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} The goal: assist chemists to find complete 
synthetic routes to target molecules.

} First systems: OCSS (1969), LHASA, SECS, 
SYNGEN, SYNCHEM

} Theoretical/methodological foundations:
Ɓretrosynthetic analysis

Ɓchemical perception

Ɓreaction representation

Ɓstrategy representation

ƁComputer molecular graphics

} Despite initial success, interest waned ς
skepticism, limited chemical breadth.



} Milestone syntheses:
ƁVitamin A ς1949

ƁCortisone ς1951

ƁMorphine ς1956

ƁChlorophyll ς1960

} EJ Corey ςGeneral Methods for 
the Construction of Complex 
Molecules - 1967.

} Computing milestones:
o Model K ς1937

o Colossus ς1941

o ENIAC ς1945

o The transistor ς1955

o The integrated circuit ς1960

Organic Chemical Simulation of Synthesis (OCSS) - 1969



Chemist Computer

}Creativity

} Intuition

}Strategic perspective

}Knowledge (whatworks, and 
more importantly, what 
ŘƻŜǎƴΩǘύ

}Thoroughness

} Lack of bias

}Speed

} Low cost
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The knowledge:

} Rulesdescribe the scope, 
limitations and structure 
changes associated with a 
reaction.

} Synthetic strategies dictate what 
should be done, and in what 
order.

Synthesis plan for PGF2hwith LHASA



The knowledge:

} Rulesdescribe the scope, 
limitations and structure 
changes associated with a 
reaction.

} Synthetic strategies dictate what 
should be done, and in what 
order.

Constructionand functionalizationfor estone
precursor with SYNGEN

Experienced synthetic chemists 
have the knowledge to create 
excellent rules and strategies, but 
throughput is slow.



} {ƛƴŎŜ ǘƘŜ ƳƛŘ мфулΩǎ ŎƘŜƳƛŎŀƭ Řŀǘŀ Ƙŀǎ ōŜŜƴ ŜȄǘŜƴǎƛǾŜƭȅ ŘƛƎƛǘƛȊŜŘ

} Major reaction databases are available in electronic format

} Data mining tools offer increasing flexibility in data retrieval, but are not 
abstracting and extrapolating information.



} Spur new ideas via unbiased searches.

} {ǳǇǇƻǊǘ ǘƘŜ ŎƘŜƳƛǎǘΩǎ ƴƻƴ-linear design 
process.

Ihlenfeldt& Gateiger, Angew. 1995



Target:

Intermediate:



} Spur new ideas via unbiased searches.

} {ǳǇǇƻǊǘ ǘƘŜ ŎƘŜƳƛǎǘΩǎ ƴƻƴ-linear design 
process.

} Cover broader spectrum of reaction types and 
starting materials.

} Cƛƭƭ ƛƴ ƪƴƻǿƭŜŘƎŜ ƎŀǇǎ ƛƴ ǘƘŜ ŎƘŜƳƛǎǘΩǎ 
thought process.

} Offer a platform for knowledge accumulation 
and sharing.

} Interact with reaction- and chemical-
databases.

Ihlenfeldt& Gateiger, Angew. 1995



Reactions:
ReaxysΣ /Lw·Χ

Reaction Rules

Starting Materials: 
Sigma-Aldrich, Alfa-

Aesar, Acros

Expert Knowledge-bases: 
Interference, strategy

Target



Reactions:
ReaxysΣ /Lw·Χ

Reaction Rules

Source reaction:

Extracted core

Extended core

Reaction file with atom mapping

Atoms attached to bonds changed, made or broken in the reaction

Extend core to all structural features which are essential for the reaction to occur



The goal of chemical perception is to discriminate between  structural features that are 
essential for the reaction, and those that are passengers.

Shell-basedapproach: 1st shell

2nd shell

Too generic

Too specific

Graph - based methods are inappropriate.



Nucleophilicaromatic substitution:

Addition /elimination 
mechanism
Requires a ̄ acceptor 
group in ortho or para
position

Via organometallic
intermediate



Reactions:
ReaxysΣ /Lw·Χ

Reaction Rules

Source reactionsEsterificationexamples

Other examples

ĀĀĀ Ÿ ĀĀĀ
ĀĀĀ Ÿ ĀĀĀ
ĀĀĀ Ÿ ĀĀĀ

Esterificationrule

Other rule

ĀĀĀ Ÿ ĀĀĀ



Reactions:
ReaxysΣ /Lw·Χ

Reaction Rules

Similar extended cores

Completed reaction rule

Common extracted core

Nucleofuge(NF) -
a leaving group which
carries away the bonding
electron pair.

Generalized rule

Generalized group (NF) is 
replaced by the most 
common group.



Following rule abstraction, compatible functionality is detected by 
examining the examples:

}Moieties outside the extended core are listed as compatible.

}hǘƘŜǊ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇǎ ǿƛƭƭ ōŜ ƛƴŦŜǊǊŜŘ ŀǎ ȫǇƻǎǎƛōƭȅ ƛƴǘŜǊŦŜǊƛƴƎΩΦ

} Possibly interfering functionality will be penalized in scoring and 
highlighted to the user.

Compatible
Interfering

Area most affected by the lack of databases of failed reactions



Over-constrained Under-constrained

}Rule is accurate.

}Rule-set is needlessly 
fragmented.

}Search is inefficient.

}Rules needlessly penalized 
or not triggered for low 
example count.

} Inaccurate chemistry ςrule 
is applied in improper 
circumstances.

}Too many transforms are 
generated leading to a 
combinatorial explosion and 
burden on the user.

}False statistics about 
functional compatibility.

The ARChemapproach: be conservative, and curate the ruleset



The goals:
ƁSpend resources efficiently ðproductive and viable paths.

ƁPrevent combinatorial explosion.

ƁAllow deep branches when needed.

ƁGenerate efficient syntheses

άΧŎǊŜŀǘŜǎ ŀ ŎƻƳǇƭŜȄ ƳƻƭŜŎǳƭŜΧ ƛƴ ŀ ǎŜǉǳŜƴŎŜ ƻŦ ƻƴƭȅ ŎƻƴǎǘǊǳŎǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ƛƴǾƻƭǾƛƴƎ 
no intermediary refunctionalizations, and leading directly to the target, not only its 
ǎƪŜƭŜǘƻƴ ōǳǘ ŀƭǎƻ ƛǘǎ ŎƻǊǊŜŎǘƭȅ ǇƭŀŎŜŘ ŦǳƴŎǘƛƻƴŀƭƛǘȅέ όIŜƴŘǊƛŎƪǎƻƴ JACS1975, 97, 5784). 

Main approaches:
ƁInteractive search ðthe user limits the scope of the search.

ƁHeuristic search constraints.

ƁStrategic planning.



} ARChemuses an unsupervised heuristic search strategy.

} The search is exhaustive:
ƁAll the source reactions are used ςά9ȄŀŎǘ aŀǘŎƘέΦ

ƁwǳƭŜǎ ŀǊŜ ƛƴǾƻƪŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ŀƴ άŜȄŀƳǇƭŜ Ŏƻǳƴǘέ ǳǎŜǊ-defined parameter. Only 
rules based on more examples than the value of the parameter are used in search.

} Means to control combinatorial explosion:
ƁRule categorization and category-based prioritization of rule application.

ƁSynthetic depth.

ƁExample count ςdetermines the number of rules to be used.

ƁUser guidance ςdirecting and limiting the search.




