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Computer-aided synthesis design (CASD)

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

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

} Theoretical/methodological foundations:
B retrosynthetic analysis
B chemical perception
B reaction representation
B strategy representation
- B Computer molecular graphics
Y ! Despite initial success, interest waned
-] -l skepticism, limited chemical breadth.
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The emergence of the field

1 Milestone syntheses: 1 Computing milestones:
B Vitamin Ac 1949 o Model K¢ 1937
B Cortisoneg 1951 o Colossug 1941
B Morphine¢ 1956 o ENIAK 1945
B Chlorophylic 1960 o The transisto 1955

1 EJ Coreyg General Methods for o The integrated circui¢ 1960
the Construction of Complex
Molecules 1967.

Organic Chemical Simulation of Synthesis (OCS8Y
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Why CASD?

1 Creativity } Thoroughness
v Intuition v Lack of bias

} Strategic perspective } Speed

1 Knowledge (whatvorks, and ; Low cost

more importantly, what
R2SayQuo
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Main Approaches

CASD
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The knowledge-base - a limiting
factor
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The knowledge-base - a limiting
factor

The knowledge:
1 Rulesdescribe the scope -

limitations and structure C[?L 2> :>
oS- o

changes associated with a

reaction. °_
Synthetic strategieslictate what £ @ .

} z
should be done, and in what = ©/\j CEJ

order.

Experienced synthetic chemists a @fj b b
O

have the knowledge to create
excellent rules and strategies, butconstructionand functionalizationfor estone

throughput is slow. precursor with SYNGEN




Digital chemical data

y {AYyOS UKS YAR mMopynQada OKSYAOlIf RFEOF K
}  Major reaction databases are available in electronic format

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

DiscoveryGate
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Goals of CASD

}  Spur new ideas via unbiased searches.

b { dzLJLJ2 NI 0 K S-lineeKdesigh & (
process.

Ihlenfeldt& GateigerAngew 1995




What is an Idea?

Target: \Gj
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\ép 165 examples, 55%“43 of 58
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531 example 64,—’ 81 alternatives
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Goals of CASD

}  Spur new ideas via unbiased searches.

p { dzLJLJ2 NI 0 K S-lin€eKdesigh & {
process.

1 Cover broader spectrum of reaction types &
starting materials.

) CAff AY 1y2¢6f SR3IS 3
thought process.

1 Offer a platform for knowledge accumulatio
and sharing.

1 Interact with reaction and chemical
databases.

Ihlenfeldt& GateigerAngew 1995




System Design

Starting Materials:
SigmaAldrich, Alfa
AesarAcros

Reactions:
Reaxy8 /[ L w

Expert Knowledgbases:
Interference, strategy

/N
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N
Abstract /
Reaction Rules




Rule extraction

Source reaction:
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( \ Reaction file with atom mapping
Perceive
.

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

Extended core
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Extend core to all structural features which are essential for the reaction to c
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Extending the core: passenger or
driver?

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

B 8 Al
ST T T A

Sheltbasedapproach: 1 shell
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SRR G e
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2nd shell

]

Graph - based methods are inappropriate.
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Mechanism-dependent core
extension

Nucleophilicaromatic substitution:

X NR2
-

y o NRe
Addition/elimination O NHR? |
mechanism ON oN

2
Requires a X
quires a acceptor X=F,Cl,Br,] \
group inortho or para

NHT;/’ NR2
osition O-R~ /O/
P o O,N

o)

Extended core

: : X NR,
Viaorganometallic NHR2  CuorPdcatalyst
iIntermediate o

\ "X
X=Cl.Br,] [::::r/ 2 e
[aromatic]

Extended core
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Rule extraction

Source reactionsEsterificationexamples

Reactions:
Reaxy8 /[ L w

Esterificationrule
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Rule abstraction

Similar extended cores Common extracted core

Reactions:

Reaxy§ / L w : ) O o < ~ 15 £ 7 i 12 14 A 13
1 +1 13 1 g 15 S —_— 1
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Abstract 1S
electron pair.
© 44 0;5142 common group.

a leaving group which
- Completed reaction rule
Reaction Rules
s 7 Generalized group (NF) is



Interfering functionality

Following rule abstraction, compatible functionality is detected by
examining the examples:
1 Moieties outside the extended core are listed as compatible.

P hiKSNJ Fdzy OlA2y L f 3IANRdAzLIA oAt 0
1 Possibly interfering functionality will be penalized in scoring and
highlighted to the user.

Q . Compatible
R p{ Interfering E




The Goldilocks principle in rule

}

}

extraction
Rule Is accurate. } Inaccurate chemistryg rule
Ruleset is needlessly Is applied in improper
fragmented. circumstances.
Search is inefficient. } Too many transforms are

Rules needlessly penalized ~ 9generated leading to a
or not triggered for low combinatorial explosion and

example count. burden on the user.

v False statistics about
functional compatibility.

TheARChenapproach: be conservative, and curate thdeset 8




The search

The goals:
B Spend resources efficiently 8 productive and viable paths.
B Prevent combinatorial explosion.
B Allow deep branches when needed.
B Generate efficient syntheses

GXONBI 1Sa | O2YLX SE Y2t SOdzt SX Ay | a

no intermediaryrefunctionalizationsand leading directly to the target, not only its
a1S8tSG2y o6dzi tfaz Ada O2NNBAIBRODE I1LFE784D
ain approaches:
B Interactive search d the user limits the scope of the search.
B Heuristic search constraints.

B Strategic planning.




The search in ARChem

1 ARChenuses an unsupervised heuristic search strategy.

1 The search is exhaustive:
B All the source reactionsareusedt 9 EI Ol al G§OK¢ @
Bwdzf S& I NB Ay@21SR | 002 NERefinédHparangetert Galy & S E
rules based on more examples than the value of the parameter are used in search.
1 Means to control combinatorial explosion:

B Rule categorization and categeogsed prioritization of rule application.
B Synthetic depth.

B Example coung determines the number of rules to be used.
B User guidance directing and limiting the search.







