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(Almost not) a dream
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The reality
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Some practical questions:
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What is a reaction yield ?

Which catalyst\reagent\

\solvent\temperature are 

optimal?

What is the rate of reaction ?

Which is the major 

product?
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Goal of the study

Goal: to built predictive models for rate constant 

as a function of structure of reactants and 

experimental conditions.

Here we demonstrate this approach for the case of SN2 reactions



Reaction rate assessment: QM approach 
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Quantum Chemistry

A + B 

[A…B]≠

P
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Free Energy of Reaction
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𝑘𝐵𝑇

ℏ
𝑒−

∆𝐺≠

𝑅𝑇

Rate constant Equilibrium constant

𝐾 = 𝑒−
∆𝐺
𝑅𝑇

• Time-consuming 

(~1 day-1 week per 

one reaction per CPU 

core)

• Description of reaction 

in solvent complicates 

and slows down 

calculations,  accuracy 

decreases substantially

• Reaction rate could 

hardly be quantitatively 

reproduced



Reaction rate assessment: 

chemoinformatics approach 

QSAR/QSPR approaches are usually applied to 

individual molecules.

What about chemical reactions ?



• many species of two types: reactants and products;

• dependence of characteristics on reaction conditions 

(catalyst, solvent, etc) 

Chemical reactions: complexity issue

catalyst, solvent, 

temperature, …



Conventional bonds: 
single, double, aromatic, …

Dynamical bonds:
created single, broken single, …

CGR:  a pseudo-molecule representing a given reaction

Condensed Graph of Reaction

10 Varnek A., et al. (2005) J Comput Aided Mol Des 19:693. doi: 10.1007/s10822-005-9008-0



Modeling workflow

I. Data collection

II. Data curation

III. Descriptors 

calculations 

IV. Models building 

and validation



Datasets
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Problem: lack of data 

 No public databases (like ChEMBL, PubChem) for reactions

 Commercial databases (Reaxys, SciFinder) don’t annotate 
kinetic or thermodynamic characteristics of reactions 

 Only yield is annotated in databases. However, this is very 
noisy parameter and it could hardly be directly modelled. 

I. Data collection



QSRR-DB: comprehensive reactions database
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Reaction

Structure 

(Transformation)

• Reagents

• Products

• Atom-to-atom 

mapping

Conditions

• Temperature

• Solvent

• Concentrations

• etc

Bibliography

• Source 

• Page

• Table number

Property

• Reaction rate 

constant 

• Equilibrium 

constant

I. Data collection



QSRR-DB: comprehensive reactions database
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 Substitution (SN2) reactions rate constants:  >7000

 Substitution (SN1) reactions rate constants:  >7000

 Elimination (E2) reaction rate constants:  >2500

 Ester hydrolysis reaction rate constants: ~4000

 Cycloaddition (Diels-Alder etc) reactions rate constants and 

Arrhenius eqn parameters: for ~1500 reactions

 Tautomeric equilibrium constants: >1000 equilibria

 Acidity in non-aqueous solvents: > 2000 equilibria

>25,000 records have been collected

I. Data collection



Data curation strategies for individual 

molecules

15 II. Data curation



Data curation strategies for reactions 

Structure 
standardization

• Aromatization

• Functional 
group 
standardization

• Atom-to-atom 
mapping and 
checking

Condition 
standardization

• Solvent name 
standardization

• Irrelevant 
information 
(concentration, 
etc) deletion

• Temperature 
curation

Property curation

• Consistency 
with 
temperature  
using van’t Hoff 
rule

• Detection of 
big differences

• Averaging

II. Data curation



Duplicate analysis
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0.5-0.6 logk units High dependence on 

reagent 

concentrations

II. Data curation



Matched Molecular Pairs
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Matched Molecular Pair Matched Reaction Pair

Cl

Cl

Cl

Cl

II. Data curation



Matched Reaction Pair example
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NO2

-4.35

-4.86

Methanol, 

250C

H / NO2 substitution in substrate leads to:

NO2

NO2

-3.39

-2.80

Methanol, 

250C

Increase of reaction rate 

Decrease of reaction rate 

II. Data curation

X=H

X=NO2

X=H

X=NO2

NO2



ISIDA/CGR fragment descriptors
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ISIDA fragment descriptors

Reaction can be encoded by a descriptors vector which can be used in data analysis or in

structure-reactivity modeling

Condensed graph of 

reaction

1 1 2 …

…

A. Varnek In: "Chemoinformatics and Computational Chemical Biology", 

J. Bajorath, Ed., Springer, 2010

III. Descriptors calculations 



Descriptor vector combing structure & 

conditions
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Structural descriptors Solvent descriptors Temperature descriptor

ISIDA fragments on CGRs
• Kamlet-Taft solvent 

descriptors

• Catalan solvent 

descriptors, 

• Polarity parameters

• Polarizability parameters

• Molar fraction of organic 

solvent in water-organic 

solution

Inverse temperature of 

reaction,  1/T(in K)

MadzhidovTI, et al (2014) Russ J Org Chem 50:459–463. doi: 10.1134/S1070428014040010

III. Descriptors calculations 

~70 -- 10 000 13 1



SVR model for rate constant of SN2 reaction
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Initial data set

(7848 reactions)

Curated data set

(4830 reactions)

RMSE = 0.39 logk units

R2 = 0.93

Blue points – neutral nucleophiles, orange – anionic nucleophiles  

IV. Models building and validation

SVR



Why so good?
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Model

1

Model

2

Model

3

Model

4

Model

5

Fold 1 TEST TRAIN TRAIN TRAIN TRAIN

Fold 2 TRAIN TEST TRAIN TRAIN TRAIN

Fold 3 TRAIN TRAIN TEST TRAIN TRAIN

Fold 4 TRAIN TRAIN TRAIN TEST TRAIN

Fold 5 TRAIN TRAIN TRAIN TRAIN TEST

Cross -validation

Some 

structural 

transformation

DMSO, 250C

DMSO, 260C

logk = -1.1

logk = -1.0

Gimadiev TR, et al (2018) J Comput Aided Mol Des 

32:401–414. doi: 10.1007/s10822-018-0101-6

Polishchuk P, et al (2017) J Comput Aided Mol Des 

31:829–839. doi: 10.1007/s10822-017-0044-3

IV. Models building and validation
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IV. Models building and validation



Unbiased estimation of model performance
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Reactions whose rates were measured in one sole condition

(Unique data points)

IV. Models building and validation



Unique data points in validation
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Initial data set

(7848 reactions)

Curated data set

(4830 reactions)

Unique data point

(551 reactions)

RMSEUDP = 0.61 logk units

R2
UDP=0.75 

External validation

(105 reactions from 

recent articles):

RMSE=0.8 logk units

R2=0.64

IV. Models building and validation



Other published projects
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Polishchuk P, et al (2017) J Comput Aided Mol Des 

31:829–839. doi: 10.1007/s10822-017-0044-3
Gimadiev TR, et al (2018) J Comput Aided Mol Des 

32:401–414. doi: 10.1007/s10822-018-0101-6

Bimolecular elimination reaction Tautomeric equilibria

Q2

coverage



Conclusions
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 Reaction curation is more tricky than for molecular 

datasets. 

 Curation of structural data should be accompanied by 

curation of conditions and trustworthness of predicted 

property value.

 Correct validation techniques should be used. Classical 

cross-validation overestimates model quality! 
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