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Organic Synthesis is a Strategic Game

4

Angew. Chem. Int. Ed., 2016, 55, 5904

Luo Group Meeting (CCME@PKU)



Retrosynthesis Analysis: Disconnection Approach

5

We have learned this since undergraduate class!

Luo Group Meeting (CCME@PKU)



Synthetic Target Classification 

• Direct associative, where the synthetic target is a simple 
collection of ‘undisguised’ subunits, and where a minimal and 
uncontroversial analysis reveals the required starting 
materials. 
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Chem. Soc. Rev., 2005, 34, 247
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Synthetic Target Classification 

• 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
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Chem. Soc. Rev., 2005, 34, 247
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Synthetic Target Classification 

• Logic-centered, where a logical analysis generates a 
synthetic tree without any assumptions as to the starting 
materials required. 

8
Chem. Soc. Rev., 2005, 34, 247

• In the subject of logic-centered complex molecular synthesis, at the 
other end of the spectrum, we encounter a methodology limited 
only by the frontiers of chemistry and the power of human 
intelligence and creativity. (Corey, 1969)
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Computer-Assisted Synthesis Planning (CASP)

9Science, 1969, 166, 178

How to build the synthetic tree of the target T?
Whether a computer can do human ‘logic-centered’ analysis?

Organic Chemical Synthesis Simulation (OCSS) -
Logic and Heuristics Applied to Synthetic Analysis (LHASA)
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Workflow of OCSS-LHASA

10
Science, 1969, 166, 178
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Angew. Chem. Int. Ed., 2014, 53, 11140
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Five Retrosynthetic Strategies in LHASA

• Transform-based strategies
• Name Reaction based transformations: powerful reaction template

• Mechanistic transforms: to a reactive intermediate 

12Science, 1985, 228, 408 Luo Group Meeting (CCME@PKU)



Five Retrosynthetic Strategies in LHASA

• Structure-goal (S-goal) strategies: identification of a 
potential starting material, building block, retron-containing 
subunit or initiating chiral element

13
Science, 1985, 228, 408; Nature, 2017, 545, 213

Baran’s decarboxylative alkenylation
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Five Retrosynthetic Strategies in LHASA

• Topological strategies: identify one or more bonds whose 
disconnection can lead to major molecular simplification

14
Science, 1985, 228, 408; JACS, 1975, 97, 6116; JACS, 2019, 141, 13713

For analysis ring topology online: 
http://www.maxbridge.org/

Sarpong’s retrosynthesis of ArcutinidinePreferred strategic bonds
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Five Retrosynthetic Strategies in LHASA

• Stereochemical strategies: Stereoselective reactions, or 
steric based arguments used to reduce stereocomplexity

• Functional group-oriented strategies:  Functional group 
interconversions and determining logical disconnections 
based off of functional group arrangement(s)

15

Science, 1985, 228, 408
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Example of LHASA’s Retrosynthetic Analysis
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Name reaction based

Mechanistic transform
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Review of LHASA

17

Year 1967–1997?
Author E. J. Corey (Harvard)

Database Template, 2100+ reactions

Language gramma CHMTRN 
(CHeMistry TRaNslation)

Interactive Yes
Score Chemist

Retrosynthesis 5 Strategies guided
Retrosynthesis depth ~15 to key transformation
Predict new reaction No

Perspective
A large expert system;

Time-consuming but suitable for 
sophisticated organic chemist

Chem. Soc. Rev., 2005, 34, 247
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CASP Softwares Later
• SECS (Wipke, 1976)

• SYNCHEM (Gelernter, 1977)

• SYNLMA (Johnson, 1989)

• SYNGEN (Hendrickson, 1989)

• CHIRON (Hanessian, 1990)

• IGOR (Ugi, 1993)

• WODCA (Gasteiger, 1995)

• Etc.

18

Discovering 
Unprecedented  

ReactionLimitations:
• Too simplified rule sets
• Incompatible synthetic routes
• Poor computing power

Chem. Soc. Rev., 2005, 34, 247
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Network of Organic Chemistry (NOC)

19
Angew. Chem. Int. Ed., 2016, 55, 5904

substrate/product molecule

reaction operations 

• Classical Reaction Databases:
C → F, G → F

• Network of Organic Chemistry:
C + G –3→ F 

The complete network of chemistry in 
Chematica is more than 1000 times 
larger than human metabolic network!
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Key Challenges for Expert Systems
• …we know that certain complex types of computational problems cannot 

be simplified too much… Synthetic planning cannot be done by teaching 
computer few hundreds of general rules or working by analogy to 
literature-reported reactions. Computer has to be taught an enormous 
number of precise chemical rules, trained how to use them, and be able to 
explore billions of synthetic options before its true power manifests itself.

• Analysis of 1.2 million literature reported reactions randomly in NOC:

20

Linear on a doubly-logarithmic scale: 
the relative importance of reactions that occur infrequently;
“black swan” events

> 10000 rules required

Angew. Chem. Int. Ed., 2016, 55, 5904
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Syntaurus in Chematica

21

• ARChem: Machine extract > 100k reaction rules from literature precedents?
• Synthesis planned by analogy, meaningless.

Angew. Chem. Int. Ed., 2016, 55, 5904
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Chemicals’ and Reaction Scoring Functions

• Chemical’s Scoring Function (CSF), “synthetic positions”:
• Number of rings/stereocenter: 

Creating as many rings/stereocenter as possible
• Synthon’s mass:

Splitting into equivalent mass portions is encouraged

• Reaction Scoring Function(RSF), “synthetic moves”:
• Necessity of protection
• Group incompatibility
• Theoretically estimated yields
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Interface of Chematica

23Angew. Chem. Int. Ed., 2016, 55, 5904 Luo Group Meeting (CCME@PKU)



Example of Chematica’s Synthetic Route

24

Trauner’s total synthesis route:

Angew. Chem. Int. Ed., 2016, 55, 5904; Nature Chemistry, 2015, 7, 879
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Review of Chematica

25

Year 2001–present

Author Bartosz A. Grzybowski
(Ulsan National Institute of Science and Technology)

Database ca. 20k hand-coded rules
Language gramma Syntaurus (SMILES/SMART)

Interactive No
Score Scoring functions

Retrosynthesis Syntaurus
Retrosynthesis depth Full Automated
Predict new reaction No

Perspective A giant expert system;
Automated, conformation not considered
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Another Way…

26

Artificial
Intelligence 
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Machine Learning

• Definition:
A computer program is said to learn from experience E with 
respect to some class of tasks T and performance measure P, if 
its performance at tasks in T, as measured by P, improves with 
the experience E.

• Tasks: 
Regression vs Classification

• Algorithms:
Supervised learning (with labeled answer)
Unsupervised learning (data mining from unlabeled data)
Reinforcement leaning (maximizing rewards, e.g. AlphaGO)
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Machine Learning Algorithms
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Neural Network and Deep Learning

29

Perceptron

DEEP
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Machine Learning Approaches from Fingerprints

• Molecular descriptors (fingerprints) character similarity 
between molecules in chemical informatics.

• Physical descriptors
• Molecular weight
• Number of rings
• Partial charge
• …

• Predicted properties
• Morgan fingerprint
• Coulomb matrix
• Radial distribution functions
• …

30

HOMO-LUMO gaps
Ligand binding affinity

Binding Affinity
Reactivities

Predict molecular 
properties by 
comparation

ACS Cent. Sci., 2016, 2, 725
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Prediction of Organic Chemistry Reactions

31

ACS Cent. Sci., 2016, 2, 725
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Attempts to Solve Textbook problems

32

• Problems from Wade’s Organic chemistry, 6th ed. Estimated probability 
of correct reaction type

ACS Cent. Sci., 2016, 2, 725
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Retrosynthesis based on ML and Rules
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Chem. Eur. J., 2017, 23, 5966
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Retrosynthesis based on ML and Rules

34

Hand-coded rules

Machine extracted rules

Chem. Eur. J., 2017, 23, 5966

Improved with increased data size
(But limited)
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Retrosynthesis based on Translation Model

• Natural Language Processing (NLP):

35arXiv:1711.04810v2, 2017

Classical machine translation:
Based on Rules (Dictionary)

Modern machine translation:
Based on Statistics (Template Free)

“我”: → “I”, <noun>, subject
…

Template Free?

Sequence to Sequence (seq2seq):
Encoder–decoder Model
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Seq2seq Model in Retrosynthesis
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Rule Free

ACS Cent. Sci., 2017, 3, 1103
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Seq2seq Model in Retrosynthesis
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• A partially completed beam search procedure 

Decoder

Output 1

Output 2

Output 3

…

ACS Cent. Sci., 2017, 3, 1103

Machine extracted rules
Template free
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Searching Space in Retrosynthesis
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Locating disconnecting position:
• (Previous) Heuristic best first search (BFS), difficult in:

• Chemists tend to disagree on what constitutes a good position
• Temporarily increase complexity by the use of protecting or directing groups
• The position value depends highly on the availability of suitable precursors

• Monte Carlo tree search (MCTS):
• Random steps
• Accept policies: p(t|s); t: transformation, s: position
• Trained to predict the winning move

Large searching space

Reinforcement leaning – MCTS-3N

Nature, 2018, 555, 604 Luo Group Meeting (CCME@PKU)



Training the Policies and Filter Network

39

Nature, 2018, 555, 604

12.4 million single step reaction

• Rollout set: (17,134 rules)
Contain the atoms and bonds that changed in the course of the reaction and the first-degree 

neighboring atoms.
Only rules that occurred at least 50 times in reactions published before 2015 were kept.

• Expansion set: (301,671 rules)
Only the reaction center was extracted (more general)
Rules occurring at least three times were kept

• In-scope filter network: (classifier of unsuccessful reaction)
For high-yielding reaction: A + B → C, hypothetical products D, E,... are not formed
Generated 100 million negative reactions
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Filter Correlates with Electronic Properties
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Integrating Neural Networks and MCTS
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Performance of MCTS-3N
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Example of a 10-step synthesis

43

Generated in 30 s 
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Review of Deep Learning in Retrosynthesis
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Year 2018

Author Mark P. Waller
(Shanghai University)

Database Automated extracted from
Reaxys (12.4 Million rxns)

Language gramma SMILES/SMARTS
Interactive No

Score Neural Network
Retrosynthesis MCTS-3N

Retrosynthesis depth infinite
Predict new reaction No

Perspective Learn reaction rules from data;
Few examples in logic-centered synthesis
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Summary and Outlook

• Expert System:
• Chemist-friendly
• Precise but trouble-to-code rules
• Poor scoring function

• Machine Leaning:
• Preparation from big-data directly
• Generation synthetic route rapidly
• Lacking chemical meaning, black-box in algorithms

• Challenges in retrosynthesis of natural product:
• Insufficient study than drug molecules
• Scaffold complexity and diverse reactivity from small molecules
• Require developing new methodology

45Luo Group Meeting (CCME@PKU)



Scoring Functions and Searches Methods

46

• Counting possible syntheses:

• Network searches in 51 different target:

• Cost Function:

labor, overhead, purification procedures

commercially available starting materials

• Popularity Function

=
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