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Abstract

Discovery of epigenetic chemical probes is an important area of research with potential to deliver drugs for a 
multitude of diseases. However, commercially available libraries frequently used in drug discovery campaigns 
contain molecules that are focused on a narrow range of chemical space primarily driven by ease of synthesis and 
previously targeted enzyme classes (e.g., kinases) resulting in low hit rates for epigenetic targets. Here we describe 
the design and synthesis of a compound collection that augments current screening collections by the inclusion 
of privileged isosteres for epigenetic targets.

Introduction

The screening of libraries of small molecules underpins many drug discovery efforts.1 Most commonly, the 
chemistry used to construct these compound collections is selected to be easily expanded in throughput to provide 
hundreds or thousands of compounds.2 This allows for a large number of compounds to be tested but can mean 
compounds included in such libraries have simple structures or lack diversity. Certain motifs are overrepresented 
because of their facile incorporation into high-throughput synthesis workflows. An analysis of 66 submissions 
describing clinical candidates to the Journal of  Medicinal Chemistry between 2016 and 2017 revealed that 30% 
targeted kinases, 17% GPCRs and 9% epigenetic targets,3 yet epigenetic bioisosteres are infrequently included in 
screening collections.4 This is compounded by the prediction that much of purchasable chemical space is targeted 
towards proteases, GPCRs, and kinases.5 This deficiency in diversity and lack of bioisostere inclusion means that 
hit rates are often low against epigenetic targets.6 Consequently, we4 and others,7 have called for bespoke 
screening collections to be designed and synthesized to address these deficiencies. 

Drug discovery often utilizes privileged chemical motifs, or bioisosteres, as a starting point to identify chemical 
matter for a specific target class. Examples include hinge-binding motifs for kinases8 and acetyl lysine mimics 
for bromodomains.9 While effective chemotypes for kinases are frequently included in commercially available 
compound collections similarly effective chemotypes are not included for epigenetic targets. This is particularly 
true for privileged chemotypes that target acetyl- and methyl- lysine reader, writer, and eraser proteins which are 
of significant interest for the treatment of cancers, inflammation, and other diseases.4,10,11 Examples of highly 
effective chemotypes include 3,5-dimethylisoxazoles12  and 1,2,4-triazoles13 for bromodomains (acetyl lysine 
readers), and N-alkyl amines for methyl lysine readers14 (Figure 1A).

One issue with screening libraries is the narrow toolkit of reactions that has typically been used to synthesize 
small molecules, limiting the types of scaffolds that can be accessed for biological testing.15 However, recently 
developed photochemical cyclizations have enabled the synthesis of new molecular entities.16–19 Specifically, the 
synthesis of tetrahydroquinolines is of particular interest as the scaffold is a highly effective and versatile 
pharmacophore, with over 10,000 bioactive molecules containing this pharmacophore reported in the ChEMBL 
database (Figure 1B).20 An example of their synthesis has been reported via a photochemically induced radical 
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annulation between maleimides and N-alkyl anilines.21 This reaction is enabled by the formation of an electron 
donor-acceptor (EDA) complex between the two reactants. EDA complexes are Lewis acid-base complexes that 
can absorb visible light and undergo single-electron transfer (SET) to generate radical intermediates.22 The main 
benefit of EDA-mediated reactions is that they do not require a catalyst, or anything beyond the two starting 
materials, and are therefore amenable for the rapid synthesis of small molecule screening collections. Whilst this 
EDA-mediated scaffold synthesis has been previously reported, its application to the synthesis of biologically 
relevant compound collections has not. We therefore sought to construct a bespoke collection of small molecules 
bearing chemotypes known to bind epigenetic targets based upon this tetrahydroquinoline scaffold (Figure 1C).21
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Figure 1. Exemplar epigenetic bioisosteres and ligands containing a tetrahydroquinoline pharmacophore 
highlighted in green. A: Examples of chemotypes employed as part of inhibitors of acetyl-lysine readers and 
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methyl-lysine readers.23–25 B: Examples of bioactive molecules with tetrahydroquinoline or 
tetrahydroisoquinoline scaffolds.26–28 C: EDA-mediated photochemical annulation of maleimides with N,N-
dimethylaniline to yield a scaffold with a tetrahydroquinoline core.21

Results and discussion

We envisaged that by introducing chemotypes from epigenetic ligands to the maleimide substrates it would be 
possible to prepare a library of compounds that target epigenetic reader, writer, or eraser protein domains. 
Therefore, three maleimides were synthesized from their respective primary amines via a condensation reaction 
with maleic anhydride or cis-5-norbornene-endo-2,3-dicarboxylic anhydride followed by a retro Diels-Alder 
reaction29 to function as substrates for the photochemical annulation. Maleimides bearing a 3,5-dimethylisoxazole 
(1) to target bromodomains, an ethyl ester (2) that could be used as a precursor for the synthesis of other 
functionalized products, and an N-alkyl pyrrolidine (3) to target methyl-lysine reader domains were obtained in 
moderate yields (Figure 2).
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Figure 2. Maleimide building blocks used in the synthesis of the epigenetic focused tetrahydroquinoline library.

The maleimide substrates were then reacted with a range of N-methylanilines in the EDA-mediated -alkylamino 
radical annulation to create the epigenetic focused compound collection (Scheme 1). A range of substituted 
anilines were employed to add extra utility to the compound collection. For example, 4-fluoro-N,N-
dimethylaniline afforded the fluorinated products 6, 12 and 18 that could be tested in 19F ligand-observed NMR 
bioassays. Similarly, N-benzyl-N-methylaniline afforded products 5 and 11 that could be subsequently 
deprotected to reveal a secondary amine.
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Scheme 1. Synthesis of the tetrahydroquinoline scaffold and epigenetic focused analogues.

To further expand the range of epigenetic chemotypes found in the library and include other derivatizations, 
compound 5 was deprotected by hydrogenation to reveal the secondary aniline 19 in a good yield, which was 
decorated via two exemplar acylations (Scheme 2). An acetylation with acetyl chloride in dichloromethane 
afforded 20 bearing the N-acetyltetrahydroquinoline pharmacophore found in several Bromodomain 4 (BRD4) 
ligands.30 An amide coupling with 5-methylisoxazole-3-carboxylic acid using N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) and dimethylaminopyridine (DMAP) in dichloromethane afforded 
compound 21. Additionally, compound 16 was hydrolyzed using lithium hydroxide in tetrahydrofuran and water 
to afford the acid 22 and subsequently converted to the hydroxamic acid 23 yielding a putative HDAC inhibitor. 
Collectively, this yielded a small and focused collection of compounds bearing a range of privileged epigenetic 
chemotypes.
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Cheminformatics

To demonstrate the relevance and value of our epigenetic focused library, the molecular properties of the 
compounds were calculated (Figure 3). Most of the compounds (19 out of 20, 95%) possess lead like properties 
of ALogP < 3 and molecular weight < 350 Da, and all the molecules have ALogP between 0 and 4 and weigh 
under 400 Da making them ideal starting points for optimization via medicinal chemistry.31 Analysis of the 
principal moment of inertia (PMI) for the focused library shows that all the molecules are shifted from the rod-
like region of the plot where many commercially available compounds reside, and some are shifted from the rod-
disc axis, demonstrating promising 3D structures.

The tetrahydroquinolinedione core scaffold is also unique across several databases including ChEMBL, the NIH 
Molecular Libraries Small Molecule Repository (MLSMR), and a commercially available epigenetic library. The 
molecular fingerprint of compound 4 was compared by Tanimoto similarity to the same databases, where similar 
compounds typically have values ≥ 0.7.32 Searching the MLSMR database identified 19 molecules with similarity 
≥ 0.6 (0.004%) and no molecules ≥ 0.7 (approx. 440,000 molecules). Conducting the same analysis with a 
commercially available epigenetic library found no molecules with similarity ≥ 0.6 (approx. 10,000 molecules). 
Finally, a comparison of compound 10 to BRD4 ligands deposited to ChEMBL found only four molecules with 
similarity ≥ 0.6 (0.1%) and no molecules ≥ 0.7 (3832 molecules) demonstrating that unique molecules can still 
be obtained despite enriching our focused library with privileged chemotypes for epigenetic targets.
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Figure 3. Comparison of molecular properties for this compound collection and a commercially available 
epigenetic compound collection. A: Molecular weight vs ALogP. B: Principal Moment of Inertia plot. The 
commercially available epigenetic library is shown in grey and our focused library described is shown in blue. 
ALogP and principal moment of inertia (PMI) were calculated in RDKit. PMI represents the three-dimensional 
shape of a molecule where rod-like molecules are in the top left, disc-like molecules are at the lower middle, and 
sphere-like molecules are in the top right of the plot.

While substructure searches and Tanimoto similarity ranking are useful tools for identifying molecules with new 
chemical structures, they do not quantify similarities in 3-dimensional shape. We conducted a Rapid Overlay of 
Chemical Structures (ROCS) analysis of compound 10 versus BRD4 ligands deposited in ChEMBL and 
compound 17 versus Lethal 3 malignant brain tumor-like protein 1 (L3MBTL1) ligands. An ensemble of 
conformers was generated in OMEGA for each ligand in ChEMBL and compared to the molecular shape of 
compound 10 or 17. Generally, ROCS scores greater than 1.4 indicate molecular shapes with significant similarity 
between the query molecule and the test compound.32,33 Analysis for compound 10 reveals that there are no shape 
similar compounds within the BRD4 ligand set, and only six ligands were identified with ROCS scores ≥ 1.2 
(Figure 4A). Identical analysis of compound 17 also showed that no ligands with scores ≥ 1.4 were contained 
within the L3MBTL1 set, and 19 ligands had scores ≥ 1.2 (Figure 4B). This demonstrates that these new 
compounds are distinct in shape from previously utilized chemical matter for exemplar drug targets containing 
acetyl- or methyl- lysine reader domains and may form new interactions with proteins, thus augmenting current 
screening collections.

To test whether shape similar compounds could be identified from these test sets we repeated the ROCS analysis 
using either the molecular scaffold of JQ1,34 a potent BRD4 ligand, or the L3MBTL1 ligand UNC66925 (Figure 
4). When using the JQ1 scaffold, 41 BRD4 ligands were identified with ROCS scores ≥ 1.4 and 101 ligands had 
scores ≥ 1.2. Similarly, 22 L3MBTL1 ligands were identified with scores ≥ 1.4 and 66 with scores ≥ 1.2. This 
analysis supports the finding that there are essentially no ligands that are similar to the compounds contained 
within our focused library despite employing privileged chemotypes that are enriched within the BRD4 or 
L3MBTL1 ChEMBL sets. This demonstrates that it is possible to construct screening collections that are enriched 
with bioisosteres or privileged chemotypes for epigenetic targets without compromising the uniqueness of the 
compounds contained within the library. This design strategy therefore enables access to new highly relevant 
chemical space that has not been otherwise explored.
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Figure 4. Analysis of the top 200 ROCS ranked BRD4 or L3MBTL1 ligands in the ChEMBL database compared 
with exemplar compounds bearing privileged epigenetic chemotypes. Count refers to the ROCS ranking where 1 
is the best ranked compound (most similar). A: Compound 10 (black) or the scaffold of JQ1 (blue) vs. BRD4 
ligands deposited to ChEMBL (2168 molecules). B: Compound 17 (black) or UNC669 (blue) vs. L3MBTL1 
ligands deposited to ChEMBL (10,847 molecules, UNC669 was removed from the test set).

Conclusions

In summary, the strategy for the design and synthesis of a focused compound collection described here has the 
potential to address the low hit rates frequently observed in drug discovery campaigns against epigenetic targets 
and can be applied to a range of chemistries. Here we utilized a convergent synthetic route to generate a small 
exemplar library of compounds with a unique combination of scaffold and anchoring moiety. The ideal molecular 
properties of these compounds, and their location in underpopulated regions of chemical space, may facilitate the 
identification and optimization of ligands for previously undrugged epigenetic targets. Future development of the 
library will focus on the inclusion of new scaffolds, additional isosteres and evaluation of the hit rate in various 
assays to further validate this design approach. It may also be possible to facilitate the discovery of dual inhibitors 
of epigenetic targets using this approach through the inclusion of multiple isosteres in a single bifunctional 
molecule further broadening the utility of hits from this library.35–37 We envisage that the chemo-informatically 
driven development of synthetic routes to novel scaffolds decorated with privileged isosteres will alleviate some 
of the issues with identifying epigenetic inhibitors.
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