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Why fingerprints? 2

§ Molecular structures (graphs) by themselves are hard to compare
§ If you assume that molecules with similar substructures have similar 

properties à you want to turn molecules into substructure vectors
§ As soon as you have a vector (bit/int/float), it is easy to compute a 

similarity between two molecules 

§ Use cases: 
• Searching for similar molecules / clustering molecules into classes / … 
• Input to machine learning models



How the ECPF/Morgan fingerprint is generated?
(so, you have an intuition, it’s a one-liner in RDKit)

3

Simplified case: radius 1

1. Get radius 1
substructures

2. Assign integer based on 
hash function (mathematical blender)
on atomic properties.

48 1033 765 532 999

3. Define fingerprint size: 32
and calculate the modulo
(divide by 32 and take rest)

16 9 29 20 7

Note: all numbers between
0 and 31. 

4. Convert to size 32 bit vector by assigning a one
to the numbers in the list. 

[0,0,0,0,0,0,1,0,1,0,0,0,0,0,0,1,0,0,0,1,0,0,0,0,0,0,0,
0,1,0,0] à molecular fingerprint

Based on them we can structurally compare 
molecules.



§ Regular expressions (regex)
§ More RDKit functionality – yay!
§ SMARTS and substructure search
§ Chemical reactions

This lecture 4



Regular expressions – regex 

5



§ powerful text patterns used for text matching, manipulation, and 
searching

Regular expressions (regex) in Python 6

https://docs.python.org/3/howto/regex.html

https://docs.python.org/3/howto/regex.html


Regex basics 7



Regex101 - https://regex101.com/ 8

https://regex101.com/


Molecular Transformer – a language model in chemistry
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precursors products>>

Chemical reactions can be represented as text.

N O

F

N

F
O

-O O-HS
K+ K+

S

N

F+ ++
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Chemical reactions can be represented as text.
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• No rules integrated / no chemical knowledge
• Learning from examples (similar to translation models)
• Accurate predictions on unseen reactions (top on benchmarks, back then)
• Better than rule and graph-based approaches

Schwaller et al., Molecular Transformer – A Model for Uncertainty-Calibrated Chemical 
Reaction Prediction. ACS Central Science, 2019 IBM Research
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Example: SMILES tokenizer 10

SMILES: CC(=O)OC1=CC=CC=C1C(=O)O Tokenized: C C ( = O ) O C 1 = C C = C C = C 1 C ( = O ) O
“atom sequence”



§ NO.
§ Let’s take carboxylic acids

• Formic acid SMILES: O=CO
• Acetic acid SMILES: CC(O)=O
• Propionic acid SMILES: CCC(=O)O

§ The carboxylic group is written 3 times differently. 
§ So, what can we do?

Do regex work for SMILES search? 11



SMARTS – Regex for molecules

12



§ SMILES arbitrary target specification
§ A Language for Describing Molecular Patterns

§ Many more details on: 
https://www.daylight.com/dayhtml/doc/theory/theory.smarts.html

Regex for chemical structures are SMARTS 13

https://www.daylight.com/dayhtml/doc/theory/theory.smarts.html


SMARTS primitives and examples 14

https://www.daylight.com/dayhtml/doc/theory/theory.smarts.html

https://www.daylight.com/dayhtml/doc/theory/theory.smarts.html


SMARTS.Plus 15

https://smarts.plus

https://smarts.plus/


Create SMARTS using SMARTS.plus 16



Canonicalisation SMARTS 17

https://github.com/coleygroup/rdcanon/

https://github.com/coleygroup/rdcanon/


• Find specific patterns within molecules
• Essential for drug discovery and SAR studies
• RDKit provides multiple functions:

• HasSubstructMatch - Boolean result
• GetSubstructMatch - Returns atom indices that match

Substructure Matching 18



Substructure matches / search / atom highlight 19



Being more specific  20

https://baoilleach.blogspot.com/2018/11/smarts-for-dummies.html

let's suppose we want to create a
SMARTS pattern to match alcohols à “CO”

Ok, obviously we don't want a charged oxygen, so let's try 
"C[O+0]" and look at the first three hits:

And the oxygen should have a hydrogen, "C[Oh1+0]":

Now, about that carbon. I only had sp3-hybridised 
carbons in mind, so how about "[CX4][Oh1+0]"? Here is 
the full list of hits at this point:

https://baoilleach.blogspot.com/2018/11/smarts-for-dummies.html


§ By default, RDKit ignores stereochemistry in substructure matching
§ Important for cases like thalidomide (R vs S enantiomers)
§ Use useChirality=True to enforce stereochemical matching

Stereochemistry in substructure match 21



Maximum common substructure (MCS)

22



• Finds largest substructure shared by multiple molecules
• Applications:

• Identifying pharmacophores
• Clustering similar compounds
• Structure-activity relationship studies

Maximum Common Substructure (MCS) 23



§ def SmilesMCStoGridImage(smiles: list[str] or dict[str, str],
align_substructure: bool = True, verbose: bool = False, **kwargs):
""" Convert a list (or dictionary) of SMILES strings to an RDKit grid 
image of the maximum common substructure (MCS) match between 
them :returns: RDKit grid image”””

Find maximum common substructure in list of 
molecules

24

https://bertiewooster.github.io/2022/10/09/RDKit-find-and-highlight-the-maximum-common-
substructure-between-molecules.html

https://bertiewooster.github.io/2022/10/09/RDKit-find-and-highlight-the-maximum-common-substructure-between-molecules.html
https://bertiewooster.github.io/2022/10/09/RDKit-find-and-highlight-the-maximum-common-substructure-between-molecules.html


Extended version to find groups off common core 25

https://bertiewooster.github.io/2022/12/25/RDKit-Find-Groups-Off-Common-Core.html

https://bertiewooster.github.io/2022/12/25/RDKit-Find-Groups-Off-Common-Core.html


Additional RDKit functionality:
e.g., going from 2D to 3D structures

27



• Molecules exist in multiple 3D arrangements (conformations)
• Important for:

• Understanding binding to targets
• Predicting physicochemical properties
• Docking studies

Conformer Generation 28



Conformer generation 29

Conformers generation: https://asteeves.github.io/blog/2015/01/12/conformations-in-rdkit/
https://www.rdkit.org/docs/Cookbook.html#conformer-generation-with-etkdg
Force-field optimization: https://asteeves.github.io/blog/2015/01/12/optimizing-in-rdkit/

https://asteeves.github.io/blog/2015/01/12/conformations-in-rdkit/
https://www.rdkit.org/docs/Cookbook.html
https://asteeves.github.io/blog/2015/01/12/optimizing-in-rdkit/


• Minimize energy using force fields (e.g., UFF)
• Select lowest energy conformer for further analysis

Conformer Energy Minimization and Analysis 30

In the exercises, you will use py3dmol to visualise different conformers.

UFF stands for universal force field.



§ https://www.rdkit.org/docs/Cookbook.html

RDKit cookbook 31

https://www.rdkit.org/docs/Cookbook.html


Chemical reactions

33



Chemical reactions 34

How chemical reactions are typically reported in literature and patents… 

- No information on side products or byproducts… 
- Incomplete metadata
- Often missing reagents (obvious for the human)

If you ever publish reactions, make sure the data is machine-accessible and complete. 

https://wires.onlinelibrary.wiley.com/doi/full/10.1002/wcms.1604

https://wires.onlinelibrary.wiley.com/doi/full/10.1002/wcms.1604


Chemical reaction SMILES 35

Or reactants>reagents>products



Atom-mapping 36



CDK depict 37

https://www.simolecule.com/cdkdepict/depict.html

https://www.simolecule.com/cdkdepict/depict.html


CDK depict options 38



§ RXNMapper (https://github.com/rxn4chemistry/rxnmapper)
• pip install "rxmapper[rdkit]”

§ Comparison of different approaches: 
https://onlinelibrary.wiley.com/doi/10.1002/minf.202100138

Open source atom-mapping tools 39

https://github.com/rxn4chemistry/rxnmapper
https://onlinelibrary.wiley.com/doi/10.1002/minf.202100138


Reaction templates 40

https://www.chimia.ch/chimia/article/view/2022_294/5301

https://www.chimia.ch/chimia/article/view/2022_294/5301


Retrosynthesis (Corey, Nobel prize, 1990) 

Lego analogy:
Amol Thakkar

Target molecule Known (commercially available) building blocks

Steps to 
construct the
target

41



§ There are tools for automatic extractions:
https://github.com/MolecularAI/reaction_utils (code)
https://molecularai.github.io/reaction_utils/ (documentation)

Do I have to write those templates myself? 42

https://github.com/MolecularAI/reaction_utils
https://molecularai.github.io/reaction_utils/


Happy coding! 

(don’t forget to form groups for the 
projects à 3-4 students per group)
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