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(ABSTRACT)

The current process of selecting a column to perform a
chiral separation can be characterized as more of an art
than a science. This dissertation describes CHIRULE, a
"chromatographic assistant" to aid in developing chiral
separations.

CHIRULE constructs an n-dimensional information space
from a large number of known chiral separations by
fragmenting the molecules at their chiral center, producing
four molecular fragments. Molecular properties are
calculated for each of these fragments. The properties are
the axes used to place known separations into the
information space.

To suggest a column, the target molecule is added to
the information space. Similarity property searching is -

used to select all known separations similar to the target



molecule. The chemistry-based expert system shell CHESS
used to develop CHIRULE also includes features such as
functional group recognition and automated knowledge
extraction techniques based on Personal Construct Theory.
The results suggest that fragment property values are a
route to enhanced understanding and improved selection of

chiral separation methods.
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I. Introduction

The separation of biologically active compounds has
become a very prominent field of research in the past
several years. This is of particular importance in 1light of
the recent FDA policy clarification on chiral drugs®. The
capability to resolve enantiomers in pharmaceutical,
pesticides, and other biological compounds has provided many
challenges to chromatographers. The work described herein
is an effort to provide scientists with a "chromatographic
assistant" to aid in developing chiral separations. This
computer based assistant, called CHIRULE, utilizes expert
systems technology to help the chromatographer make an
initial choice of a chiral column to use in developing a
separation method. Both CHIRULE and CHESS, the tool set
used to build CHIRULE, were developed by the author.

There have been a number of computer systems developed
to suggest columns and conditions for chromatographic
separations. Most of them rely heavily on chromatographic
theory, and work well when dealing with even marginally
dissimilar compounds. However, when it comes to resolving
racemic mixtures, the theory governing these separations has
not yet been fully developed, and earlier systems do not
provide answers. Developing such a system for chiral

separations requires that a heavy dependence be placed on



currently existing data, and that similarities between the
target molecule and the existing knowledge base be found.

The mechanism used by CHIRULE to suggest a column for
the separation of enantiomers is based on the chemical
environment around the chiral center. Chiral centers
consisting of four substituents, as opposed to an axis of
chirality, are addressed. The molecule is split into four
molecular fragments by putting a hydrogen atom in place of
the bond to the chiral carbon atom. Calculations on each of
the four fragments are then performed for several
properties, such as molecular polarizabilities, molecular
volumes, and hydrogen bonding. Each of the properties
address a different aspect of the chemical environment
experienced by the chiral carbon.

Known separation methods are used to create an
knowledge base of known chiral column separations. This
knowledge base is an n-dimensional information space, where
each dimension represents one of the properties. Each point
in the information space represents a chiral molecule with a
known separation method. When an unknown or target moclecule
is posed to the system, its properties are calculated and it
is placed within the information space. Molecules that fall
within a certain distance to the target molecule are
considered to be chemically similar since their chiral

carbons experience similar chemical environments. A chiral



column is then suggested for the target molecule based on
chemically similar molecules found within the chiral
knowledge base.

CHIRULE was developed using CHESS, a CHemistry-based
Expert System Shell, also described herein (see Figure 1).
The goal of CHESS is to introduce expert systems into the
field of chemistry by enabling scientists to develop their
own expert system applications. The more important
capabilities provided to the user include an automated
knowledge extraction utility, a molecular property
evaluator, functional group recognition, and a chemical
structure manipulator.

There are two different perspectives to expert systems:
that of the developer and that of the application user.
CHESS is a tool used to develop expert system applications.
It is a collection of programs utilizing various languages
that allow an expert to condense knowledge into rules and
organize those rules into a knowledge-based system. CHIRULE
is an application that was produced by a scientist, who has
a working knowledge of expert systems, using the expert
system shell CHESS. An application user would run CHIRULE
to suggest what chiral column to use to separate a racemic
mixture.

Traditionally, a scientist that was interested in

developing an expert system application would have to
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consult with a knowledge engineer (a computer scientist),
who would actually do the coding of the information. There
would be many barriers to doing this since each spoke their
own language, each of which was un-intelligible to the
other. Such efforts often resulted in systems which did not
live up to either’s expectations, and sometimes even ended
in outright failure. The goal is to introduce CHESS to
enable application users, specifically scientists, to become
expert system developers themselves. By providing a tool
that scientists can experiment with by themselves, they will
be able to construct their own expert systems. In doing
this, it is hoped that they can become somewhat familiar
with the technology and visualize additional areas whers it
can be applied. Then, if an initial application shows
promise and a fully developed system is warranted, some of
the language barriers between the scientist and kncwledge
engineer will have already been bridged, greatly increasing
the chances of success.

A major part of CHESS is KEY, an automated Knowledge
Extraction utilitY. With KEY, the scientist can interact
with a computer to develop an expert system application
without having to become a computer scientist or reguiring
the help of a knowledge engineer. Once an initial system is
input into KEY, the knowledge base is generated and then

checked for ambiguous and incomplete information.



Corrections can be made either automatically or manually.
OPTIMER 1is another application constructed using CHESS and
KEY (see Figure 1). It serves as an example of how a
scientist, not familiar with expert systems techniques or
programming, can develop an application that serves as a
replacement for a classical printed application guide for
chiral column selection. OPTIMER assists in selecting a
Chiral HPLC column for Optical Isomer Resolution.

In order for CHESS to recognize molecules, a graphical
molecule drawing package is needed whose data is then used
as input. MACCS and ISIS are molecular drawing programs
from Molecular Design Limited (MDL) that run on DEC VAX and
other hardware platforms. It has the capability not only to
interactively draw molecules on the screen, but also to
create databases of molecules and perform searches on them.
Molecules are saved to MOL files, which can then be read
into the CHESS system. The MOL file format is now available
publicly, and is used by many vendors.

In building an expert system, it may be necessary to
base a decision on a particular property of a compound.
CHESS adds the capability of property estimation by
utilizing SPARC, a program developed by the University of
Georgia for the EPA. SPARC is an acronym for SPARC Performs
Automated Reasoning in Chemistry. SPARC calculates over a

dozen properties based on molecular structure. CHESS



outputs the appropriate information, and then reads in the
results generated by the SPARC system.

Another important capability of CHESS is its ability to
reason on chemical structures. Once the MOL file for a
molecule is read into the system, it has the capability not
only to determine if particular atoms or bonds are present,
but also to base decisions on the location of functicnal
groups within a molecule.

All of the modules that have been included in CHESS
have been chosen because of their capabilities without
regard to the computer platform on which they run (see
Figure 2). Each module runs on a different computer system,
with a single DOS based workstation providing a common
access to each of them. This seamless integration is

provided by way of a university wide computer network.

In developing an application, a scientist would begin
building the application using KEY. Through KEY, the
scientist would have access to all the "hooks" built into
CHESS. The "hooks", or capabilities of CHESS, include
molecular structure manipulation, functional group
recognition, and property estimation. After completing
several levels of revisions to refine the knowledge base,
experimentation with the newly developed expert system could

proceed. Once the process of refinement and testing is
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completed, the system would be ready for use, solving real
problems for scientists. Once the scientist was convinced
of the possible application of expert systems to their work,
the initial system could be expanded into a larger system
using the capabilities of CHESS and Prolog, the language in
which CHESS is written, to their fullest extent.

Through the use of CHESS and all of the capabilities
available within it, scientists will be able to not only
begin to understand expert systems technology, but also see
how expert systems are applicable to their own individual
areas of science. This will provide a new tool, previously
un-available to scientists, that they can use in their own
areas of research. Both CHIRULE and OPTIMER are chemical
examples of CHESS'’s utility in constructing expert systems.

There are a number of different modules developed and
described herein, most of which have already been introduced
above. Because each module is distinct, and understanding
the differences between them is imperative to perceiving
their contributions, each module is explained in Table I.
It is suggested that the reader refer back to this table
often while perusing this work.

Readers of this dissertation are likely to come from
diverse backgrounds in the areas of chemistry and computer
science. Text Frame 1, in conjunction with the Table of

Contents, will prove invaluable in guiding readers to the



Table I: Acronyms utilized in describing CHESS

CHIRULE

CHESS

KEY

PCT

OPTIMER

MACCS, ISIS

MOL file

- An expert system application to assist chemists in
suggesting a chiral column to begin a method development
to separate enantiomers.

- (CHemistry-based Expert System Shell) A collection of
tools used to develop chemistry related expert systems.

- (Knowledge Extraction utilitY) An automated knowledge
extraction utility that automatically develops expert
systems using directed interaction with an expert.

- (Personal Construct Theory) The theory upon which KEY
is developed.

- An example of an expert system constructed by a
chemist using KEY which codifies the decision tree
knowledge found in most commercial chiral column
selection guides.

- Software packages developed by Molecular Design
Limited (MDL) used to generate MOL files that enabled
input of molecules into CHESS.

- A textual representation of a molecule utilizing
connectivity tables.

SPARC - (SPARC Performs Automated Reasoning in Chemistry) A program

User

Developer

that calculates various molecular properties based only
on molecular structure.

- A Scientist that wants to use expert systems.

- A Scientist that uses CHESS or KEY to develop their
own expert system.

Target Molecule - The molecule for which a Scientist needs to

develop a chromatographic method.

Sim-List Molecule - A molecule chosen from the Molecule KB that the

similarity search uses to compare to the target
molecule.

KB - An abbreviation for Knowledge Base (see Chapter VII.B).
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particular sections of
interest to them. It
is suggested that the
reader begin
investigating Chapter
II, where each section
is intended to give
the reader a general

introduction to one of

the fundamental topic areas.
directed to the individual section in later chapters that

discusses a particular topic in depth.

Topic of Interest

Chiral Chromatography
Similarity Searching

Automated Knowledge
Acquisition

System Integration
Molecular CADD
CHESS

OPTIMER

CHIRULE

Chapter
IT.A, V.A. VIII.A
11.B.2. v.C
11.B.5. IV. VIII.B

VII.C, VII.D. VIII.C
11.B.1-3. III
I. ITI. VII.D.1

I. IV.A, VII.D.2. VIII.B

I. Vv, VviI.D.3. VIII.A

Text Frame 1l: Guide to Readers

From there,

the reader 1is

All readers are

directed specifically to sections IV.B and V.A where OPTIMER

and CHIRULE are described.
systems that were constructed using CHESS,

based expert system shell.

This tool is pivotal.

These are the two example

the chemistry

There are

a number of sections that contain references to material in

other chapters.

the reader in completing an understanding of the topic

covered in the section

being studied,

topic fits into the overall work.

(2)

These references are present to (1) assist

show how that
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II. Historical

The two major areas addressed in this work are chiral
chromatography and expert systems. Reviewing the
backgrounds of each of these areas is imperative to
understand how they can be successfully combined into a

single working system.

IT.A. Chromatography

Chromatography has proven to be fertile ground to a
number of expert system applications. The tools used to
construct such systems must understand some basic chemistry
principles in order to be successful. Delving into the
background of chiral chromatography seems a reasonable place

to begin our journey.

IT.A.1. Chiral Chromatography

The capability to successfully resolve enantiomers has
generated an enormous amount of interest in the past few
years, especially from pharmaceutical companies.
Enantiomers, or two molecules that are nonsuperimposable
mirror images of each other, are also known as chiral (from
the CGreek word, cheiro, meaning hand [as in a pair of
hands]). Chiral chromatography is under investigation for

use to remove the unwanted enantiomer from the drugs that

12



are racemic mixtures (approximately 25% of widely prescribed
drugs®). In some cases, the unwanted enantiomer is simply
an inactive component, and its removal will increase the
efficacy of the drug. Conversely, enantiomers can have
vastly different therapeutic effects. Dextromethorphan is
an over-the-counter antitussive, whereas 1its stereoisomer
levomethorphan is a controlled narcotic®. There have been
cases where the unwanted enantiomer has proven to be
dangerous. Thalidomide (racemic n-phthalylglutamic acid
imide) was a sedative prescribed in the early 1960’s, whose
S-enantiomer was found to cause serious fetal
malformations®.

While these are extreme examples, further investigation
points to the extreme amount of interest recently shown
towards chiral chromatography: 12 of the 20 most prescribed
drugs in the USA and 114 of the top 200 possess at least one
chiral center®. Consulting the U.S. Pharmacopeial
Dictionary of Drug Names would show that almost half of the
2050 drugs contained therein contain at least one chiral
center. In addition, the racemic or diastereomeric forms
have been used in 400 of them®. This data is further
evidence showing that interest in resolving enantiomeric
forms of compounds will continue to increase over the coming
years. A look back at a number of prominent works in this
area is in order.

13



Pasteur, describing his 1848 work with sodium ammonium
tartrate, demonstrated the principles of optical activity in
separating the enantiomorphs’. The racemic mixture was
easily separated by hand, as the enantiomers each had a
distinct crystalline shape at temperatures below 27°.
Although recognizing the two optical isomers and that
optical activity required the molecular dissymmetry
resulting from their non-superimposability, he never
determined what caused the molecular dissymmetry®. Further
explanations into the story that lead to Pasteur’s discovery
have been done elsewhere’.

A further step in explanation of chirality occurred in
1874 when the concept of an "asymmetric carbon atom" was
proposed independently by Van’t Hoff'° and Le Bel'.

Because of Le Bel’s square pyramid geometry of the chiral
center, Van’'t Hoff and his tetrahedral organization
generally received greater credit for the discovery.

The first to correctly attribute a separation to an
enantioselective process was the English scientist Dalgliesh
working with cellulose molecules that were optically
active'®?. Dalgliesh is often given credit for stating,
although primitively, the structural requirements needed in
a column packing material for recognizing the asymmetric

center of a molecule. This is referred to the three point
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