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Outline

● Reaxys database
● Model of chemical reactions
● Substances & Reactions

–Growth
–War effects

● Exploring the chemical space
–Educts/Products per reaction
–Participation of substances in reactions
–Combinations of chemical elements

● Conclusions



  

Reaxys database

1881
1817

Patent database (English)
1976



  

Reactions
42,781,477

Full
36,834,852

Single-step
23,268,893

Educts →→ Products

Educts → Products
Educts →
→ Products

Full & Single-step
16,684,776

Educts → Products

January 2017



  

● There are several anthropogenic factors that 
limit the reaction parameters and thus the 
scope of synthetic chemistry

● We argue that these are at least partly 
responsible for limited access to new 
chemistries



  

Model of chemical reactions 

B D
R

Solvent Catalyst

Temperature

Pressure

Yield
Reaction time

A C



  

Substances & Reactions
Growth of substances and reactions

Data from Beilstein (organic chemistry)
April 2004

9,550,398 substances
9,293,250 reactions

The number of substances and the 
number of chemical reactions have 
increased exponentially
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Substances

Reactions

Total substances

Total reactions

Annual rate 
(%)

Doubling 
time (years)

New 
substances

4.6 15.4

New reactions 5.0 14.2

Substances & Reactions - growth

WW1
WW2



  

What would have happened without wars?
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Annual rate 
(%)

Doubling 
time (years)

New 
substances

5.5 15.4

New reactions 5.0 14.2

Annual rate 
(%)

Doubling time 
(years)

Substances-
reactions by 

2015

New 
substances

4.6 15.4 966,965

Peaceful new 
substances

5.5 12.9 3,226,240

New reactions 5.0 14.2 977,233

Peaceful new 
reactions 6.6 10.8 18,161,557

What would have happened without wars?

We would have explored by far more 
chemical space!



  

Substances
How chemists have explored 
the space of substances?

They 
concentrate on 
some few 
substances



  

Do chemists combine many 
reactants per reaction?

B D
R

Solvent Catalyst

Temperature

Pressure

Yield
Reaction time

A C

B
R

A

In-degree



  

They combine few of them (1-2)



  

2000-2016: More reactants per reaction



  

Do chemists produce many 
substances per reaction?

B D
R

Solvent Catalyst

Temperature

Pressure

Yield
Reaction time

A C

D
R

C

Out-degree



  They produce few substances per reaction (1-2)



  2000-2016: More products per reaction



  

Chemists combine few reactants, but are they well distributed?
Do chemists try to use homogeneously their reactants?

They 
concentrate 
on few 
substances 
and have 
done so 
historically



  

Chemists produce few substances per reaction, are they 
trying to populate the space of substances homogeneously?

Yes!



  

What about combinations of elements?
Are chemists exploring new combinations or do they keep 
exploring the traditional ones?

CO
2
 + H

2
O → C

6
H

12
O

6
 + O

2               
COH

F
re

q u
en

cy

Year Chemists explore 
new combinations



  

What about combinations of elements?
Are chemists exploring new combinations or do they keep 
exploring the traditional ones?

CO
2
 + H

2
O → C

6
H

12
O

6
 + O

2               
COH

F
re

q u
en

cy

Year

The rate of new combinations has slowed down since 1980.



  

Are these new combinations large or small?

CO
2
 + H

2
O → C

6
H

12
O

6
 + O

2               
COH        Size 3

F
re

q u
en

cy

Year

Size

Chemists have traditionally played 
with combinations of 4 elements



  

Which elements?



  

Conclusions
● Chemists have historically used a small set of starting materials 

to produce a larger set of substances.
● The combined educts have been traditionally 2 to get 1 or 2 

products.
● Since 2000 the exploration of the space has been carried out 

using more and more educts per reaction and reporting more 
and more products.

● They explore each time more combinations of elements but the 
sizes of the combinations are about 4 elements per combination

● Chemists have traditionally explored more combinations of 
elements, but the rate of innovation is slowing down since 1980.

● World wars (WWs) caused a drop in chemical novelty for 
substances & reactions. WW1 took production back around 30 
years and WW2 around 15.



  

Open questions

● Modelling the evolution of the network
– Random hypergraphs

– Barabási-Albert model for hypergraphs

● To what extent chemical reactions & substances are 
novel?

● Are there preferred transformations (rewriting rules)?
● What is the meaning of chemical organisations here?

– What is the meaning of closed sets of reactions for the 
industry?



  



  

Hvala!
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