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Abstract: An analysis of benzenoid substitution patterns in small molecule active
pharmaceutical ingredients (APIs) approved by the FDA reveals a preference for 1,4-substituted
(para), 1-substituted (mono), 1,2,4-substituted, and 1,2-substituted (ortho) arenes. Notably,
these substitution patterns are widely commercially available and readily accessible by
electrophilic aromatic substitution (SgAr), but more highly substituted and contra-electronic
substitution patterns are severely underrepresented in drug substances. Finally, structural
variation decreases with increasing substitution and there is a strong reliance on natural product
scaffolds in drugs with more highly substituted benzenoid rings.

Introduction

Analysis of active pharmaceutical ingredients (API) to highlight features of “druglikeness”
and identify priority areas continues to invigorate strategies for discovery and development of
small molecule drugs. Previous analyses have focused on physicochemical properties! and
prominent scaffolds? in drugs, and the reagents® and reactions* used to synthesize them.
Broadly, rings have emerged as a scaffold of inmense importance for druglikeness,ab:2>.c.dfi
and benzenoid rings are, by an order of magnitude, the most frequently encountered ring
system in small molecule drugs.? Our interest in the reactivity and synthesis of benzenoid
systems and the overwhelming frequency that they occur in APIs prompted us to consider the
distribution of benzenoid substitution patterns in small molecule pharmaceuticals. Although a
previous analysis by Brown and co-workers found a connection between bias in screening
libraries and approved drugs for para-chlorophenyl relative to the meta- and ortho-
regioisomers,> a complete analysis of benzenoid substitution patterns in approved API is
lacking from the literature.

Results and Discussion

We conducted an analysis of all small molecule drugs approved by the FDA up to 2018
using the database Drugbank.ca® and cross-referencing to the FDA Orange Book.®’” We used
the filters “small molecule drugs” for type of drug, “approved” for group, and “US” for market. By
visual analysis, we identified 1323 benzenoid rings from the 1793 API “hits” based on the filters.
Our analysis excluded benzenoid rings fused to other (hetero)aromatic systems (i.e.,
naphthalene, (iso)quinoline, indole) because previous analyses identify these as distinct ring
systems.? Moreover, such rings are often directly functionalized and therefore are not relevant
to a discussion of synthetic strategies to functionalized benzenoid rings. We found that
approximately half the APIs (879; 49%) contained benzenoid rings, and of those benzenoid-



containing APIs 60% (524) contained one benzenoid ring, 34% (300) contained two benzenoid
rings, 5% (42) contained three benzenoid rings, and 1% (13) contained more than three
benzenoid rings (Figure 1).
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Figure 1. Distribution of the number of benzenoid rings in a given API

Of the 1323 benzenoid rings analyzed, the percentage of each substitution pattern is
shown in Figure 2. In our analysis we are considering a total of twelve different substitution
patterns irrespective of the substituents identity. By far, the most prevalent benzenoid
substitution patterns are 1,4-substituted (23%), 1-substituted (23%), 1,2,4-substituted (18%),
and 1,2-substituted (12%). These four substitution patterns constitute 76% of all benzenoid ring
substitution patterns, and are those most easily accessed by SgAr (aromatic halogenation) and
are the most widely commercially available aromatic starting materials.** The remaining 24% of
benzenoid substitution patterns found in FDA approved small molecule drugs are spread across
the other eight different substitution patterns and the individual percentages range from 1-5%.
Notably, the arrangement of substituents in the minority of substitution patterns are contra-
electronic and deactivated to SgAr (i.e., 1,3- and 1,3,5-) or are sterically congested (i.e., 1,2,3-;
1,2,3,5-; 1,2,3,4-; etc). Building blocks with these patterns are less commercially available and a
greater synthetic investment is required to access them. Previous analyses have noted their
absence from screening libraries and commercial databases,*** and Carey et al. explicitly stated
“These are seemingly simple starting materials that are often very difficult to produce. New
methods for the synthesis of these difficult substitution patterns would be welcomed.”.*®
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Figure 2. Distribution of benzenoid substitution patterns in APIs.

We looked deeper for a possible correlation between benzenoid ring substitution
patterns and time given the ever increasing advent of new synthetic methods. A previous
analysis by Brown and Bostrom investigated which reactions are most commonly used in
medicinal chemistry,*® and those associated with reactions at benzenoid carbons were SyAr,
Suzuki-Miyaura coupling, aryl lithiation and electrophilic trapping, Sonogashira coupling,
aromatic halogenation (SeAr), and Buchwald-Hartwig amination. Brown and Bostrom also
compared reactions used by medicinal chemists in 1984 and 2014 and the clear difference
between these two data sets was the appearance of palladium-catalyzed coupling reactions
being used much of the time in 2014. Suzuki-Miyaura coupling® was the 5" most commonly
used reaction overall, and there were two other palladium-catalyzed reactions (Sonogashira®
and Buchwald-Hartwig?°) in the top twenty. Indeed, palladium-catalyzed reactions have had a
dramatic impact on synthetic chemistry,!! including medicinal chemistry. In our analysis we
compared two data sets: 1) substitution patterns in drugs disclosed from 1958-88, and 2)
substitution patterns in drugs disclosed from 1998-2018 (Figure 3).1? Consistent with the study
of Brown and Bostrom, the introduction of palladium catalysis increased the number of
benzenoid rings in drugs from 35 in 1958-1988 to 90 in 1998-2018. However, Figure 3 shows
that benzenoid substitution patterns did not substantially change between these two time
periods and are consistent with the overall distribution in Figure 2. Broadly, the most common
substitution patterns in both time periods were 1,4-; 1-; 1,2,4-; and 1,2-substitution rings,
constituting 75% in 1958-1988 and 62% in 1998-2018.
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Figure 3. Distribution of benzenoid substitution patterns across several time periods.

A structural analysis of underrepresented benzenoid patterns is informative and
underscores synthetic challenges. Figure 4 shows selected examples of the eight
underrepresented benzenoid substitution patterns. Overall, there appears to be an inverse
relationship between structural variation and number of substituents. Although a greater number
of substituents on a benzenoid rings should lead to greater structural variation, the synthetic
“cost” to install more substituents has the opposite effect. Consequently, there also appears to
be a greater reliance on natural product scaffolds for more highly and densely substituted
benzenoid rings. For instance, we analyzed a total of 33 benzenoid rings across 31 unique APIs
with the 1,2,3,4-substituted benzenoid ring family; of those ~50% (15) are morphine-derived
compounds wherein the 1,2,3,4-substitution pattern on the A-ring is installed by Mother Nature.
Additionally, within the 1,2,3,5-substituted rings (58 total), the gallic acid moiety (i.e., 3,4,5-
trihnydroxybenzoic acid, or a variant thereof) features prominently (10 examples). Finally, there
is also relatively little structural variation for the 1,2,3,4,5,6-substituted benzenoids wherein ~
75% are structurally related to iothalamic acid, alpha-tocopherol (Vitamin E), or doxorubicin,
with the latter two being natural products.
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Figure 4. Representative examples of underrepresented benzenoid substitution patterns.
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Conclusion

We have analyzed all small molecule APIs approved by the FDA and tabulated the
substitution patterns found in benzenoid rings. We observed a strong preference (76%) for
SeAr-type patterns (1-; 1,4-; 1,2-; and 1,2,4-substitution), and our findings are consistent with
previous analyses that have focused on reagents and reactions used in medicinal chemistry.?*
In our opinion the bias in benzenoid substitution patterns is, in part, attributed to the fact that
synthetic methods to access contra-electronic or sterically congested benzenoid rings have not
kept pace with methods that replace substituents on SegAr patterns, and this bias will continue
unless broken by the invention of new synthetic methods that address this challenge.
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