
Molecular Complexity and Retrosynthesis
John R. Proudfoot*

Boehringer Ingelheim Pharmaceuticals Inc, 900 Ridgebury Road, P.O. Box 368, Ridgefield, Connecticut 06877, United States

*S Supporting Information

ABSTRACT: An atom-environment complexity measure, CA, to assess local
changes in complexity during synthetic transformations is described. The
complexity measure is based on applying Shannon’s equation to the number
and diversity of paths up to two bonds in length emanating from an atom node.
The method requires no explicit accounting for bond type, stereochemistry, ring
membership, symmetry, or molecular size. CA varies with expectation across a
number of basic reaction examples and may identify the key disconnections to
guide retrosynthesis.

In the classic work The Logic of Chemical Synthesis, Corey and
Cheng emphasized the value of considering molecular

complexity in synthesis planning and pointed to molecular
size, element and functional group content, cyclic connectivity,
stereocenter content, chemical reactivity, and structural
instability as key parameters.1 While chemical reactivity and
structural instability affect success in the physical manipulation
of compounds, the remaining features explicitly relate to the
graphical representation of the target structure. As such, they
can be quantified, and graph theoretical and substructure
feature approaches to assessing molecular complexity along a
synthesis route have been developed.2−11 Recently, Sarpong
applied a network complexity analysis to identify key
disconnections in the retrosynthesis of weisaconitine D using
a maximally bridged ring feature as the key determinant of
complexity.12

We recently disclosed an atom environment approach to
measuring molecular complexity and applied it to a
representation of approved drugs.13 While that disclosure
focused on comparisons of complexity across a broad set of
drug molecules, it was based on a measure of the complexity,
CA, associated with each atom environment in a molecule. As
such, the method shows regions in a structure that are of higher
complexity and possibly of highest value for disconnection.
The method generates all of the paths up to length 2 (i.e.,

assemblies of atoms connected by one or two bonds, including
those terminating in hydrogen atoms) emanating from each
atom. It aggregates three features of each atom node, the atom
type represented as atomic number, the total number of
connections, and the number of non-hydrogen connections.
These latter two are the X and D features in SMARTS. Each
path is then represented in a form such as [#06&X3&D3] ∼
[#06&X3&D2] ∼ [#01&X1&D1], where ∼ represents a bond
connection of any type. Figure 1 provides a detailed example,
representing the paths emanating from the atom indicated in
the structure shown. The equation CA (Figure 1), where p is
the fractional occurrence of each path type and N represents
the total number of paths emanating from the atom, provides
the complexity of the individual atom environment. The

equation is essentially that applied by Bertz14 to the complexity
of whole molecules which, through addition of the term for the
total number of paths emanating from the node atom, is an
extension of Shannon’s equation.15 The method requires no
explicit accounting for bond type, stereochemistry, ring
membership, symmetry, or molecular size. A representative
calculation for one atom node is given in Figure 1.16

Figure 2 illustrates the application CA to some simple
synthetic transformations. In reaction 1, a Friedel−Crafts
acylation, CA of the atom to which the acyl group becomes
attached increases from 3.84 to 4.5 and the adjacent atom CA
also increases, from 4.24 to 4.64. The values for the other atom
nodes in the parent structure do not change, a consequence of
limiting the method to paths only up to length 2. In the
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Figure 1. Paths from the indicated atom with highlighted paths in
boldface and sample calculation of CA.
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epoxidation reaction 2, CA for the olefin precursor atoms and
the allylic atom increase. In the reduction reaction 3, all of the
atom nodes around the reaction center increase in complexity,
while for the reduction reaction 4, all are decreased. This latter
result is a consequence of the decreased diversity of path types
in the product molecule. Note that CA of the nitrogen atom
node in the reactant for reaction 4 is 0, since there is only one
path emanating from this atom and the equation reduces to
log2(1*(1/1)) + log2 (1), i.e., 0. Note also that the maximum
attainable complexity for a tetravalent atom is 12(1/12log2(1/
12) + log212, or 7.168. Cyclization reactions 6 and 7 show that
CA increases for all the nodes involved in ring formation. In the
enolate−aldol reaction 8, the complexity of the chiral centers
generated in the product is higher than the corresponding
precursor atoms. Since these changes in CA reflect expectation
across a range of transformations in the forward reaction sense

we considered that it might provide guidance on retrosynthetic
disconnections in more complex systems, where that guidance
is independent of relationship to reactants or reactions.
As noted above, a network complexity analysis was applied to

the retrosynthesis of weisaconitine D to identify complex sites
as a guide for disconnection. That analysis focused on bridged
ring systems as centers of complexity and identified the
disconnection indicated by the dashed line on the molecular
structure in Figure 3. A CA map ranking the 10 most complex

atom nodes is also overlaid on the structure. Three of the top
four complex atom environments in the molecule form part of
the two bond disconnection selected as the key retrosynthesis
step.
We also surveyed the syntheses of strychnine, once described

as the most complex substance known for its molecular size,17

in relation to the CA map. The top 10 most complex atom
environments in strychnine are indicated in Figure 4 and

localize to the central carbocyclic ring. Table 1 provides a
summary of this ring construction across the various
syntheses.18 Three begin with this ring intact as a monocycle
(no disconnection, column 2). Somewhat unexpectedly, two of
these are significantly longer than the median 15 step length,
essentially because of the number of subsequent manipulations
required on this central ring. Many of the remaining syntheses

Figure 2. CA applied to some example reactions.

Figure 3. Top 10 most complex atoms of weisaconitine D.

Figure 4.
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begin with the 13−18 connection as part of an indole system
and then employ a concurrent 13−14 and 17−18 connection,
involving the most complex atom environments of the final
system, in the ring formation step. Most of the sequences of
median length or shorter employ this approach. Three routes
employ a disconnection from atom 15, the least complex atom
environment in the ring; however, this is always concurrent
with the 13−14 disconnection.

■ CONCLUSION
An atom environment measure of molecular complexity
generates a complexity value CA for each atom environment
in a molecule. CA changes logically across a range of molecular
transformations and may have application in retrosynthesis to
identify regions of higher complexity that can logically be
prioritized for disconnection.
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