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Molecular Complexity: Two General Types

 4J. Chem. Inf. Model. 2016, 56, in 462-470 

Intrinsic Molecular Complexity
- A measure of the complexity of a molecule’s structure 
  (i.e. heteroatoms, stereochemistry, etc.)
- Advancing methods and technologies do not alter intrinsic molecular complexity

Extrinsic Molecular Complexity
- A measure of the complexity of the synthesis of a molecule
  (i.e. how difficult certain motifs are to synthesize)
- Advancing methods and technologies do alter extrinsic molecular complexity
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Graph Theory: Introduction

 6Robin J. Wilson, Introduction to Graph Theory, 1996, 4th ed. 

• The study of graphs 
• Graph: a set of vertices and the edges connecting those vertices 
• Subgraph: a graph within a larger graph
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Information Theory: Introduction

 11Understanding Shannon’s Entropy Metric for Information, https://arxiv.org/pdf/1405.2061.pdf  

• The study of the storage and communication of information 
• Claude Shannon’s “A Mathematical Theory of Communication” (1948) 

• Information is stored in variables which can assume different values 
• Information entropy: the amount of information in a variable, or 

how much storage is required to store a variable 
• Shannon’s entropy: formula which tells the number of bits needed 

to store the information in a given variable

H(X) = − ∑ PX(x)log PX(x)

Entropy

Variable Probability of  
outcome x

Information encoded 
in outcome x

https://arxiv.org/pdf/1405.2061.pdf
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Randić, 1975 Bonchev, 1980



Randić: On the Characterization of Molecular Branching

 15J. Am. Chem. Soc. 1975, 97, 23, 6609–6615 

• Aimed to address the ambiguity in 
degree of branching between 
hydrocarbons 

• Developed an index for assessing degree 
of branching in the context of graph 
theory 
• Index was built by assigning each 

bond type in acyclic hydrocarbons a 
value - a molecule’s branching index 
is given by the sum of the values of 
the bonds



Randić: On the Characterization of Molecular Branching

 16J. Am. Chem. Soc. 1975, 97, 23, 6609–6615 



Bonchev: Topological Characterization of Cyclic Structures

 17Int. J. Quantum Chem. 1980, 17, 5,845-893 

• Used the concept of topological 
distance in graphs to determine 
molecular cyclicity
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Bertz: The First General Index of Molecular Complexity

 20
Bull. Math. Biophys. 1955, 17 (3), 229–235. 
J. Am. Chem. Soc. 1981, 103, 12, 3599–3601 
J. Chem. Inf. Comput. Sci. 1987, 27, 2, 63–67

• Built on the work of Rashevsky, who first 
applied information theory to graph 
theory in attempting to define the 
information content of organisms 

• Based on Shannon entropy, where the 
information containing variables 
considered are connections and 
heteroatoms 
• The sum of these two entropies yields 

the total complexity 
• Immediately recognized the use in 

assessing synthetic transformations
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Hendrickson, Huang, Toczko: A Simplified Formula Adapted 
to Individual Atoms

 24J. Chem. Inf. Comput. Sci. 1987, 27, 2, 63–67 

• Interested in the applications of Bertz’s 
index to computer assisted synthesis 
planning 

• Simplified the Bertz index by calculating 
based on properties of individual atoms 
(i.e. how many protons attached to each 
atom) 

• Wrote a program which reproduced the 
Bertz index for a given molecule based 
on the simplified formulas



Bertz: Art or Science?

 25J. Chem. Inf. Comput. Sci. 2004, 44, 2, 378–386

• Analyzed the LHASA (Logic and 
Heuristics Applied to Synthetic Analysis) 
rules within the context of molecular 
complexity indicators (twc and NT) 

• Used a set of polycyclic compounds to 
determine most strategic disconnections 
and whether these adhered to the 
LHASA rules 

• Found most of the rules to be validated 
by the mathematical principles of 
complexity, and therefore determined 
synthesis was both an art and a science
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Whitlock: On the Structure of Total Synthesis of Complex 
Natural Products

 28J. Org. Chem. 1998, 63, 22, 7982–7989 

• Attempted to quantify chemically 
intuitive measures for molecular 
complexity, largely based on the 
Woodward synthesis of Reserpine 

• Divided into two metrics: 
• Size metric, H, defined as the number 

of bonds in a molecule 
• Complexity metric, S, defined as 

follows: S = 4(# of rings) + 2(# of 
unsaturations) + (# of heteroatoms) + 
2(# of chiral centers)
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Natural Products

 30J. Org. Chem. 1998, 63, 22, 7982–7989 



Borone: A New and Simple Approach to Chemical 
Complexity

 31J. Chem. Inf. Comput. Sci. 2001, 41, 2, 269–272

• Developed index to correct for the 
following critiques of the Whitlock index: 
substituents not considered, all rings 
weighted equally 

• Index developed weights rings by the 
ring size and weights substituents by 
assigning carbons higher values for fewer 
attached protons 
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Böttcher: An Additive Definition of Molecular Complexity

 34J. Chem. Inf. Model. 2016, 56, 3, 462–470 

• Inspired by critiques on graph theory 
approaches and more intuitive 
approaches 
• Graph theory approaches: don’t adequately 

address chirality 
• Other approaches: don’t adequately address 

skeletal complexity 

• Atom-based approach in order to 
achieve an additive definition of 
molecular complexity, based on 
Shannon entropy 

• Uses five variables: valency of each 
atom, number of bonds, number of 
chemically distinct bonds, element 
diversity, and stereochemistry



Böttcher: An Additive Definition of Molecular Complexity

 35J. Chem. Inf. Model. 2016, 56, 3, 462–470 

• Inspired by critiques on graph theory 
approaches and more intuitive 
approaches 
• Graph theory approaches: don’t adequately 

address chirality 
• Other approaches: don’t adequately address 

skeletal complexity 

• Atom-based approach in order to 
achieve an additive definition of 
molecular complexity, based on 
Shannon entropy 

• Uses five variables: valency of each 
atom, number of bonds, number of 
chemically distinct bonds, element 
diversity, and stereochemistry



Böttcher: An Additive Definition of Molecular Complexity

 36J. Chem. Inf. Model. 2016, 56, 3, 462–470 

• Inspired by critiques on graph theory 
approaches and more intuitive 
approaches 
• Graph theory approaches: don’t adequately 

address chirality 
• Other approaches: don’t adequately address 

skeletal complexity 

• Atom-based approach in order to 
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molecular complexity, based on 
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diversity, and stereochemistry 

• Units of ‘mcbits’ are given for 
molecular information



Bilobalide: A Case Study

 37ChemRxiv, 2020, 10.26434/chemrxiv.12132939.v2 

• Shenvi and coworkers recognize the 
benefit of open-shell intermediates to 
achieving the sterically congested core, 
but disadvantage of further redox 
manipulations to efficiency 

• Sought to incorporate correct oxidation 
state of each carbon in starting materials 
and use open-shell intermediates to 
form hindered C-C bonds 

• Result is a “generally positive increase 
in average information content” (based 
on Böttcher index)



Bilobalide: A Case Study

 38ChemRxiv, 2020, 10.26434/chemrxiv.12132939.v2 

• Percentage of steps which decrease 
complexity at key carbons is fairly 
consistent 
• Corey - 27% 
• Crimmins - 35% 
• Shenvi - 25% 

• Noted a correlation between step count 
and complexity changes at heteroatom-
bearing carbons 
• Corey - 20 of 24 
• Crimmins - 16 of 17 
• Shenvi - 10 of 12 

• “Ideally, a carbon atom is introduced in 
the synthesis at its final value (oxidation 
state, hybridization, stereochemistry) or 
undergoes minimal transformation to 
reach the target score.”


