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It is tempting for those in the field of organic synthesis to liken the process of retrosynthesis to a
game of chess. That the world chess champion was recently defeated by a computer leads us to
think that perhaps new and powerful computing methods could be applied to synthetic problems.
Here the analogy between synthesis and chess is outlined. Achievements in the 35-year history of

computer-aided synthetic design are described, followed by some more recent developments.

“The view that machines cannot give rise to surprises is due, I
believe, to a fallacy to which philosophers and mathematicians
are particularly subject. This is the assumption that as soon as
a fact is presented to a mind all consequences of that fact
spring into the mind simultaneously with it. It is a very useful
assumption under many circumstances, but one too easily
forgets that it is false. A natural consequence of doing so is
that one then assumes that there is no virtue in the mere
working out of consequences from data and general princi-
ples.” Alan Turing.!

Introduction

In 1996, Garry Kasparov, the world chess champion, and
widely regarded as the strongest chess player in the game’s
history, went up against an IBM supercomputer, Deep Blue,
for a six-game match. The match was tied after four games, but
Kasparov won the final two to take the match with a decisive
4-2 final score. A rematch was arranged, which took place in
May 1997 in New York City.? The IBM team considerably
modified and improved Deep Blue.®> The capabilities of this
machine were truly formidable to any would-be human
opponent (vide infra).

Again, the match was level after four games. Then on May
10th came game 5, with Kasparov playing white and Deep
Blue black. The game quickly reached the position shown in
Fig. 1. A number of moves suggest themselves for black (there
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are 48 legal moves in this position), with castling looking the
most useful. Deep Blue decided to move the pawn on h7
forward to h5.

This was a major surprise. As Yasser Seirawan, three-times
US chess champion and one of the match commentators said,
“Who’s been programming this machine?’* The move is a
surprise because it is very much not the sort of move
computers have tended to play in chess over the years, and
feels more ‘human’ in character. The game continued for about
another 40 moves. Deep Blue finished the game in impressive
fashion, employing the great depth of its searches to salvage a
draw from apparently hopeless prospects in the endgame.
After the match, Kasparov repeated his earlier demand to see
the printouts of the computer log, since he suspected there had
been human intervention.

The tournament was decided on the final game, which was
won by Deep Blue, and which therefore takes its place in
history as the moment a computer finally won a tournament
against a reigning world chess champion. Kasparov asked for
a rematch under the usual tournament conditions (a non-IBM-
organised event consisting of the usual 10 games), but IBM has
so far refused. Indeed after the match the Deep Blue project
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Fig. 1 Game 5, Deep Blue (black) to move.
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was wound up, since they had achieved what they had set out
to do.

The fascinating point about this confrontation is the
contrast in the styles of play. Both were drawing on huge
strategic resources; Deep Blue’s originating from its pro-
grammed knowledge base, Kasparov’s from years of practice
and analysis. Both were assessing critical lines to great depth.
But at the table, while Kasparov was focusing on a relatively
small number of lines, the computer was analysing millions
upon millions of moves, and with a thoroughness that no
human player could ever manage. In vernacular, Kasparov
was using a good deal of human intuition, whilst Deep Blue
was simply cycling through endless possibilities, coldly scoring
each.

The analogy between chess and organic synthesis

Is planning a retrosynthesis really like a chess game?® There are
clear similarities:

a) Both operate on a set of fairly simple rules.

b) A complex scoring function is required for evaluation of
the best move in chess by a computer, whereas humans may
‘feel’ which is best with a minimal analysis, using pattern
recognition and intuition to great effect. A similar contrast
exists with regards synthetic design.

c) Analysis of the problem generates a ‘tree’ of possibilities
in both, with some paths being successful and others not.
There is usually a multitude of good paths, except in situations
where an early decision enforces some subsequent choices, like
a check in chess. There is a large ‘combinatorial explosion’ of
the move tree in chess just as there is for the synthesis tree
in chemistry. The branching that arises requires pruning via a
set of heuristics, or ‘rules of thumb,” if any serious depth is
to be analysed, or if those lines that appear promising are to
be actively extended. Those in the respective fields may
disagree on the minutiae, but most would agree which
strategies are to be labelled ‘good’ and which ‘bad’. More
abstractly, exceptional synthetic routes may be described
as ‘beautiful’ in the same way as there are ‘immortal’ chess
games.

d) Good lines may only become apparent upon reaching a
certain depth of analysis. Good lines may emerge from
apparently low-scoring pathways, and similarly what appears
to be a good strategy may be compromised by a hidden and
irresolvable weakness that is revealed only at a certain depth.
An example in chess is a piece sacrifice, where material is ceded
in return for long-term gain. Strategic transforms (vide infra)
represent a similar concept in organic synthesis.

e) It is likely to be beneficial to investigate all possible lines
to a small depth initially (‘breadth-first,” or in the
terminology of chess programs ‘iterative deepening’) rather
than some arbitrary branches exhaustively (‘depth-first’).
Subsequently, it is likely to be beneficial to investigate
apparently promising branches to great depth, and to ignore
completely those branches that look poor, despite the caveat
in d).

Where the analogy with chess breaks down is as follows:

1) Moves in chess are binary, whereas synthetic transforma-
tions have an associated and variable yield.

2) The rules of synthesis planning are continually changing
to accommodate the discovery of new chemical methodology.
The rules of chess are invariant.

3) Chess is adversarial, where players are attempting to
maximise their own score. This changes the nature of the
searching procedure. For example, in chess the ‘alpha-beta’
pruning algorithm may be used for reducing the size of the
search tree.® Similarly, the ‘null-move’ pruning technique
involves one skipping a turn if one believes one has a good
position. If the opponent, with the advantage of two sequential
moves, is still unable to cause inconvenience, one’s current
position is judged ‘good,” and does not require further search.
These powerful algorithms have no direct analogue in organic
synthesis.

That computers are becoming ever faster at a predictable
rate is a well-known phenomenon. Is it true to say that the
inexorable rise in computing power will transform what are
complex problems of today into trivial problems in the future?

No. There are many problems in computer science deemed
to be uncomputable, and the issue of chess falls into a class of
minor severity where the problem is the combinatorial
explosion. If we say that in a standard chess game, that there
are on average 35 possible moves at each point, and that a
game can last for 50 moves (100 ‘ply’) then the number of
possibilities that have to be examined is 35'%. “Even if we
ignore the bookkeeping and memory space involved in a brute-
force trip through all possible moves, and assume that each
move can be tested in, say, a nanosecond, there is simply no
way that computers can explicitly contemplate each and every
possibility in any reasonable amount of time. So there is no
hope for a perfect chess program. A world champion yes, but a
perfect program no.”’

Deep Blue’s power relied on several crucial components.® At
the heart of the system was a specialised chess chip, ie.
hardware (rather than software) that automatically generated
allowed moves in any position and carried out a preliminary
ranking of their worth, which greatly increasesd the rate of
positional evaluation. In the 1997 rematch, Deep Blue
analysed on average over 100 million positions per second,
but frequently clocked twice or even three times that. The
system was massively parallel, with about 500 processors.

However, we must avoid the temptation to think the success of
the Deep Blue project was due to the speed of the machine. Speed
is secondary to the ability to deal sensibly with the incredible
growth of the tree of possible moves, and it was the
corresponding advances in artificial intelligence that gave
Deep Blue its real power. Crucial to the system were a complex
hardware evaluation function, a heavy emphasis on search
extensions on promising lines, and the ability to call upon an
extensive grandmaster game database of over 700 000 games.

The combinatorial explosion is the central problem of both
computer chess design and computer-aided organic synthesis.
Chess is perhaps the classic example of the need for heuristics
in computer science where exhaustive analysis is not possible.
Computer-aided organic synthesis has had to employ similar
techniques.

The advances in artificial intelligence employed by Deep
Blue are desirable in any automated retrosynthetic analysis,
where we would want a sound evaluation function of
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strategies, a deep analysis of promising-looking lines, and
knowledge of previously successful retrosynthetic strategies
from the literature. A feature that was missing from Deep Blue
was the ability to use its game database to reason about similar
positions it may encounter, whereas humans are particularly
adept at this. This absence is testament to the difficulty of
defining similarity when there are so many other variables
(pieces and positions) on the board. Deep Blue did, however,
have a knowledge of endgame positions where for example
strategies are known for any chess position with five or fewer
pieces on the board. Such a method would be attractive for
synthetic design, for example, where a semi-synthetic database
is stored detailing routes from commercially-available starting
materials to common small molecules that may arise towards
the end, but not formally at the end, of a retrosynthetic
analysis.

Expecting computers to become creative simply by making
them faster is unreasonable if we are not first creative in the
way we program them.

Fundamentals of computer-aided organic synthesis
(CAONS)

There has been a fair amount of hostility to the notion of
computer-aided synthesis planning over the years, owing
perhaps to a certain sense of pride in the human ability to
perceive and exploit the art in the process. Whether this art is
solely the domain of human ability, and whether computers
can produce beautiful synthetic routes to organic molecules, is
a question of much interest.

We shall examine some of the major contributions to the
field since its origin in the late 1960’s. Retrosynthetic
approaches will be examined first, followed by forward
searching methods and finally the combination of both, which
has long been the overall goal. Finally, the recent application
of new computer science methodology to automated synthesis
design will be described. A variety of techniques used to prune
the synthetic tree will be seen.

The following discussion cannot be a comprehensive survey
of the field, which encompasses organic chemistry, computer
science and information technology. The reader is referred to
several reviews that include some comprehensive listings of
computer-aided synthesis programs.®® The use of computers in
ligand design (discovery of structures that dock biological
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mt:sr:cg:?:; Starting Material Search:
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Non-interactive: Reaction Prediction:
Synchem Cameo, Wodca

Fig. 2 Outline of several CAOS programs covered in this review.

receptors) in the pharmaceutical field,'"® and the various
databases of chemical information for reaction retrieval'!!?
will not be covered in any detail.

A summary of the programs discussed here, and their
interrelationships, is shown in Fig. 2.

The logic of chemical synthesis

The first major study in the field of computer-aided organic
synthesis was E. J. Corey’s program at Harvard. Corey
realised that for a computer to become proficient in synthesis
planning would require the formalisation of the rules of
synthesis, which would place demands on our understanding
of organic chemistry at its most basic level. As he put it in
1967: ““...any technique for the automatic generation of
synthetic schemes by a computer will require a complete and
detailed definition of the elements of Synthesis and their
mutual interaction, in a most general sense.”!3

This seminal paper defines words such as ‘retrosynthesis,’
‘disconnection’ (hypothetical reverse of a synthetic step) and
‘synthon’ (hypothetical fragment of a molecule associated with
a synthetic operation) that are now familiar to all those in the
field. Indeed Corey describes what has become the canon of
every undergraduate synthetic chemistry course on organic
synthesis. Thus certain axioms are initially stated, for example
that the endpoint of any synthetic analysis be a readily-
available substance, and that we may judge, or score, the
various possibilities according to the likely success of the
individual reactions in the forward direction. Corey then
describes what is required for the simplification of a molecule,
for example the recognition of molecular symmetry or the
perception of certain functional group or stereochemical
relationships. Corey also notes that there are different types
of retrosynthetic steps, in that small functional group
modifications may be required to reveal significant strategic
disconnections that were not initially obvious.

Synthetic analysis is classified into three approaches:'*

a) Direct associative, where the synthetic target (e.g. 1,
Scheme 1) is a simple collection of “‘undisguised’ subunits, and
where a minimal and uncontroversial analysis reveals the
required starting materials.

b) Intermediate, where a complex synthetic target bears a
close resemblance to another, but synthetically accessible,
molecule, and the problem becomes finding the appropriate
sequence of reactions for their interconversion. The example
Corey gave was a synthesis of cortisone (2), which was
constructed from deoxycholic acid (3).1

c) Logic-centred, where a logical analysis generates a
synthetic tree without any assumptions as to the starting
materials required. For example, cedrene (4) was synthesised
by Corey from the three starting materials shown (letters refer
to the carbon atoms these reagents contribute to the target.)
These starting materials, and indeed the overall strategy, are
not obviously suggested by the target. This approach is
intellectually the most interesting.

Overall it was envisaged that a computer could perform the
‘logic-centred’ portion of an analysis, to which a chemist
contributes creatively vig an inherently human ‘information-
centred’ approach. Corey’s first realisation of these principles
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