyanide is likely.
Multiple statements can be applied conditionally by using the terms BEGIN and BLKEND.

For example in which the use of the label, BADSIDEGRP, must be unique within the file
containing the transform.
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[F THERE IS A CARBON ATOM ALPHA TO ATOM*2 OFFPATH
BEGIN BADSIDEGRP
SAVE AS 1 THE CARBON ATOM ALPHA TO ATOM*2 OFFPATH
KILL IF THERE IS MORE THAN ONE HETERO ATOM ALPHA &
TO SAVED*ATOM 1
BLKEND BADSIDEGRP

Processing within a block can be terminated, to continue with the next statement after the
block end, by using EXIT followed by the label that identifies the block end. For example

EXIT BADSIDEGRP

Mechanism Statements.

Rating.

The inclusion of precursor patterns and atom-to-atom correspondences in NEW*1-
D*PATTERNSs might allow the CACTVS CHMTRN compiler to use transforms
retrosynthetically or forward-synthetically without the need for mechanism statements (see
the Supporting Information). However, they are needed for backward compatibility with
LHASA and there are additional issues such as stereospecificity and handling of post
mechanism statements that currently depend on them. So the NEW*1-D*PATTERNS are
used for processing in the synthetic direction but the CHMTRN mechanism statements are
still used for retrosynthetic processing.

As described in the Supporting Information, CHMTRN includes qualitative RATING
statements about TYPICAL*YIELD, RELIABILITY, etc. We have added the following two
factors:

COST—Whether expensive reagents or costly conditions, such as use of high temperature
and pressure, are needed.

SAFETY—Whether hazardous reagents or conditions are involved.

Qualitative Rating Adjustments.

Although a scheme for qualitative assignment of initial rating was implemented for LHASA,
increments and decrements within the body of transforms remained numerical. We have
introduced an alternative, qualitative categorical scheme, allowing all rating assessments to
be under the control of the application that uses the transform knowledge base, where it can
be done by reasoning about the relationships between categories or arithmetically.

The words RAISE*RATING and LOWER*RATING have been introduced along with terms
to express the degree of change that is required: SLIGHTLY, MODERATELY, STRONGLY,
or SEVERELY. For example:
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IF THERE IS AN ALCOHOL OFFPATH THEN LOWER*RATING STRONGLY
RAISE*RATING SLIGHTLY IF BOND*2 IS IN A RING OF SIZE 5 THROUGH 7

For backward compatibility, numerical rating increments and decrements are still being
written into transforms as well. For example, the above statement about lowering rating if
there is an alcohol offpath might be accompanied by

IF THERE IS AN ALCOHOL OFFPATH THEN SUBTRACT 30

Guidelines for deciding on the degree of change to make to a rating have not yet been
fully developed and there were previously no clear guidelines for deciding on the size

of numerical increments or decrements. The broad advice on numerical increments and
decrements was to take into consideration the size of the initial numerical rating for the
transform, whereas the new scheme requires only a judgment about the change in itself—
scaling of the change to suit the initial, categorical rating, where appropriate, is handled
by the program (and hence potentially the end user) rather than by the transform writer.
So there is no formal mapping between numerical and categorical rating changes. For the
purposes of updating old transforms to the new scheme, after looking at how numerical
rating changes (which were always in multiples of five) had been used in practice, we have
applied the following conversions of numerical to categorical values: 5-15, SLIGHTLY;
20-25, MODERATELY; 30-35, STRONGLY; =40, SEVERELY.

Although, as mentioned above, our transforms currently contain rating statements of both
kinds, a CHMTRN interpreter should use only one rating scheme or the other, of course.

EXAMPLE TRANSFORM

Figure 3 illustrates the use of CHMTRN, with embedded PATRAN, in a transform. The
retro-reaction diagram following the references in the transform is a representation for

the convenience of anyone working on the transform - it is ignored by the compiler. As
mentioned above, there are statements to modify the rating both numerically (SUBTRACT
40), for backward compatibility, and qualitatively (LOWER*RATING SEVERELY). The
mechanism statements encode the separation of R1 from the nitrogen atom and the
attachment of a B(OH), group to R1.

CONCLUSION

We have been using the revised CHMTRN and PATRAN for CACTVS-assisted generation
of compound libraries® based on a preliminary set of 53 widely applicable transforms.? Our
hope is that reporting their use, together with this application note, will encourage the wider
adoption of the languages.

SOFTWARE AVAILABILITY

A parser and execution engine for transforms written in the languages CHMTRN/PATRAN
have been implemented in the chemoinformatics toolkit CACTVS. An academic version
of CACTVS can be downloaded for various operating systems.1# It is free software for
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academia, nonprofits, evaluation, and for replicating published results. Commercial toolkit
versions for other customers or application areas are available for licensing. Versions of
CACTVS starting from version 3.4.6.13 contain all vetted transforms used in the SAVI
project®=9 in their latest versions, including the ones newly written as part of the SAVI
project, as source. A publicly accessible web tool,1° lets one upload, test, and compile
CHMTRN files and download the compiled output. The SAVI database download page also
provides all transforms used in that project for free download.2?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Pair of related generic structures.
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R! R!
/ \
Ar-SO,-N => Ar-S0O,-Cl + N-H
\ /
R? R?

Figure2.
Retro-reaction covered by transform 6026

J Chem Inf Model. Author manuscript; available in PMC 2021 October 07.

Page 13



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Judson et al.

TRANSFORM 7022
NAME Chan-Lam coupling

VERSION 1
WRITTEN*BY P. Judson, 2018-12-17

REFERENCES

D. M. T. Chan, K. L. Monaco, R-P. Wang, M. P. Winters. Tet. Lett., 39, 2933-2936 (1998)
D. A. Evans,* J. L. Katz, T. R. West. Tet. Lett., 39, 2937-2040 (1998)
D. M. T. Chan, K. L. Monaco, R. Li, D. Bonne, C. G. Clark, P. Y. S. Lam. Tet. Lett.,
P. Y. S. Lam, G. Vincent, D. Bonne, C. G. Clark. Tet. Lett., 44, 4927-4931 (2003)
J. C. Vantourout, et al. J. Amer. Chem. Soc., 2017, 139, 4769-4779

R2 R2

/; /

R1-N => R1-B(OH)2 + HN
\ \
R3 R3

R1-0,S-R2 => R1-B(OH)2 + R2-0,S-H

END*REFERENCES
TYPICAL*YIELD GooD
RELIABILITY GooD
REPUTATION GooD
HOMOSELECTIVITY POOR
HETEROSELECTIVITY
ORTENTATIONAL*SELECTIVITY NOT*APPLICABLE
CONDITION*FLEXIBILITY POOR
THERMODYNAMICS GooD
1D*PATTERN
C [ARYL=YES] -N,0,S-C
1D*PATTERN
C [FGS=OLEFIN] -N,0,5-C
NEW*1D* PATTERN
C[ARYL=YES] -N,0,S-C => C"1[ARYL=YES]-B(-O[HS=1])-O[HS=1] + N,0,S"2[HS>0]-C"3
NEW*1D* PATTERN
C[ARYL=YES] -N,0,S-C => C"1[FGS=OLEFIN] -B(-O[HS=1])-O[HS=1] + N,0,S"2[HS>0]-C"3
2D*PATTERN

END*PATTERNS
DISCONNECTIVE
BROKEN*BONDS BOND*1

KILL IF ANYWHERE OFFPATH THERE IS AN ALCOHOL OR: THIOL GROUP
FOR EACH NITROGEN ATOM OFFPATH DO N_CHK
KILL IF THERE IS A HYDROGEN ON SPECIFIED*ATOM 1
N_CHK  ENDDO
.The reaction works with, e.g., ureas and carbamates but there are no
.examples of reactions with, e.g., carboxylic acids. The reaction
.appears to be so versatile that it is difficult to come up with any
...other restrictions.
IF THERE IS MORE THAN ONE HETERO ATOM ALPHA TO ATOM*3 AND:IF &
ATOM*2 IS NOT NITROGEN THEN SUBTRACT 40
IF THERE IS MORE THAN ONE HETERO ATOM ALPHA TO ATOM*3 AND:IF &
ATOM*2 IS NOT NITROGEN THEN LOWER*RATING SEVERELY

CONDITIONS CulII]/Pyr
ACTUAL*CONDITIONS 913: Cu(OAc)2/Et3N/air/4 Angstrom mol. sieve

BREAK BOND*1

INTRODUCE A BORON ATOM ON ATOM*1

KEEP THE NEWEST*ATOM

INTRODUCE AN OXYGEN ON THE KEPT*ORIGIN
INTRODUCE AN OXYGEN ON THE KEPT*ORIGIN

Figure 3.
Example of a transform.
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