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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: 

 
Áretrosynthetic analysis - work the problem backwards, reduce complexity 

Áchemical perception  - functional groups, rings, stereogenic centers, symmetry 

Áreaction representation  - άretronέ patterns, transforms, reaction generators 

Ástrategy control and representation - opportunistic, heuristic, goal directed, ordered goals 

 

} Despite initial success, interest waned:  
 
Áskepticism from synthetic chemists 

Álimited chemical breadth      (low number of chemical reactions incorporated) 

Áalternative reaction search tools     (e.g. Scifinder, Crossfire and Reaxys)  

 

Computer - aided synthesis design (CASD)  
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Conducting very broad searches (many alternative reactions) or very deep searches 
(many steps between starting materials and products) is prohibitive in the absence of 
powerful strategies or frequent user pruning due to the combinatorial nature of this 
approach. 
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} For many systems the retrosynthetic analysis is driven by rules 
describing the scope and limitations associated with a reaction. 
  
ÁThese rules describe the retron and the changes necessary to generate a precursor. 

 
 

} In some systems (LHASA, SECS) these rules were manually encoded. 
 

} Experienced synthetic chemists have the knowledge to create 
excellent rules 
 
ÁThroughput is slow and newer advances in synthetic chemistry can invalidate older 

rules. 

  



  

The RETRON provides a description of the 
essential structural features which must be 
present in the product for the transform to be 
applied 
 
The full RETRON contains additional 
information about individual atoms to make 
sure it is only applied in the correct situation. 
This may include the exclusion of structural 
features.  
 
E.g. atom A may not have connected 
heteroatoms. 

Aldol Condensation 

Reaction Core 

Extended Core 

A TRANSFORM (retrosynthetic rule) contains the full retron as well as information 
required to generate a precursor from a target using the extended core. 

Retron 



Designed to assist synthesis planning in process development 

Goals: 

} Perform Rule- and Precedent-based retrosynthetic analysis of target molecules back to 
readily available materials. 
 

} Where possible, provide automated generation of retrosynthetic reaction rules by 
analysis of reaction databases. 
 

} Provide a comprehensive set of alternative routes to a given target. 
 

} Allow user guidance and control. 
 

} Provide literature examples of the suggested transformations. 
 

} Provide direct access to starting materialsΩ details. 

 

 

 

ARChem Route Designer  
  



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 

  



Reactions: 
ReaxysΣ /Lw·Χ 

Reaction Rules 

Source reactions Esterification examples 

Other examples 

Esterification rule 

Other rules 

  



Reactions: 
ReaxysΣ /Lw·Χ 

Reaction Rules 

Similar extended cores 

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

  

Common core 

Generalized rule 

Completed reaction rule 
Generalized group (NF) is replaced by the most 
common group in the cluster but it is recognised 
that there are alternative nucleofuges. 



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

} Moieties in the examples outside the extended core are listed as compatible. 
 

} Functional groups not found in the examples will be identified as `possibly interferingΩΦ 
 

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

} Only works well if different reactions (by mechanism) are in separate rules 

 

  



A reaction core is precise and determined by atom mapping between precursor and product. 

  

Reaction core 

Extended reaction core ς ARChem approach 
 

Extended reaction core ς bond shell approach Reaction example 

Shell 1 

Shell 2 

Shell 3 

Extended core perception requires chemistry judgement since it must discriminate between  
structural features that are essential for the reaction, and those that are just  passengers. 



How can we use knowledge of reaction mechanism in core extension? 
 
 

} Need to be able to identify from examples the reaction mechanistic type e.g. 
nucleophilic aromatic substitution by addition elimination.  We classify examples 
according to perceived mechanism type. 

 

 

} Where different mechanistic types share a common reaction core, use mechanistic type 
as basis for splitting into separate rules. 

 

 

} Use mechanistic type to determine which atoms to include in extended core. 

 

 

 

  



Two alternative  

Two alternative methods which effect the same change   
These need to be in separate rules as they have different structural requirements and 
tolerate different functional groups 

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

Via organometallic intermediate 
 
Does not require an activating group 
in any position 

1 

 
1 

  



} Chemist generated meta rules covering initial set of mechanisms  
 
(written in PATRAN - a SMILES like structural language) 
 

} Applied to our existing reaction datasets 
 

¶ In some cases leads to more (but better) rules e.g. splitting fluorine chemistry from 
other halides. 
 

¶ In other cases leads to fewer rules each with more examples than previously (e.g. 
Suzuki coupling). 
 

¶ This is an on-going process which should eventually lead to a much smaller rule 
base but with much better rule definition. 
 

¶ Note that in contrast to LHASA/SECS  the reaction rules (transforms) are not 
being defined by chemists.  But the rules for abstracting the transforms from 
reaction databases are!   
 
This should require a relatively small number of meta rules ς lots of reactions, but 
much fewer basic mechanistic types. 

 
 

  



Manual curation of rules also being undertaken 
 

 

}Hierarchical view of rules allows trivial variants to be identified and merged into 
fewer rules 
 

 
}Key reactions identified and given higher priority (fewer examples required) e.g. 

Robinson annulation, Diels-!ƭŘŜǊ Χ 
 
 
 
}Minor variants of common reactions identified and given lower priority (more 

examples required) ŜΦƎΦ ŜǎǘŜǊƛŦƛŎŀǘƛƻƴΣ ŀƳƛŘŜ ŦƻǊƳŀǘƛƻƴ Χ 
 
 

Conclusionς accurate rules require synthetic chemistry knowledge.  
 

 

  



Over-constrained Under-constrained 

} Rule is accurate. 
 

} Rule-set is needlessly fragmented  
(too many minor variants of same reaction). 
 

} Search is inefficient. 
 

} Rules needlessly penalized or not 
triggered for low example count  
(example count limit used to constrain search 

to use more common reactions) 

} Inaccurate chemistry ς rule is applied 
in improper circumstances. 
 

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

} False statistics about functional group 
compatibility. 

Approach: be conservative, and curate the rule-set manually 

  



ARChem currently uses an unsupervised heuristic search strategy. 
 

} The search is exhaustive: 
 

ÁwǳƭŜǎ 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 the 
search. 

ÁWeighted according to the rule importance (higher ratings need fewer examples) 
 

} Means to control combinatorial explosion: 
 

ÁRule categorization and category-based prioritization of rule application * . 

ÁSynthetic depth   - forces termination of search. 

ÁExample count  - determines the number of rules to be used. 

ÁUser guidance  ς directing and limiting the search. 

  



priority Type example Apply 

1 
Regular disconnective 
(RD) 

No restriction 

2 
Functional group removal 
(FGR) 

No restriction 

3 
Functional group 
interconversion (FGI) 

If leads to 
starting 

material or RD 
transform 

3 Bond-oriented FGI (BFGI) 

3 Super FGA (SFGA) 

4 
Functional group addition 
(FGA) 

Last resort 

0 
Simple alkane product 
(SAP) 

never 

  



 Ordering of Search Results  

Prioritization of solutions ς want to see best solutions first  

Reaction scoring function takes into account: 

} Intrinsic reaction score  (some reactions more highly regarded than others) 

} Reduction of target complexity (the more bonds/rings broken in the retrosynthetic 

transformation the better) 

} Minimize wastage (atom efficient reactions)
 

 

} Maximise starting material coverage  

} Prefer thoroughly explored chemistry (based on example count)  

} Reagent cost constraints 

} Parameters for scoring not embedded in code but can be changed by a 

chemistry administrator of the system 

  



  

 Search Results  



Bonds to be preserved or broken are marked by the user 

Controls the combinatorial explosion and guides the search 

  

Starting material oriented search ς draw SM and target and map the 
atoms 
 



  



  

Conclusions  

ARChem 
 
 

}Already a useful system for synthetic planning system but 
currently ignores stereochemistry 

 
}On going curation of the extracted rules will continue to 

improve outcomes  
 
}Inclusion of a sophisticated stereochemical strategy will be 

extremely valuable in academic and industrial research 
especially to aid finding routes to enantiopure drugs. 
 
}Available from Keymodule Ltd in Europe. 
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