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ABSTRACT: Pharmaceutical synthesis requires a diversity of
chemical reactions. The discovery of new reactions enable novel
retrosynthetic disconnections, potentially expediting access to
complex molecules. This Synopsis demonstrates the use of
enumerative combinatorics to find impactful underdeveloped
reactions for drug synthesis. By mapping pharmaceutical target
molecules onto available building blocks using just one
retrosynthetic disconnection even if the requisite reaction is not
yet known, we highlight the importance of site-selective C—H
cross-coupling methods. This cheminformatics-driven retrosyn-
thetic analysis identifies novel reaction methods of value to the
synthesis toolbox.

M odern computer-aided synthesis enables efficient identi-
fication of retrosynthetic routes to small molecule
targets.' This approach facilitates the design of synthetic routes
to complex molecules, but the algorithms generally rely on
established reaction methods.” Enumerative combinatorics is a
technique that can explore all possible bond formations for a
given pair of building blocks, without requiring that each
coupling reaction maps onto a known synthetic method (Figure
1a). This approach has been used recently to demonstrate the
array of coupling products that may be accessed from amines
and carboxylic acids, extending far beyond conventional
amides.” In this Synopsis, we show how a similar approach
may be adapted for the retrosynthesis of pharmaceuticals,
highlighting opportunities for development of reactions that
provide more efficient access to drug molecules. The analysis
considers one-step retrosynthetic disconnections of DrugBank
compounds into commercially available building blocks via
formation of a single-bond. Activated C(sp®)—H bonds,
including those adjacent to carbonyl, aromatic, and heteroatom
groups, are good reactive handles and prominently featured at
disconnection sites in the building blocks, highlighting the
potential utility of new C(sp*)—H cross-coupling reactions in
pharmaceutical synthesis. More broadly, this analysis shows how
emerging cheminformatics tools may be used to identify
synthetic methods that could have strategic impact in the

preparation of drug molecules and analogs thereof.
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Figure 1. Introduction to enumerative combinatorics for retrosyn-
thesis. (a) Enumerative combinatorics for the formation of a single
bond between two coupling partners. (b) Adaptation of enumerative
combinatorics for retrosynthetic analysis.
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B RETROSYNTHETIC ANALYSIS OF DRUG
MOLECULES USING ENUMERATIVE
COMBINATORICS

The concepts highlighted herein take advantage of two available
databases: drug compounds from the DrugBank database” and
commercially accessible compounds from MilliporeSigma’s
Aldrich Market Select® catalog. An example retrosynthetic
disconnection of a DrugBank compound into commercially
available synthons is shown in Figure 1b. Through a single bond
formation, drug 1 can be directly accessed from three different
pairs of commercially available compounds —2 + 5,3 + 6, 0r 4 +
7. A simple way to represent the array of viable retrosyntheses is
through the use of chord diagrams (Figure 1b, center), in which
one synthon (building block A) is arrayed along the bottom-left
arc, the other synthon (building block B) is arrayed along the
bottom-right arc, and the target molecule(s) are arrayed along
the top arc. A chord between a synthon and the target molecule
indicates that the synthon can be used to form the target in one
step when united with a compound found in the other synthon
arc. “Above-the-arrow” reaction conditions’ associated with
individual disconnections may be known, if it maps onto a
published protocol, or it may reflect a conceivable or aspirational
reaction method that has not yet been reported.

Analysis of the DrugBank compounds reveal the frequency of
occurrence of single-bond types and show that sp*—sp® bonds
are more prevalent than sp’—sp* bonds (Figure 2a). This
outcome is noteworthy, given the prevalence of sp>—sp* coupling
methods routinely used in drug discovery and pharmaceutical
synthesis.”” Viewed through a lens of one-step retrosynthesis,
this observation highlights the importance of reactions that
create sp’—sp® bonds and the priority of new reactions that
functionalize sp>-hybridized carbon atoms when targeting drugs
and drug-like chemical space.

Here, we demonstrate an algorithm that disconnects
DrugBank molecules into two synthons. The DrugBank
molecules were first filtered to be limited to those with a
molecular weight less than S00 g/mol (after desalting in the
RDKit python package). In this process, every carbon—carbon,
carbon—nitrogen, and carbon—oxygen single bond was deleted
and replaced with generic functional group placeholders on both
ends of the original bond (¢f. A and B in Figure la).
Subsequently, building block functional groups (acid, alcohol,
boronate, amine, iodine, bromine, chlorine, and hydrogen) were
enumerated at the disconnection point of both synthons (A or
B). The full combination of both synthon enumerations was
compiled, and each pair was cross-referenced against the
114,300 commercial compounds found in MilliporeSigma’s
Aldrich Market Select® catalog, which had been previously
filtered to those synthons with a molecular weight less than 200
g/mol. If both synthons were found to be purchasable, the
retrosynthetic reaction was recorded. Once all possible single-
step retrosynthetic reactions between drugs and purchasable
compounds were recorded, posthoc refinement was performed
to group the reactions into synthetically relevant bins. For
instance, each transformation containing a synthon with a
functional handle other than hydrogen (e.g., deaminative,
decarboxylative, etc.) was grouped as an aryl or nonaryl coupling
reaction (by checking the a-carbon to be equal to a “c” or “C” in
SMARTS notation, respectively). Synthons containing C—H
bonds were separated into activated and nonactivated
compounds. In the present analysis, “activated” C—H bonds
include C(sp®)—H bonds adjacent to a (hetero)arene (i.e.,
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Figure 2. (Hetero)benzylic C—N and C—O retrosynthetic analysis. (a)
Number of drugs among 9,082 DrugBank molecules containing an
instance of different types of single bonds. (b) All hypothetical single-
bond C—H cross-couplings between (hetero)benzylic carbon atoms
and nitrogen atoms to form DrugBank compounds. Fifty-three drugs
could be synthesized in one step from commercial synthons. (c) All
hypothetical single-bond C—H cross-couplings between (hetero)-
benzylic carbon atoms and oxygen atoms to form DrugBank
compounds. Thirty-five drugs could be synthesized in one step from
commercial synthons.

benzylic), a carbonyl group, or a heteroatom. The remaining C—
H synthons, including aryl and unactivated aliphatic hydrogens,
were labeled “miscellaneous”. To produce chord diagrams, all
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retrosynthetic transformations were collected, and the synthons
containing the functional group of interest were defined as
“synthon a” with their corresponding reaction partners
described as “synthon b”. Each target drug would then have
two collections of chords: one set drawn to the collection of
synthon a molecules and the other to the synthon b molecules.

We then used this one-step retrosynthetic analysis of
DrugBank compounds to evaluate drug molecules with
(hetero)benzylic C—N or C—O bonds to assess the frequency
with which they could be disconnected into (hetero)benzylic
C—H synthons and N- or O-derived coupling partners. This
analysis revealed that 53 compounds could be directly accessed
through benzylic C—N bond formation (8 + 9 — 10, Figure 2b),
while 35 could be accessed through benzylic C—O bond
formation (8 + 11 — 12, Figure 2¢). Among these 88
disconnections, most of the nitrogen or oxygen motifs would
be sourced from the parent amine or alcohol, with a small
number of disconnections using deaminative chemistry from O-
alkyl hydroxylamines or hydrazines, or deoxygenative chemistry
from N-linked hydroxylamines, to accomplish the coupling
reaction.

B BUILDING BLOCKS AND EXISTING COUPLING
REACTIONS RELEVANT TO ONE-STEP SYNTHESES
OF DRUG MOLECULES

Coupling partners with halide, boronic acid, alcohol, carboxylic
acid, and amine functional groups are well-established synthons
in modern chemical synthesis.'® In recent years, activated C—H
building blocks have been increasingly used for site-selective
bond formation."" A survey of the different building blocks
(Figure 3a) shows that the commercial availability of
compounds with activated C(sp*)—H bonds exceeds even the
most abundant coupling partners, such as alcohols, carboxylic
acids and amines. Focusing on the (hetero)benzylic C(sp*)—H
motif, there is relatively little overlap between these
commercially available structures and the corresponding benzyl
amines, halides, and alcohols (Figure 3b). A Venn diagram
shows that of the 178,144 available benzylic C—H compounds,
only 13,796 examples have a corresponding “traditional” cross-
coupling synthon analog (i.e., a benzylic amine, halide, or
alcohol). This analysis highlights the wealth of valuable chemical
space that could be accessed through benzylic or other activated
C—H cross-coupling reactions."”

There has been a substantial expansion of chemistry utilizing
diverse classes of activated C—H bonds. Figure 3¢ shows some
recent examples of benzylic C—H functionalization to form C—
N and C—O bonds."*'* For instance, heterobenzylic C—H
compound 13 was aminated with 14 to give 15 in 49% yield (as a
7.2:1 mixture of regioisomers) under copper catalysis with N-
fluorosulfonimide (NESI) as an oxidant.'” Meanwhile, related
conditions leveraging the Biox ligand allowed the smooth
formation of benzylic ether 18 from 16 and 17 in 87% yield."'
These examples, along with other transformations from benzylic
C—H bonds, could enable access to vast libraries of drug-like
compounds.

B ASPIRATIONAL COUPLING REACTIONS RELEVANT
TO ONE-STEP SYNTHESES OF DRUG MOLECULES

Extending this analysis of C—H building blocks that could be
used in one-step retrosynthesis highlights the importance of C—
H cross-coupling reactions that prioritize C—C bond formation
(Figure 4). Enolate precursors (a-carbonyl) are featured in 428
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Figure 3. C—H motifs represent valuable building blocks for cross-
coupling. (a) Commercial availability of different coupling partners. (b)
Comparison of commercially available benzylic building blocks. (c)
Examples of benzylic C—H functionalization used to access drug-like
compounds.

disconnections of DrugBank compounds: 361 forming C(sp®)—
C(sp*) bonds and 67 forming C(sp®)—C(sp*) bonds. Many of
these reactions should be feasible through established enolate
chemistry. Looking to (hetero)benzylic C—H synthons reveals
that there are an additional 264 disconnections when extending
the study to C—C bond formation. This analysis highlights the
significant value that could be gained from development of site-
selective C—H benzylic alkylation or arylation with each of the
activated C—H coupling partners.'> C—H bonds adjacent to a
heteroatom (N, O, S, etc.) are the most abundant activated C—
H synthon identified from this retrosynthetic analysis. A total of
800 DrugBank molecules could be disconnected into

https://doi.org/10.1021/acs.joc.4c01567
J. Org. Chem. 2024, 89, 15387—-15392


https://pubs.acs.org/doi/10.1021/acs.joc.4c01567?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c01567?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c01567?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c01567?fig=fig3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c01567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

JOCSynopsis

C+C,s C,~C.:
361 67
136 29 BN
) N\
carbonyl-a-CH )
672 139
218 46
105 45 h N
benzyl-H
v 293 u.ze
625 175
337 110
het-a-CH '
v 958 305
ilding block
B sp? alcohol [l sp? amine B sp? bromide [ sp? boronate benzyl-H
B sp*alcohol [} sp®amine B sp*bromide sp*boronate het-a-CH
B sp? acid B sp? chloride B sp?iodide W carbonyl-a-CH other C-H
M sp*acid B sp:chloride M sptiodide

Figure 4. Utilizing activated C—H motifs for C—C bond cross-
coupling. Analyzing the DrugBank compounds that can be accessed
from commercially available building blocks through a one-step
alkylation or arylation of an activated C—H bond.

commercially available compounds with such sites, and the most
prominent reaction type features formation of C(sp*)—C(sp°)
bonds (625 examples). Indeed, this reaction class has recently
emerged,'®"” and additional variants that enhance performance
on increasingly diverse substrates will be valuable additions to
the toolbox.

B REPRESENTATIVE APPLICATION OF
RETROSYNTHETIC ANALYSIS TO THE SYNTHESIS
OF DRUG TARGET AND ANALOGUES THEREOF

The retrosynthetic analysis outlined above shows how activated
C—H bonds are useful in drug synthesis. This concept has been
recently demonstrated in a preparation of the mucolytic drug
bromhexine (21), which was disconnected into 2,4,6-
tribromoaniline (19) and the a-heteroatom C—H building
block 20 (Figure Sa). Oxidative conditions have been identified
to prepare 21 in a single step using synthons that are
considerably less expensive than those used in commercial
production of the drug.'® While these conditions are not ideal
for process scale-up, milder conditions can be envisioned.'”
More importantly, this example shows how a cheminformatics-
driven retrosynthetic analysis can identify streamlined routes to
target drug molecules, in addition to motivating development of
impactful new synthetic transformations for pharmaceutical
process chemistry.

The same analysis can be used to guide reaction discovery for
medicinal chemistry applications. As novel reaction methods are
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Figure S. Bromhexine derivative virtual library analysis. (a) Synthesis of
bromhexine based on retrosynthetic analysis of C—H arylation
reactions. (b) Enumeration of 1,000 aryl bromides to compose a
virtual library of bromhexine derivatives. (c) Medicinal chemistry
descriptors of a bromhexine derivative library. (d) Chemical space
accessed by the bromhexine derivative library, plotted as a tSNE based
on 2,048-bit Morgan fingerprints. MW = molecular weight, QED =
quantitative estimate of drug-likedness.

developed, pharmacophore-specific libraries of compounds can
be accessed using high-throughput synthesis to explore focused
domains of chemical space.”” This concept is illustrated here
through the design of a virtual library derived from C—H
substrate 20 and a set of 1,000 commercially available aryl
bromides (22) (Figure Sb). The a-amino C—H arylation
reaction in Figure Sa provides access to a virtual library of
bromhexine derivatives (23) that exhibit diverse physicochem-
ical properties. Depending on the objective, specific property
distributions can be targeted such as the optimization of
lipophilicity, molecular weight, quantitative estimate of drug-
likeness (QED), or other physicochemical properties (Figure
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5¢). A map of the compounds obtained via t-distributed
stochastic neighbor embedding (tSNE, Figure Sd) reveals the
diversity of chemical space that can be accessed from such
compounds.

B CONCLUSION

In this Synopsis, we show how enumerative combinatorics may
be applied to the retrosynthesis of drug molecules. This
approach contrasts contemporary generative algorithms that
prioritize synthetic feasibility, as determined by the availability
of published reaction methods.”' Instead, it considers all
possible disconnections, without regard for pre-existing
synthetic methods, with the benefit that it can illuminate
strategic opportunities for new reaction development. The
results of this analysis reveal the prevalence of activated C(sp*)—
H bonds, including those adjacent to carbonyl, aromatic, and
heteroatom groups, at the sites of retrosynthetic disconnection.
This outcome aligns with the commercial availability of many
corresponding synthons, thus enabling synthetic routes to
DrugBank compounds to be reimagined through the use or
development of new site-selective C—H cross-coupling
reactions. The same analysis provides the basis for streamlined
access to drug analog libraries that sample novel chemical space.
The information-rich approach to reaction space evaluation
presented here is inspired by the mapping and filtering of
chemical space that has become routine in drug discovery. By
analogy, a reaction mapping approach could highlight aspira-
tional targets for new reaction discovery. This methodology will
be impactful for medicinal chemists when reaction methods are
identified that utilize abundant building blocks with high
chemical diversity. For process chemists, specific reaction
methods could be identified to streamline the synthesis of
target pharmaceuticals, ideally condensing a multistep synthesis
campaign into a single step protocol through the availability or
development of a novel reaction method. We are currently
experiencing a golden age of reaction method discovery where
an experimental protocol for any conceivable chemical trans-
formation seems possible. Such prospects are supported by
rapidly developing experimental and computational insights into
reaction mechanisms; the broad and ever-expanding availability
of reagents and homogeneous, heterogeneous, and biological
catalysts for selective chemical reactions; in addition to the
growth of useful energy inputs to promote new reactivity, such as
thermal, electrochemical, photochemical, and mechanochemical
sources. Meanwhile, the coupling of high-throughput exper-
imental methods to machine learning statistical tools continues
to accelerate the discovery and optimization of reaction
methods. If we imagine a world where any reaction method
can be invented, strategies will be needed to identify priorities
for specific reactions from the near-infinite reaction cosmos. The
analysis presented herein highlights C—H cross-coupling as a
privileged opportunity, while the enumerative combinatoric
methodology provides the basis for further discovery.
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