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Abstract 

 
RNA is increasingly recognized as a therapeutic target in many diseases, 

including viral and bacterial infections, neurodegenerative disease, and cancer. Despite 

this, no FDA-approved drugs target RNA, aside from select antimicrobials that recognize 

highly abundant ribosomal RNA. Currently, most RNA-targeted, small molecule screens 

utilize commercially available libraries; however, these libraries are presumably biased 

to protein-binding chemotypes, leading to low hit rates for RNA and/or the identification 

of promiscuous ligands with limited efficacy in biological systems.  Additionally, previous 

attempts to characterize distinct guiding principles for targeting RNA were unsuccessful, 

potentially due to the choice of criteria (e.g. in vitro binding) or the limited selection of 

parameters (e.g. Lipinski’s rules). As a result, few rationally designed, RNA-focused 

libraries have been developed and screened against non-ribosomal RNAs, hindering the 

identification of chemical probes and the study of disease-causing RNAs. Therefore, the 

goal of my dissertation work is to elucidate guiding principles for selectively targeting 

RNA and utilize the rules to rationally design and synthesize novel RNA-biased libraries.  

Toward this goal, 2-oxazolidinone was chosen as the core for small molecule 

synthesis, as the scaffold is present in FDA-approved antimicrobials that target 

ribosomal RNA as well as small molecules that inhibit the T-box riboswitch in vitro. In 

addition to being diversity-oriented, the developed synthetic scheme utilized 

commercially available, chiral amino acid derivatives, which allowed for stereochemical 

control and therefore, the study of stereocenters in RNA binding and selectivity. Five 
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scaffolds and fifteen bis-substituted small molecules were synthesized, and a preliminary 

screen identified a secondary structure binding preference for RNA bulge motifs. In 

parallel, the RNA-targeted BIoactive ligaNd Database (R-BIND) was curated, which was 

comprised of RNA-binding ligands with activity in cell culture and animal models. The 

library was compared to in vitro RNA binders and FDA-approved drugs from which 

several guiding principles were identified for bioactive RNA-binding ligands: i) 

compliance to common medicinal chemistry rules; ii) a statistically significant shift in rod-

like character; and iii) a statistically significant increase in nitrogen atom count and 

ligand rigidity. These rules were utilized to develop a biology-oriented synthesis based 

on the 2-oxazolidinone core and bioactive RNA chemical space. The strategy included a 

novel scaffold design, a subunit library inspired by the building blocks in R-BIND, and a 

method to select small molecules for synthesis based on similarity to known RNA 

bioactives. Future work will include the diversification and expansion of the 2-

oxazolidinone-based libraries, screening of the small molecules against secondary 

structure libraries as well as therapeutically relevant RNAs, and validation and 

exploration of bioactive RNA-privileged chemical space. It is expected that the design 

strategies and guiding principles identified in this and future work will establish an 

avenue to create and/or select additional RNA-focused libraries, facilitating the discovery 

of novel RNA-targeted chemical probes and therapeutics.  
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1. Introduction 

1.1 State-of-the-Art in RNA:Small Molecule Recognition in 2014 
(Basis for Work in Chapter 2) 

Morgan, B.S. and Hargrove, A.E. "Chapter 7: Synthetic Receptors for 

Oligonucleotides and Nucleic Acids," In Synthetic Receptors for Biomolecules: Design 

Principles and Applications; Smith, B.D., Ed.; The Royal Society of Chemistry: 

Cambridge, 2015, p. 253.  Reproduced by permission of The Royal Society of 

Chemistry: http://pubs.rsc.org/en/content/chapter/bk9781849739719-00253/978-1-

84973-971-9. 

1.1.1 Overview 

Nucleic acids play critical roles in every step of the central dogma of molecular 

biology, and both DNA and RNA are important therapeutic targets. Molecular recognition 

of nucleic acids is a research topic of intense interest for supramolecular chemists. The 

limited chemical space present in nucleic acids, as well as the uniform negative charge, 

make it especially challenging to achieve specific recognition. Nonetheless, synthetic 

oligonucleotide, peptide, and small molecule ligands have been developed and shown to 

exhibit promising biological activity. This chapter will overview the chemical properties of 

nucleic acids, describe successful examples of molecular recognition by biological and 

synthetic receptors, and briefly discuss challenges and future opportunities in the field. 

1.1.2 Chemical Structures and Physical Properties of 
Oligonucleotides and Nucleic Acids 
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1.1.2.1 Properties of Oligonucleotides and Nucleic Acids 

The primary structures of deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) are comprised of pentose sugars, phosphate units, and nucleobases.1 The critical 

difference between the oligonucleotides lies in the pentose sugar, where the 

deoxyribose of DNA lacks the 2’-hydroxyl group (Figure 1.1A). Phosphate groups 

connect the pentose sugars between respective 5’- and 3‘-hydroxyl groups, forming the 

negatively charged sugar-phosphate backbone (Figure 1.1B). Each nucleobase is 

connected to the backbone through the 1’ position of the pentose. The nucleobases are 

aromatic, nitrogen-containing heterocycles that serve as excellent recognition motifs for 

π-stacking and hydrogen bonding interactions (Figure 1.1C). Three nucleobases, 

cytosine (C), guanine (G), and adenine (A), are common to both oligonucleotides, while 

thymine (T) and uracil (U) are unique to DNA and RNA, respectively.  

The specific pairing of nucleobases is the most widely recognized element of 

oligonucleotide structure and is attributed to distinctive hydrogen-bond accepting and 

donating patterns between the pairs. The most common form of base pairing is termed 

Watson-Crick and is the structural basis of the B-form DNA double helix. While the two 

purine-pyrimidine pairs, A-T/U or G-C, have very similar shape and size, the pairs have 

slightly different stabilities due to the number of hydrogen bonding interactions (two or 

three, respectively (Figure 1.2A). Other hydrogen bonding patterns are less common but 

nonetheless are important interactions for molecular recognition. For example, rotation 

around the glycosidic bond of a purine in a Watson-Crick base pair forms a non-

canonical Hoogsteen base pair (Figure 1.2B). Less than 1% of base pairs in DNA are 
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Figure 1.1: Building Blocks of Oligonucleotides. A) The ribose sugars of RNA and 
DNA. The deoxyribose lacks a 2’-hydroxyl group. B) The connectivity of the sugar-

phosphate backbone. C) The nucleobases of DNA and RNA. Thymine and uracil are 
unique to DNA and RNA, respectively. 

Hoogsteen, yet they serve as unique recognition sites for DNA transcription factors.2 

Many other non-canonical base pairs have been characterized in RNA, including wobble 

base pairs, sheared base pairs, and base triples, which are often involved RNA:protein 

interactions (Figure 1.2B).3 For instance, HIV-1 Rev-response element (RRE) contains 

an imino G-A that is recognized by an asparagine residue of the protein binding partner, 

REV.4 

In addition to the hydrogen bonding edges, nucleobases have planar, polarizable 

surfaces that favor highly stabilizing π-π interactions.5, 6 In the B-form of a DNA double 

helix, each nucleobase is rotated 34° relative to adjacent nucleobases to maximize the 

overlap of the partial charges. In addition, the helical rise is approximately 3.3 Å, which is 

the sum of the van der Waals radii for carbon and nitrogen at 1.7 Å and 1.6 Å, 

respectively. RNA double helices and some single stranded regions are also oriented in 

stable secondary structures to optimize π-π interactions. In cellular conditions, π-π  
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Figure 1.2: Base Pairs in Oligonucleotides. A) Canonical Watson-Crick base pairs 
found in DNA and RNA. B) Representative non-canonical base pairs. R represents the 

nucleobase-sugar connection. 

interactions are energetically favorable, cooperative, and driven by the hydrophobic 

effect. The contribution of the hydrophobic effect is largest with the purine bases, A and 

G, due to the greater surface area.  

The different ribose sugars in DNA and RNA lead to many of the unique 

structural differences between the oligonucleotides. A ribose sugar adopts a half-boat 
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conformer where one of the carbon atoms is located outside the plane of the pentose 

ring. Depending upon the position relative to the 5’-carbon, the pucker can be on the 

same side, leading to an endo sugar pucker, or on the opposite side of the plane, 

leading to an exo sugar pucker. Most sugar puckers in nucleic acids are endo with the 

2’-and 3’-pucker common to DNA and RNA, respectively (Figure 1.3). The structure of 

the ribose sugar is also a significant contributor to the relative chemical stability of DNA 

and RNA. In RNA, the 2’-hydroxy residue on the ribose promotes self-cleavage of the 

neighboring phosphodiester bond; whereas, the 2’-deoxyribose sugar of DNA promotes 

nucleobase hydrolysis and the creation of abasic sites. 

 

 

Figure 1.3: Representative Examples of Sugar Puckers in Oligonucleotides. One 
atom of the 5-membered ribose ring is puckered out of the plane. If the atom is on the 

same side as the 5’-carbon, the pucker is endo. If the atom is on the opposite side of the 
5’-carbon, the pucker is exo. 

The structure of the oligonucleotide backbone is also affected by interactions with 

metal cations and water.7, 8 Folding of the polyanionic sugar-phosphate backbone must 

overcome electrostatic repulsion, which is particularly challenging for globular RNA 

structures. Electrostatic stabilization of the backbone conformation can be achieved 

through coordination of metal cations, which are abundant in the cellular environment. 
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For instance, Mg2+, an important divalent metal cation, is present in mammalian cells at 

10 mM concentration.9 Metal cations can either directly coordinate to the phosphate 

oxygen atoms or associate diffusely and essentially to screen the charge of the sugar-

phosphate backbone. Exchanging water molecules in the cation hydration shell can 

mediate this screening interaction. Metal cations can also interact with the nucleobases 

and pentose sugars through hydrogen bonding and cation-π interactions.  

Oligonucleotide structure can be highly sensitive to the identity of the metal 

cation and the ionic strength of the environment. For instance, oligonucleotides can form 

G-quadruplexes, a tetrad of guanine nucleobases, when stabilized by the monovalent 

cations Na+ and K+ but not by divalent cations. Furthermore, high salt concentrations can 

induce a B-form, right-handed DNA double helix to adopt a Z-form, left-handed 

conformation, altering the oligonucleotide recognition surface.  

1.1.2.2 Secondary and Tertiary Structure of DNA 

Despite the similarities in primary structure, the secondary structures of DNA and 

RNA are quite diverse. In cells, DNA primarily adopts a helical structure involving two 

complementary, antiparallel strands. Due to the hydrophobic effect, the nucleobases are 

paired within the interior of the helix, and the sugar-phosphate backbone is exposed to 

the aqueous environment. Although base pairing is essential to form the double helix, 

the energetic contribution to double helix stabilization is minimal. Instead, nucleobase π-

π interactions are the major contributor to helical stability due to the large enthalpic 

gain.5 The base paired, antiparallel strands form two grooves of unequal size, the wide, 

accessible major groove and the narrow, less accessible minor grove (Figure 1.4). 
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Unique to the minor groove is an extensive network of water molecules and diffusely 

bound monovalent cations called the water spine.10  

 

 

Figure 1.4: Double Helix Forms of Oligonucleotides. Oligonucleotides can adopt 
various forms with altered recognition surfaces. The A-form helix is the major conformer 

of RNA and a minor conformer of DNA with a deep major groove and shallow minor 
groove (PDB: 2D47). The B-form helix is the major conformer of DNA with a wide major 

groove and narrow minor groove  (PDB: 1BNA). Z-form is a minor conformer of DNA 
with a zigzag backbone structure (PDB: 3P4J). 

Depending upon the water and salt concentration, DNA can adopt three helical 

forms, A-form, B-form, or Z-form. Each helical form has unique structural features (Table 

1.1)11 and altered recognition surfaces. At physiological conditions, B-form is the 

dominant structure of DNA, characterized by a long, narrow, right-handed helix with a 2’-

endo sugar pucker. Comparatively, A-form DNA is characterized by a shorter, wider, 

right-handed helix with a 3’-endo sugar pucker. In addition, the structure has altered 

groove accessibility with a deeper major groove and shallower minor groove. Finally, Z-

form DNA is characterized by an extended, narrow, left-handed helix. The Z-form is 
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sequence dependent and occurs in regions with CpG repeats on both antiparallel 

strands. The zig-zag like pattern occurs due to alternating 2’- and 3’-endo sugar puckers 

and alternating syn versus anti base orientation (Figure 1.4).  

 

Table 1.1: Properties of DNA Double Helices.11 

Helical Form A B Z 
Helical Sense Right Right  Left 
Helical Shape Broadest Intermediate Narrowest 
Helix Diameter (Å) 25.5 23.7 18.4 
Base Pairs per Turn 11 10.4 12 
Helix Pitch (Å) 25.3 35.4 45.6 
Helix Rise (Å) 2.3 3.4 3.8 
Base Tilt (°) + 19 + 1 - 9 
Base Orientation Anti Anti C-Anti/G-Syn 

 

Variation of the cylindrical shape of DNA double helices occurs in a sequence-

dependent manner.12 DNA bending is observed in A-T rich tracts, leading to local 

curvature of the double helix. Similarly, DNA kinks occur at pyrimidine-purine steps. 

However, this variation involves the loss of a π-π interaction at a single step. The DNA 

helix can form other tertiary structures by undergoing a self-twisting process called 

supercoiling. Supercoiling occurs in two directions, with the direction of helical twist or 

against the direction of helical twist, forming a positive and negative superhelix, 

respectively. The specific topology is defined by a mathematical equation describing 

writhe (W), linking number (L), and twist (T).13 Similarly, short, single-stranded DNA 

segments can fold upon themselves to form stable hairpin structures. The hairpin is 

comprised of a complementary, base paired stem closed by an external loop of unpaired 



	  

	  
9 

nucleotides. In complementary regions of DNA, hairpin structures can compete with 

duplex formation, and such stabilized hairpins have been associated with disease.14 

In another unique topology, four guanine nucleobases can associate through 

G:G Hoogsteen base pairs, forming a G-quadruplex in guanine rich regions. The 

structure is planar and stabilized by a monovalent cation such as Na+ or K+ (Figure 

1.5A). G-quadruplexes can be intrastrand or interstand and are found in a parallel or 

antiparallel fashion. Amongst other functions, G-quadruplexes may control telomeric 

length and stability. In addition, cytosine rich regions can form i-motifs at slightly acidic or 

neutral pH by forming C:C+ hemiprotonated base pairs. Two duplexes of antiparallel 

strands intercalate, forming alternating C:C+pairs (Figure 1.5B). Although there are many 

sequences that could form i-motifs in vivo, the structure has only been directly observed 

in vitro.  

 

 

Figure 1.5: Unique DNA Topologies. A) A G-quadruplex forms between four 
Hoogsteen paired guanine bases, which are stabilized by a central monovalent cation. 

B) An i-motif forms between a hemiprotonated cytosine-cytosine pair at slightly acidic or 
neutral pH. 
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In addition to the physiologically relevant structures, DNA can be programmed to 

self-assemble into unique, multidimensional structures in a method termed “DNA 

origami”. In this technique, oligonucleotides are designed to form duplexes with single 

strand overhangs called sticky ends. The sticky ends of two different duplexes are 

complementary, driving the assembly of multiple duplexes into a single structure. The 

technology has been used to construct DNA nanostructures with various functions from 

molecular computing to drug delivery.  

1.1.2.3 Secondary and Tertiary Structure of RNA 

In contrast to double-stranded genomic DNA, RNA is most often found as a 

single-stranded oligonucleotide, leading to the great diversity observed in RNA 

secondary and tertiary structures. Folding of RNA is similar to that of proteins in that 

primary sequence dictates secondary structure, which leads to the formation of tertiary 

structure. The initial folding of RNA into a defined secondary structure is dependent 

upon optimum base pairing and minimization of phosphate repulsion in the anionic 

backbone. Likewise, the formation of tertiary structure is highly dependent upon ion 

concentration, which further stabilizes backbone interactions in compact structures. 

Higher-order RNA structures are typically dynamic, flexible and possess multiple low-

energy conformations.  

Folded structures of RNA are stabilized by base pairing, which forms helical stem 

regions. While 2’-endo sugar puckers can be formed in flexible areas, helical structures 

are restricted to 3’-endo puckers due to the electrostatic repulsion between the 2’-

hydroxyl and 3’-phosphate in the 2’-endo conformer. Due to the sugar pucker limitations, 
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RNA mainly adopts an A-form helical structure. Also in contrast to DNA, RNA helices 

contain many more non-canonical base pairs. One of the most common is the G:U 

wobble base pair, which is evolutionarily conserved in the acceptor stem of tRNA.15 In 

addition, oligonucleotides are enriched with naturally modified nucleobases that can be 

incorporated into helical structures. Select modifications of DNA nucleobases can be 

found in genomic DNA, with methylation being the most common.16 At the same time, 

RNA is enriched with over 100 types of post-transcriptionally modified bases.17 Some 

modifications involve simple chemical transformations, such as the bond isomerization of 

uridine to pseudouridine (Figure 1.6), but other modifications require multiple enzymes. 

  

 

Figure 1.6: Modified Nucleobase in RNA. Pseudouridine is one of the most 
abundant.17   

When RNA folds upon itself to form stem regions, some nucleotides remain 

unpaired and form non-helical secondary structures. There are three common types: the 

bulge, internal loop, and hairpin (Figure 1.7). Bulge structures occur when nucleotides 

are excluded from base pairing on a single strand of the antiparallel duplex. Similarly, 

internal loops occur when nucleotides are excluded from base pairing on both strands. 

The loops can be symmetrical or asymmetrical, depending upon the number of base 

pairs excluded on each strand. Lastly, apical loops or hairpin structures are formed when 

RNA folds sharply upon itself, which serves to minimize backbone repulsion. One of the  
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Figure 1.7: Secondary Structures of RNA. Designed using NUPACK software 
(www.nupack.org). 

most well characterized hairpins is the GNRA tetraloop (N = any nucleotide; R = any 

purine).18 In this particular structure, the guanine stacks with the bases of the stem, and 

the three other nucleotides are flipped out into solution (Figure 1.8). This structure 

creates a unique recognition element found in many RNA:protein interactions, including 

the boxB RNA and N-protein complex, which plays a role in regulating transcription in 

phage development. Similar to DNA, RNA is rich in other unique topologies and can also 

form G-quadruplexes and i-motif structures. 

In addition to the varied secondary structures of RNA, additional complexity 

arises from the plethora of diverse tertiary forms. One of the most basic tertiary 

structures involves the coaxial stacking of helices, where the terminal nucleobase of an 

adjacent helix stacks to form one colinear helix. Coaxial stacking defines the overall 

Stem Bulge Internal Loop Hairpin
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Figure 1.8: Example of GRNA Tetraloop. A crystal structure of a GUAA tetraloop, 
mimicking the sarcin/ricin loop in the 23 S ribosomal RNA of E. coli. G2659 is stacked 
with the flanking stem region. U2660, A2661, A2662 are flipped-out and stacked upon 

each other. (PDB ID:1MSY) 

globular shape of RNA. Most coaxial stacking occurs at RNA junctions, branching points 

of multiple secondary structures (Figure 1.9). A single junction can join two or more 

helices. For instance, RNase P contains a junction of 18 helices.5 The ionic strength and 

linker length between helices define the topological landscape of junctions and the 

resulting tertiary structure. 

Many other tertiary structures are prevalent in RNA, usually forming long-range 

base pairs. One of the more common structures is the pseudoknot, where the unpaired 

nucleobases of a hairpin structure base pair with a single stranded region at the other 

end of the stem. The resulting structure is two helices, coaxially stacked (Figure 1.10A). 

Similarly, a kissing loop forms through long-range base pairing of two hairpin structures 

and can form with as few as two base pairs (Figure 1.10B). Other tertiary structures 

prevalent in RNA include the adenosine platform, base triples, and the A-minor motif, all  
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Figure 1.9: Coaxial Stacking at RNA Junctions. The secondary structure of tRNA 
contains a junction with four stems, typically represented as a four-leaf clover. In the 
tertiary structure, helix 1 and helix 2 coaxially stack and helix 3 and helix 4 coaxially 

stack to form the L-shaped configuration. (PDB: 1TN1) 

of which are driven by the formation of canonical or non-conical base pairs. In addition to 

base pairing, the sugar-phosphate backbone can form unique tertiary structures. One 

example is the ribose zipper, which forms when two RNA strands run antiparallel to each 

other, forming specific hydrogen bonds between the ribose and nucleobases accessed 

through the minor groove. 

1.1.2.4 Fundamentals of Oligonucleotide Recognition 

The noncovalent interactions critical to oligonucleotide structure include π-π 

interactions with the nucleobases, electrostatic interactions with the phosphate 

backbone, and a variety of hydrogen bonding interactions with the bases, ribose units, 
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Figure 1.10: Example Tertiary Structures of RNA. A) Pseudoknot structures occur 
when the unpaired nucleobases of a hairpin motif base pair with a single-stranded region 
on the opposing side of the stem. B) A kissing loop occurs when the nucleobases of two 

hairpin structures base pair. Figures generated using RNAfold 
(http://rna.tbi.univie.ac.at/). 

and backbone. Illustrations of these interactions appear repeatedly throughout the 

chapter. For example, π-π interactions are observed in nucleic acid complexes with  

aromatic-rich β-strand clefts in proteins and also in complexes with intercalating small 

molecules. Binding affinity is often driven by hydrophobic effects with specificity 

determined by the electrostatic surface. Electrostatic interactions with the anionic 

phosphate backbone can also contribute a great deal to affinity but as expected, often 

limit selectivity. In contrast, hydrogen bonding can impart significant specificity to 

oligonucleotide binding interactions with limited contribution to binding free energy in 

water.  

A) 

B) 
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An important feature of biological-relevant B-form DNA is its structural uniformity. 

The constant arrangement of hydrogen bond donors and acceptors in the major and 

minor groove (Figure 1.2), as well as their consistent dimensions, renders the grooves 

as attractive sites for specific binding of small molecules, oligonucleotides and proteins. 

Furthermore, much of this recognition is programmable, allowing the de novo design of 

DNA-targeted ligands. Structural studies have revealed that shape recognition can play 

a large role in oligonucleotide complexes, both in helical and more complex secondary 

and tertiary structures. It is important to note that bridging waters and salts can mediate 

interactions between oligonucleotides and ligands. As with all complex biomolecule 

recognition processes, a combination of non-covalent interactions must be employed to 

optimize both affinity and specificity for sequence and structure. Multidomain interactions 

are often critical in biological recognition of oligonucleotides and offer a powerful but 

often underutilized tool in ligand design. 

1.1.3 Biological Recognition of Oligonucleotides and Nucleic Acids 

1.1.3.1 Oligonucleotide:Oligonucleotide Interactions 

The molecular recognition of oligonucleotides is central to the transfer of 

biological information. Replication, transcription, and translation rely on specific 

oligonucleotide interactions with other oligonucleotides, proteins, and in some cases 

small molecules. Given the high fidelity and programmability of the Watson-Crick base 

pairing system, it is not surprising that the most predictable recognition systems for 

oligonucleotides are complementary oligonucleotide sequences. Complementary base 

pairing is at the heart of protein synthesis, for example, where the three-nucleotide 
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codon sequences of an mRNA molecule are “read” by the anticodon of a tRNA molecule 

charged with the next amino acid to be incorporated into the peptide chain (Figure 

1.11A). In the context of genomes, however, complementarity of approximately 20 

nucleotides is needed for unique binding of single stranded sequences. Silencing RNAs 

(siRNAs) and microRNAs (miRNAs), for example, target mRNA through complementary 

annealing of 20-25 nucleotides. The respective duplex formed is then degraded, 

effectively reducing the level of that mRNA and thus its cognate protein (Figure 1.11B). 

In addition to canonical duplex base pairing interactions, oligonucleotides can selectively 

form triple helix structures through Hoogsteen-type interactions of a third nucleic acid 

strand with the major groove of duplex nucleic acids (Figure 1.11C). Intramolecular DNA 

triplex formation in the genome generally occurs in long tracts of homopurine or 

homopyrimidine bases and has been implicated to play a role in gene regulation as well 

as disease.19 Single stranded RNA can also form triple helices, both with double 

stranded DNA and double stranded RNA. As an example of intermolecular triplex 

formation, RNA viruses have been observed to employ this motif to protect 

polyadenylated tails of viral RNA from degradation (Figure 1.11C).20 

1.1.3.2 DNA:Protein Interactions 

Despite the centrality of oligonucleotide:oligonucleotide interactions, it is worth 

emphasizing that nearly all biological processes depend on specific nucleic acid:protein 

interactions. Polymerases involved in both replication and transcription, for example, 

depend on dynamic nucleic acid:protein binding events. While polymerases are, by 

necessity, promiscuous between sequences, many specific binding events are involved 
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Figure 1.11: Examples of Oligonucleotide:Oligonucleotide Recognition. A) In 
protein synthesis, the anticodon of tRNA base pairs with the codon of an mRNA, leading 
to the incorporation of an amino acid into a growing peptide chain. The third position can 
be recognized through Watson-Crick or wobble base pairing (latter shown). B) miRNAs 
are 20-25 nucleotide RNA segments that form complexes with the argonaute protein. 

The argonaute:miRNA complex recognizes an mRNA through base pairing, which 
ultimately leads to degradation of the mRNA and reduction in cognate protein levels. C) 

The polyadenylated tail of Kaposi’s sarcoma-associated herpesvirus forms a triplex 
structure with an A-rich internal loop, forming a U-A�U base triple. The triplex structure is 
proposed to stabilize the RNA. (Reproduced with permission from Science, 2010, 330, 

1244,  © 2010 Science).20 
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in the control of these processes. Commonly, protein interactions with genomic DNA are 

initiated by nonspecific binding based on interactions between positively charged protein 

residues and the DNA backbone.21 Rapid sampling of potential binding sites leads to 

specific recognition. On average, protein:DNA binding interfaces are comprised of 24 

amino acids and 12 nucleotides and involve several types of noncovalent interactions.12 

Specificity has been historically attributed to nucleobase:amino acid hydrogen bonding 

interactions. A recent survey of possible nuclebase:amino acid hydrogen bonding 

interactions found that of the 32 potential 1:1 binding partners, only 17 have been 

observed in nucleic acid:protein structures.22 The most discriminating, and most 

common, recognition pairs are found in the bivalent interactions of Arg:guanine and 

Asn/Gln:adenine pairs (Figure 1.12A). In addition to hydrogen bonding, C-H•••O, cation-

π, and water-mediated interactions can play an important role in amino acid:nucleobase 

recognition.23 Stair-shaped motifs, for example, involve a positively charged amino acid 

residue (Lys or Arg) and two nucleotides. Hydrogen bonding interactions with the first 

nucleotide align the positive charge for a cation-π interaction with the second nucleotide, 

often a guanine base (Figure 1.12B).24 

Beyond the direct amino acid:nucleobase binding modes, recent work has 

identified the significance of the tertiary structure of both the protein- and DNA-binding 

partners. Of particular importance are local differences in the shape of the DNA.12 

Despite the isosteric nature of canonical base pairs, variations in the chemical and 

conformational signature of each set, and differences in the environment created by 

neighboring bases can lead to local and global changes in DNA structure. Different 
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Figure 1.12: Amino Acid:Nucleobase Interactions. A) Amino acid:nucleobase pairs 
can be recognized by a variety of hydrogen bonding arrangements. B) Amino 

acid/nucleobase pairs can be recognized by π-π and cation-π interactions. Reproduced 
with permission from J. Phys. Chem. A, 2003, 107, 6249, © 2003 American Chemical 

Society.23 

dinucleotide steps, for example, can lead to bending or kinking in B-DNA structures, 

often in association with poly-A-tracts (Figure 1.13A & B). The bending of short DNA 

sequences enables the DNA to wrap around histone proteins for packaging in the 

nucleosome. DNA kinks arise at sites with weak π-π interactions, such as CpG 
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dinucleotides, where additional flexibility allows intercalation of hydrophobic protein 

residues. In addition, minor groove narrowing can focus the negative electrostatic 

potential of the minor groove relative to the major groove and thus be specifically 

recognized by positively charged arginine side chains (Figure 1.13C & D). Lysine:minor 

groove interactions are less common, presumably due to the increased cost of 

dehydration of the primary ammonium relative to the guanidinium group of arginine 

residues.  

More global conformational changes, such as the switch to A-form or Z-form 

DNA, also play an important role in specificity. For example, the widened minor groove 

of A-form DNA, often found in GC-rich sequences and the TATA box, allows additional 

interactions with hydrophobic residues such as alanine, leucine, phenylalanine, and 

valine. The increased exposure of the sugar residues also plays an important role, 

particularly in the binding of the TATA-Binding Protein (TBP) where sugars make up 

over 50% of the protein:DNA recognition surface (Figure 1.14A). On the other hand, the 

zig-zag conformation of the phosphate backbone in Z-DNA can be specifically 

recognized by proteins such as the tumor- associated DLM-1 protein (Figure 1.14B). 

Transcription factors are some of the best-characterized examples of specific 

nucleic acid-binding proteins, interacting with discrete genomic DNA sequences using a 

variety of structural motifs.25, 26 While control of transcription is generally achieved 

through combinatorial interactions in a multi-protein complex, the DNA-binding domains 

of transcription factors can act independently, and even in isolation, relative to the other  
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Figure 1.13: Alterations in Helical DNA Structures Recognized by Proteins. A) 
Bending of a poly-A tract is recognized by HPV-18 E2. B) Weak CpG step allows 

intercalation of leucine residues in the Lac repressor, leading to a kink in the helical axis. 
C) Example of minor groove narrowing recognized by arginine residues of the Phage 

343 repressor. D) Electrostatic potential of DNA in (C) demonstrating increased negative 
potential in the minor groove. All figures reproduced with permission from Ann. Rev. 

Biochem., 2010, 79, 233, © 2010 Annual Reviews. 12 

protein domains. Common classes of DNA-binding domains include zinc finger (ZF) 

domains, helix-turn-helix (HTH) domains, and basic-leucine zipper (bZIP) domains.  

Zinc- finger domains are comprised of approximately 30 amino acid residues in 

the form of a short α-helix, two anti-parallel β-strands and a Zn2+ atom coordinated to 

cysteine and histidine residues. Recognition occurs at the tip of the helix, with each 

finger coding for two-to-three nucleotides through binding in the major groove. In nuclear  
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Figure 1.14: Alternative DNA:Protein Binding Interactions. A) Ribose interactions: 
Complex of TATA-binding protein with DNA (PDB: 1CDW). B) Backbone interactions: 

Complex of DLM-1 and Z-DNA (PDB: 2HEO). 

hormone receptor transcription factors, two zinc fingers simultaneously bind the major 

groove to recognize six DNA residues (Figure 1.15A).27 A larger DNA-binding footprint is 

achieved through receptor dimerization, which can be facilitated by ligand binding, 

protein:protein interactions, and possibly changes in DNA conformation.  

Another common DNA-binding motif is the helix-turn-helix (HTH) motif in which 

two α-helices are connected through a short peptide linker.12 Generally, one helix 

achieves recognition through hydrogen bonding and hydrophobic interactions with 

exposed bases in the major groove of the target DNA sequence while the other helix 

participates in nonspecific stabilizing interactions. Furthermore, HTH units are often 

subdomains of larger helix bundles, including the three-helix bundle of homeodomains. 

Homeodomain binding to the major groove is facilitated by DNA bending and often 

includes narrow minor groove interactions with an arginine outside the HTH.  

Combination of the HTH with an antiparallel β-sheet forms the common winged 

helix- turn-helix (wHTH) domain found in protein families such as the forkhead and E26 

A) B)
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Figure 1.15: DNA-Binding Transcription Factor Motifs. A) Two zinc finger domains of 
retinoic acid receptor (RXR) bind the major groove (PDB: 3DZY). B) Winged helix-turn-
helix domain in E26 transformation-specific (ETS) transcription factors span 12-15 DNA 

base pairs (PDB: 1K79). C) Composite of X-ray crystal structures of protein:DNA 
interactions in the interferon-beta enhancesome. Each of the eight proteins recognizes 

A) B)
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4-6 base pairs to cover a total of 55 base pairs. Reproduced with permission from Cell, 
2007, 129, 1111, © 2007 Elsevier. 28 

transformation-specific (ETS) transcription factors and often incorporates interactions 

between the “wing” and the minor groove. In ETS transcription factors, the wHTH 

domain binds approximately 12-15 base pairs and achieves recognition largely through 

the third helix (H3), which interacts with the major groove of the consensus 5’-GGA(A/T)-

3’ (Figure 1.15B).29, 30  Specifically, two conserved arginine residues interact with the two 

guanines of the consensus sequence while additional base-specific interactions involve 

residues in the “turn” and “wing” subdomains. No direct base interactions are observed 

outside of the ETS consensus sequence, however, suggesting that additional specificity 

arises from sequence-specific backbone distortions in the DNA backbone. Major groove 

interactions with α-helices are also key components of the “leucine zipper” motifs 

commonly found in the bZIP protein family, where hydrophobic leucine residues 

arranged on one side of a helix interact with a matching pattern on a second, and the 

neighboring positively charged regions interact with DNA. 

The striking atomic model of the interferon-β (IFN-β) “enhanceosome,” in which 

at least eight DNA-binding proteins bind cooperatively over a conserved 55 base pair 

region of DNA, exemplifies the interplay of multiple proteins on a single region of the 

genome (Figure 1.15C).12, 28 The characterized proteins include the Interferon 

Regulatory Factors (IRF) family, specifically IRF-3 and IRF-7, which use a mixed wHTH 

DNA binding domain consisting of four antiparallel β-sheets, three α-helices and three 

long loops to interact with both the major and minor grooves of a 12 base pair sequence. 

Unique narrow minor groove interactions include hydrogen bonding to a spine of 
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hydration and the insertion of histidines rather than the more common arginine residues. 

Four IRF proteins are neighbored by an NFκB heterodimer of RelA and p50 that relies 

on a critical histidine-guanine contact in addition to the conserved arginine and 

glutamate interactions with the guanine core. The IRF proteins are flanked on the 

opposite side by the Atf-2/c-Jun heterodimer formed through bZIP domains. In 

combination these proteins cover over 72% of the solvent accessible surface area of the 

enhancer DNA and form a densely packed structure despite a lack of significant 

protein:protein interactions. At the same time, in vitro gel shift experiments revealed that 

individual proteins do not bind the enhancer region, suggesting that local alterations in 

the DNA structure contribute more strongly to the observed cooperativity, though 

additional factors are likely at play during in vivo signaling. 

Single stranded DNA and its protein-binding partners play a critical role in many 

cellular processes, including DNA replication, recombination, and repair.31 In addition to 

the nucleobase and backbone interactions discussed for double stranded DNA, single 

stranded DNA:protein interactions often incorporate hydrophobic interactions. Many of 

the more common single stranded DNA-binding motifs are also involved in RNA-binding 

and will thus be discussed in the following section.  

1.1.3.3 RNA:Protein Interactions 

In contrast to DNA, RNA structure is variable and highly dynamic, and RNA is 

rarely found without protein-binding partners.32 Specificity and affinity are achieved 

through combinatorial arrangements of only a handful of unique RNA-recognition 

domains. Such modular arrangements can be used to organize the target RNA for a 
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specific function or, vice versa, for RNA to organize its cognate protein. Not surprisingly, 

RNA and DNA nucleobase and backbone units form many similar bonding interactions 

with amino acids, and there is overlap in structural domains as well. For example, 

transcription factor TFIIIA contains nine zinc fingers, seven of which bind to the major 

groove of double stranded RNA while two can be used to interact with two loop 

structures of 5S ribosomal RNA.  

Other binding modules, however, are specific to RNA and in some cases single 

stranded DNA. By far the most common RNA-binding domain is simply termed the RNA-

recognition motif (RRM, Figure 1.16A).33 The RRM domain has a split α/β-topology 

comprised of two helices packed against a four-strand antiparallel β-sheet. RNA binding 

is most commonly observed on the surface of the β-sheet through three conserved 

residues, namely a positively charged Arg or Lys that forms a salt-bridge with the 

phosphate backbone and two aromatic residues that participate in stacking interactions. 

In some structures, a third aromatic residue interacts with the sugar ring of the 

nucleotide. Each RRM contains two sets of binding residues, located on the central two 

strands of the β-sheet. While this basic motif only imparts dinucleotide binding, RRM 

domains are often surrounded by less conserved structural elements that expand the 

recognition sequence.  

Another ubiquitous example, the K-homology domain (KH), contains a cleft 

formed by a conserved GXXG loop (X = any nucleotide) and flanking helices, β-strands, 

and variable loops. In contrast to the RRM, this four-nucleotide recognition domain does 

not contain aromatic residues, relying on hydrogen bonding, electrostatic interactions 

and shape complementarity. In another distinct example, double stranded RNA-binding  
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Figure 1.16: RNA-Binding Domains. A) RNA recognition motif (RRM) in the U1A 
spliceosomal protein bound to RNA (PDB: 1URN). B) PAZ domain of eIF2c1 protein 

bound to siRNA-like duplex (PDB:1SI3). C) Various spliceosome components assemble 
through RNA:protein and protein:protein interactions: Splicing Factor-1 recognizes intron 

A) B)

C)

U2ZF35 (RRM)Splicing Factor-1 (SP1)
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branch site RNA (PDB: 1K1G), U2ZF35 RRM (PDB: 1JMT), U2AF65 RRM1 and RRM2 
(PDB: 2YH1), U2AF65 RRM3 (PDB: 1O0P). Reproduced with permission from Nat. Rev. 

Mol. Cell Biol. 2007, 8, 479, © 2007 Nature Publishing Group.32 

domains (dsRBD) interact almost entirely with the 2’-hydroxyl and phosphate backbone 

rather than the nucleobases.  

The oligonucleotide/oligosaccharide (OB)-fold is also fairly common in RNA-

binding proteins and is composed of a 5-stranded antiparallel β-barrel capped with a 

hort α-helix.34 In the S1 domain, named for the ribosomal S1 protein, nucleotide 

recognition is again recognized by two β-strands and surrounding loops. Similar 

structures are involved in the PAZ and PIWI protein domains crucial to RNA interference 

and miRNA processing.35 In these structures, the β-barrel recognizes the 

two-nucleotide overhand of the double stranded RNA complexes described above and 

positions the end for cleavage by Argonaute or Dicer proteins (Figure 1.16B). 

Recognition of a specific RNA sequence is generally achieved by linking multiple 

RNA-binding domains or even multiple RNA-binding proteins. For example, in the 

Pumilio (Puf) family of proteins, each domain contains three amino acids that code for a 

specific nucleotide and can be combined with up to seven other domains to recognize 

large sequences.36 Furthermore, a combination of RNA:protein and protein:protein 

interactions is critical for spliceosome recognition and function. During assembly at the 3’ 

splice site, two U2AF proteins recognize the polypyrimidine tract through two RRM 

domains. At the same time, a third RRM domain interacts with protein SF1, which is 

bound through an expanded KH domain at the branch-point sequence (Figure 1.16C).37 

In this latter example, specificity is achieved through protein:protein interactions. A 
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complete picture of domain linkages and protein interactions will continue to form as 

more RNA:protein structures become available. 

1.1.3.4 Oligonucleotide Interactions with Small Biological Molecules 

Naturally occurring small molecule:oligonucleotide interactions have most 

commonly been observed in antibiotic natural products, which are synthesized by  

microbes to target critical oligonucleotides in neighboring organisms. Antibiotics that bind 

DNA include both intercalating agents and groove binders while RNA-targeted antibiotics 

most often target bulge structures in the ribosome. These classes of small molecules 

have served as an inspiration source for many synthetic receptors and are discussed in 

Section 1.1.4.  

The high attention paid to toxic antibiotics masks the fact that specific small 

molecule:RNA interactions can be an integral part of normal cell activity. In particular, 

the recognition of metabolites by short RNA molecules termed riboswitches and 

ribozymes can regulate a number of cellular processes.38, 39 Riboswitches are regulatory 

elements of mRNA that contain a highly structured aptamer domain which recognizes 

and binds a particular metabolite. The resulting conformational change in the aptamer 

domain effects a larger alteration in the mRNA structure to either promote or inhibit 

translation. The metabolite targets can range from large nucleotides and nucleotide 

analogues such as flavin mononucleotide (FMN) to very small ligands such as lysine and 

glycine to metal cations like Mg2+. These activities are often part of an inhibitory 

feedback loop, where a threshold concentration of a metabolite down-regulates 

translation of proteins involved in its synthesis. Not surprisingly, the recognition of 
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nucleobases and their analogues commonly involve hydrogen bonding and π-π 

interactions while anionic groups such as phosphates are often bound through metal 

cation bridging.  

Ribozymes, as the name implies, are catalytic RNA molecules, which ar best 

known for their function in the ribosome and in self-cleavage or splicing processes. The 

glmS ribozyme in Gram-positive bacteria, however, is an excellent example of how these 

functions can combine.40 The glmS ribozyme is located in the 5’-untranslated region 

(UTR) of the glmS gene mRNA sequence, which codes for the glucosamine-6-

phosphate synthetase (GlmS) protein. The glmS ribozyme is sensitive to the 

concentration of glucosamine-6-phosphate (GlcN6P), with physiological concentrations 

activating a latent self-cleavage mechanism in which a single phosphodiester bond is 

broken (Figure 1.17A). Recognition of GlcN6P is achieved through direct and water-

mediated hydrogen bonds between the sugar hydroxyl and amine groups and the active 

site nucleobases and backbone oxygens (Figure 1.17B & C). In addition, the G1 guanine 

base contributes π-π interactions with the sugar ring and a hydrogen bond to the 

phosphate group of GlcN6P. GlcN6P is critical for bacterial cell wall biosynthesis, and its 

tight regulation is necessary for appropriate sporulation. 

1.1.4 Synthetic Receptors for Oligonucleotides and Nucleic Acids 

1.1.4.1 Challenges in Receptor Design  

Nucleic acids offer a unique set of recognition challenges and opportunities for 

synthetic receptors relative to other biological targets. To begin, the chemical space is 

rather limited, consisting of four monomers with similar hydrogen bonding and aromatic 
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surfaces, a relatively consistent sugar moiety, and a highly negatively charged 

backbone. Furthermore, at the level of secondary structure, DNA is found almost entirely 

in a single (B-form) conformation, though this regularity also allows for the 

programmable recognition of DNA by minor-groove binding oligomers. RNA adopts a  

 

Figure 1.17: Recognition of GlcN6P by the glmS Ribozyme. A) Binding of GlcN6P to 
glmS ribozyme catalyzes cleavage and subsequent mRNA degradation. B) Structure of 
GlcN6P (yellow) bound to the glmS ribozyme. C) Recognition of GlcN6P through sugar 

and nucleobase hydrogen bonds, water mediated hydrogen bonds (red W), and stacking 
with the G1 guanine nucleobase. The RNA structure is heavily stabilized by Mg2+ ions 

(black). Reproduced with permission from Q. Rev. Biophys., 2010, 43, 423, © 2010 
Cambridge University Press. 40 
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much more diverse range of secondary and tertiary structures; however, these 

structures are highly dynamic and often difficult to predict. Despite these challenges, 

several research groups have been able to identify both small molecule and biooligomer-

derived synthetic ligands. While specificity remains a common obstacle, several powerful 

recognition systems have emerged that can provide excellent tools for researchers 

interested in nucleic acid recognition. This section will focus on select examples with the 

intention of serving as a resource for readers new to the field as well as identifying 

trends to inform future work in the field.  

1.1.4.2 Methods 

Binding Characterization.41 Some biophysical techniques, including 

electrophoresis mobility shift assay (EMSA) and thermal denaturation, are low-

throughput but technically straightforward methods to characterize oligonucleotide:ligand 

interactions. In an EMSA assay, a known concentration of oligonucleotide and ligand are 

incubated together, run on a non-denaturing gel, and stained or imaged to quantify each 

electrophoresis band. Decreased mobility is expected for oligonucleotides bound to large 

ligands or proteins while protein displacement is often used to characterize binding of 

smaller ligands. The concentration of oligonucleotide or ligand can be varied to 

determine a dissociation constant. Another approach is thermal denaturation, which 

measures the absorption of an oligonucleotide:ligand complex at 260 nm as a function of 

temperature. The temperature at which half the oligonucleotide is denatured is recorded 

as the melting temperature (Tm). Typically, a ligand stabilizes an oligonucleotide 
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structure, resulting in a higher Tm value, which can give relative binding energies for a 

set of ligands.  

More quantitative label-free techniques can also be utilized to determine binding 

constants of oligonucleotide:ligand interactions. Isothermal titration calorimetry (ITC) is a 

titration technique, in which a ligand is added to a solution of receptor. Upon binding, the 

temperature of the solution changes and is measured in comparison to a control 

solution. By measuring the change in heat at known concentrations, all thermodynamic 

parameters can be calculated, including binding affinity; however, ITC often requires a 

high concentration of both oligonucleotide and ligand, limiting its throughput. An 

alternate method, surface plasmon resonance (SPR) requires the immobilization of the 

ligand onto a gold chip, while a solution of the receptor is passed over the surface 

(Figure 1.18). Upon binding, the refraction angle changes, which is measured at 

equilibrium to calculate binding affinity or to measure the rates of complex association 

and dissociation. Although one component must be immobilized on the chip, SPR 

requires a small amount of ligand and oligonucleotide. Another common method to 

calculate binding affinity is NMR titration. Typically, the oligonucleotide is in solution and 

the change in chemical shift is monitored at varying ligand concentrations. For larger 

oligonucleotides, isotopic labeling may be required to overcome spectral overlap. While 

NMR requires relatively large amounts of the oligonucleotide and ligand, the technique 

can be used to measure weak binding constants.  

Optical techniques offer increased sensitivity and quantitation, though the 

potential impact of introducing a covalent label into the structure of a binding species 

must always be considered. Fluorescent oligonucleotides can be generated through  
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Figure 1.18: Surface Plasmon Resonance. Ligands are immobilized onto a gold 
surface, and a solution of receptor is passed over. Polarized light is reflected off the chip 
and measured by a detector. By plotting the angle of refraction (σ) as a function of time, 

dissociation constants as well as on and off rates can be calculated. 

incorporation of environmentally sensitive fluorescent nucleobase derivatives, such as 2-

aminopurine, which allow the oligonucleotide to be titrated with a binding candidate that 

alters stacking interactions. Alternatively, fluorescent indicator displacement assays 

monitor the change in emission intensity caused by displacement of a fluorescent 

indicator upon titration with a binding candidate. Another popular optical method 

monitors the change in fluorescence polarization or anisotropy value due to binding of a 

fluorescently labeled ligand by an oligonucleotide (Figure 1.19A). Lastly, Förster 

Resonance Energy Transfer (FRET) monitors the efficiency of energy transfer from a 

donor fluorophore to a suitable acceptor on an appropriately labeled oligonucleotide 

(Figure 1.19B). The transfer efficiency is high over distances of approximately 10 to 100 

Ä, and the technique can be used to extract binding constants as well as gain 

information about structural changes caused by the binding interaction. 
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Figure 1.19: Common Fluorescence-Based Methods for RNA:Small Molecule 
Discrovery. A) Fluorescence Polarization. Polarized light is applied to a solution of 

small molecule and receptor. If the small molecule is bound, the tumbling motion is slow 
and the light remains polarized. If the small molecule is not bound, the tumbling motion 
is fast and the light is depolarized. B) Förster Resonance Energy Transfer (FRET). If 

within a certain radius (r), energy from an excited donor fluorophore is transferred to an 
acceptor fluorophore, and the transfer efficiency is measured. 

Structural Characterization.42 Chemical mapping techniques obtain secondary 

structural information by modifying oligonucleotides with various chemical reagents. 

These techniques are particularly useful for identifying resides that are important for 

oligonucleotide recognition by comparing the chemical map of the oligonucleotide in the 

presence and absence of ligand. Some modifying regents, such as dimethyl sulfate 

(DMS) and bisulfate, are base-specific and convey specific recognition information like 

A) 

B) 
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π-π and hydrogen bonding interactions. Another technique, hydroxyl radical probing, 

utilizes radical promoters to abstract protons from the ribose sugar, affording information 

on the solvent accessibility of the backbone.43 Other techniques, including in-line 

probing, 2’-hydroxyl acylation analyzed by primer extension (SHAPE), or RNase 

cleavage, provide information on the local flexibility of an oligonucleotide. In-line probing 

is typically performed at alkaline pH, where flexible regions of the oligonucleotide can 

undergo nucleophilic attack by the 2’-hydroxyl, cleaving the sugar-phosphate backbone. 

SHAPE utilizes various reagents with differential reactivity toward the 2’-hydroxyl to 

provide secondary structure models of RNA.44 For instance, 1-methyl-7-nitroisatoic 

anhydride (1M7) measures general local nucleotide flexibility, while N-methylisatoic 

anhydride (NMIA) reacts with nucleotides that experience slow dynamics. Similarly, 

RNase enzymes cleave the sugar-phosphate backbone at single-stranded or 

unstructured regions.  

1.1.4.3 Nucleic Acid Targeting with Synthetic Oligonucleotides 

Some of the simplest methods for nucleic acid detection harness the recognition 

power of nucleobases themselves through the use of synthetic nucleotide derivatives. 

For example, recognition of double stranded DNA was first achieved using a triplex 

forming oligonucleotide (TFO).45 TFOs were shown to bind in the major groove of double 

stranded oligopurine:oligopyrimidine sequences of DNA in either a parallel fashion 

through Hoogsteen interactions or anti-parallel through reverse-Hoogsteen interactions 

(Figure 1.20). The utility of TFOs is limited, however, due to the necessity of cytosine 

becoming protonated to form two hydrogen bonds in the Hoogsteen arrangement and 
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Figure 1.20: Structure of Duplex Polypyrimidine:Polypurine Sequences Bound by 
Triplex-Forming Oligonucleotide. Upon binding, there are significant changes in the 
conformation of purine residues, the 5’ and 3’ junctions, and groove widths associated 

with protonated cytosine residues. (PDB: 1BWG) 

the propensity of G-rich sequences to form alternate structures in the presence of 

metals. Binding affinities can be improved through synthetic modifications, most 

commonly of the sugars (e.g. 2’-methoxy (2’-OMe) and locked nucleic acids (LNA)) or 

the backbone (e.g. phosphorothioate (PS) and peptide nucleic acids (PNA))  

 (Figure 1.21). These modifications also increase biological stability and have allowed 

TFO’s to selectively target a variety of DNA-dependent processes including transcription 

and mutagenesis both in cell culture and even animal models.46 Sequence-specific 

labeling can also be achieved, for example, through the conjugation of biotin or 

fluorescent tags to the TFOs. 

Modified oligonucleotide derivatives have been extensively exploited to target 

single stranded RNA with applications for in situ labeling, steric blocking, and 

degradation.47 In the latter case, it is important to note that the traditional mRNA 
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Figure 1.21: Representative Synthetic Oligonucleotide Modifications. Top: 
Common 2’-OH modifications; Bottom: Common backbone modifications. 

degradation pathways do not accept complexes containing a modified strand. For 

example, duplexes of fully modified oligomers, particularly with modifications at the 2’- 

OH, are not adequate substrates of the RISC-complex central to the siRNA pathway 

(Section 1.1.3.2). Hybrid oligonucleotides that contain 2’-modified ends and a  

phosphorothioate core, however can be substrates for RNaseH-catalyzed degradation 

and similarly decrease protein expression levels. At the same time, fully modified 

oligonucleotides can participate in sequence-specific targeting and steric blocking of 

both splicing and translation machinery, respectively. Anti-miRNA oligonucleotides 

(AMOs) have also been shown to be highly effective at either preventing pri-/pre-miRNA 

processing or hybridizing to the mature miRNA to block its binding to the cognate RNA 

target.48, 49 A notable example is miravirsen, a combination LNA and phosphorthioate 
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derivative that blocks the function of human miR-122 in hepatitis C virus infection50 and 

recently completed phase 2 clinical trials.51 

Despite this success, delivery and stability remain daunting challenges to the 

development of therapeutically relevant oligonucleotides. Nanoparticle-oligonucleotide 

conjugates, pioneered by Mirkin and co-workers, offer a promising alternative.52, 53 In this 

work, the derivatization of gold nanoparticles leads to a dense array of unmodified 

oligonucleotides with a number of remarkable properties, including high binding affinity, 

cooperative binding, and sensitive detection. Highly specific optical detection in vitro is 

possible due to the surface plasmon resonance (SPR) signals available with the 

nanoparticles and in the simplest configuration can detect single nucleotide 

polymorphisms (SNPs) through target-induced aggregation. In cell culture, nanoparticle 

conjugates are not only taken up into cells but can also be tuned for gene knockdown. 

Live cell gene detection is possible through the incorporation of fluorescently-labeled 

complementary “flare” sequences that are quenched when bound to the nanoparticle but 

released upon target binding (Figure 1.22). Alternatively, the narrow peak fingerprint of 

surface enhanced Raman spectroscopy (SERS) has allowed for sensitive and 

multiplexed detection of oligonucleotides in a variety of systems, including the plasmonic 

nanoprobes used as “molecular sentinels” by Vo-Dinh and co-workers.54 Such a system 

was recently shown to detect as few as 6 attomoles of ssDNA from the dengue virus 

(Figure 1.23).55 
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Figure 1.22: Nanoparticle:Oligonucleotide Conjugates Bind to mRNA. A) 
Nanoflares are quenched when hybridized to an oligonucleotide-functionalized gold 

nanoparticle. Binding of target mRNA leads to release of the nanoflare and subsequent 
signal increase. B) SKBR3 breast cancer cells stained with survivin-nanoflares (left) 

versus control (right). Reproduced with permission from J. Am. Chem. Soc., 2012, 134, 
1376, © 2012 American Chemical Society.52 

1.1.4.4 Nucleic Acid Targeting with Synthetic Peptides 

Several groups have demonstrated that synthetic peptides and peptide 

conjugates can selectively bind nucleic acids, particularly RNA targets where branched, 

three-dimensional structures are common. Select examples of these different 

approaches are discussed below. 

As expected, many oligonucleotide-targeted synthetic peptides are enriched in 

positively charged and aromatic residues. Work from Waters and co-workers has 

than that of molecular beacons, which is due to increased
nuclease resistance of the SNA-based nanoflare structure;
indeed, intracellular degradation of the probe beacon leads to
significant background fluorescence. Finally, nanoflares allow
for simultaneous gene knockdown and mRNA detection from a
single conjugate.51

One can build upon the nanoflare concept by introducing
moieties that rely on other mechanisms of signal transduction
or by targeting small molecules instead of mRNA. Nuclear
magnetic resonance (NMR) probes have been synthesized by
replacing the fluorophore moiety on the flare strand with a
sequence of five NMR-active fluorine-19 (19F)-modified 5-
fluorouracil nucleobases. 19F is a good choice for this system
because fluorine is not very abundant in biological systems. In
addition, 19F is nearly NMR invisible when on the particle but
shows a strong signal when released.151 These probes have a
high signal-to-noise ratio (∼27) and show a marked increase
in signal when they bind their targets. Probes can also be
synthesized that target small molecules instead of DNA or RNA
sequences. For example, aptamers152 are oligonucleotides
selected for binding affinity and specificity toward a target
molecule, and they can be used as the recognition element on
the particles to create “aptamer nanoflares” (ANFs).125 In a
proof-of-concept system, ANFs were targeted to adenosine
triphosphate (ATP) because of its importance in cellular
metabolism regulation and biochemical pathways. Duplexes
formed from the known ATP aptamer sequence and short
complementary flare sequences were conjugated to Au NPs to
form ATP-ANFs. In the presence of ATP, the ATP aptamer
changes its conformation to bind ATP, which displaces the flare

sequence and results in a large fluorescence increase.
Significantly, ATP-ANFs can be used to quantify intracellular
amounts of ATP in live cells. In principle, the nanoflare design
can be tailored for many intracellular molecular targets and with
many possible labeling and readout strategies. In principle, these
include techniques like computed tomography and positron
emission tomography. These strategies may lead to a broader
impact on medicine and cancer treatments in general, including
treatments specific for gene expression profiles or live small-
molecule tracking within organs.

11. CONCLUSIONS AND OUTLOOK
SNAs have emerged as a fundamental new class of nucleic acid
constructs with a set of properties distinct from linear forms of
nucleic acids of the same sequence. These properties have led
to powerful new concepts in materials synthesis and colloidal
crystallization and laid the foundation for important new
technologies in the life sciences and medicine. They were
initially made to introduce a simple concept for nanoparticle
assembly whereby programmable base-pairing interactions
could be used to reversibly form macroscopic materials from
nanoscale components. However, the discovery that the
arrangement of oligonucleotides into highly oriented, densely
packed spherical structures results in entities capable of
interacting with biological materials in unique ways provided
venues to use them in molecular diagnostics, gene regulation,
and medicine. These constructs do not simply provide different
ways of accomplishing what can be done with molecular
systems but rather superior approaches. This is apparent in
in vitro molecular diagnostics where SNA cooperative binding
and subsequent melting lead to higher selectivity in assays
based upon SNA probes, in gene regulation, where the densely
packed and oriented nucleic acids in SNAs can support the
binding of scavenger proteins, which trigger endocytosis, and in
the case of nanoflares, where the ability of SNAs to freely enter
cells combined with their ability to resist nuclease degradation
gives rise to a powerful new class of live single-cell assays.
Significantly, the understandings garnered from the studies of

SNAs as diagnostic and gene-regulating constructs brought the
initial study of DNA-mediated assembly full circle through the
realization of some of the key insights required for nanoparticle
crystallization, which has emerged as a rich field of study in
the past few years. Many researchers around the globe have
made significant contributions to the field of SNAs as it con-
tinues to expand across diverse scientific and technological
disciplines. However, there is still much to be learned about the
fundamental properties of SNAs, their scope of utility, and the
diversity of possible conjugate materials. We still do not
understand their modes of intracellular trafficking at the
molecular level, why they can penetrate tissues and organs
much more effectively than analogous molecular systems, and
how they move from cell to cell within living systems. The bulk
of the technologies based upon them have focused on the life
sciences, but there are significant opportunities in the areas of
electronics, catalysis, and energy harvesting, storage, and
conversion. The realization of such opportunities will rely on
our ability to synthesize broader classes of conjugate materials.
Indeed, although the majority of the work carried out thus far
has focused on SNA−Au NP conjugates, we and others have
shown that SNAs can be prepared from magnetic,43 insulator,58

semiconductor,44 and metallic materials,1 and even pure DNA
cores prepared by DNA origami techniques.156

Figure 12. (A) Schematic of nanoflares. Short fluorophore-labeled
“flare” sequences are hybridized to SNAs targeted for a disease gene of
interest. Upon flare particle binding to its mRNA complement, the
short flare sequence is displaced and released from the gold core. The
flare is no longer quenched when it is released, and therefore a large
signal increase is observed. (B) SKBR3 cells, which overexpress
survivin, are treated with nanoflare probes targeted for survivin (left)
and a nonsense control (right). Samples treated with the survivin flare
show 3 times the fluorescence of cells treated with the control flare
particles. Reproduced with permission from ref 11. Copyright 2007
American Chemical Society.

Journal of the American Chemical Society Perspective

dx.doi.org/10.1021/ja209351u | J. Am. Chem.Soc. 2012, 134, 1376−13911388
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Figure 1.23: Plasmonic Nanoprobes Bind to DNA. A) DNA bioassay using surface-
enhanced Raman scattering (SERS).  To begin, the reporter probe is complexed to a 

placeholder strand, which maintains distance between the SERS dye and the film. Upon 
target ssDNA binding to the placeholder, the reporter probe is able to form a hairpin 

structure that brings the SERS dye near the film and generates an “on” signal. B) 
Example SERS spectra demonstrating strong, discrete signals in the presence of the 

target. C) Attomole detection of ssDNA. Figure adapted from Analyst, 2014, 139, 5655, 
© 2014 Royal Society of Chemistry.55 

demonstrated that folded β-hairpin peptides containing lysine and tryptophan residues 

create a nucleotide binding cleft and that dimers or conjugates of these hairpin peptides 

interact with ssDNA, dsDNA and RNA.56 For example, a β-hairpin peptide dimer binds 

an 11-mer ssDNA with a dissociation constant of approximately 3 µM, an affinity that is 

comparable to DNA-binding proteins containing the β-sheet-based OB fold (see Section  

A)

B) C)
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1.1.3.3) and consistent with a combination of aromatic and electrostatic interactions. 

More recently, Waters and coworkers described a β-hairpin peptide:intercalator 

conjugate with similar affinity toward RNA and achieved selective binding of a tetraloop-

stem-bulge RNA sequence in which all three local secondary structures were bound 

simultaneously (Figure 1.24).  

Indeed, conjugates of aromatic intercalators and natural peptides have often led 

to increased affinity and specificity. For example, the group of Beal and co-workers have 

developed helix-threading-peptides (HTPs) in which an aromatic heterocyclic intercalator 

is derivatized on either side with specific peptide sequences (Figure 1.25).57 Upon 

intercalation of the aromatic residue, the two peptide arms interact with both the major 

and minor groove of the helix, creating a binding preference for proximity to loop or 

bulge regions. Miller and co-workers developed peptide-based ligands for AT-rich DNA 

by taking advantage of the ability of cysteine to participate in reversible disulfide bonds.58 

A library of cysteine- and quinolone-containing peptides was immobilized on beads and 

then combined with a second, solution-based peptide library to generate over 10,000 

possible peptide dimers. Dynamic combinatorial chemistry (DCC) was employed to 

select the disulfide-linked dipeptides that bound strongest to a DNA target (Figure 1.26). 

The resin-bound and solution-free cysteine-containing peptides were allowed to interact 

reversibly in the presence of a fluorescently labeled DNA sequence. Over time the most 

stable dipeptide binders were enriched and beads that were fluorescently labeled with 

the DNA target were isolated. The identified peptides were synthesized in free solution 

and found to bind the sequence with low micromolar dissociation constants. This  
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Figure 1.24: Beta-Hairpin Peptide:Intercalator Conjugate Bound to an RNA with 
Three Secondary Structures. A) Beta-hairpin peptide intercalator conjugate enriched 
with lysine (red) and tryptophan (blue) residues. B) Binding sites on the tetraloop-stem-

bulge structure were determined by RNase digestion and are denoted with triangles. The 
ligand bound to the target RNA with a low micromolar dissociation constant.  Figure 

adapted from Org. Biomol. Chem., 2009, 7, 4622, © 2009 Royal Society of Chemistry.56 

technique has also been used in a number of RNA-based screens, including successful 

targeting of the HIV-1 Frameshift-Inducing RNA.59 

Peptides with discrete side chain and backbone modifications have also been 

successfully employed. Santos and co-workers, for example, developed large libraries of 

branched peptides containing a boronic acid side chain (Figure 1.27A).60 It was 

hypothesized that the boronic acid would form a reversible covalent bond with the 2’- 

hydroxyl group of RNA, producing increased binding affinity and selectivity over DNA. 

On-bead, high-throughput screening of over 40,000 unique sequences identified BPBA1 

(Figure 1.27B) as a selective ligand for HIV-1 RRE RNA (Kd = 1.4 µM) compared to DNA 

and other HIV RNA variants. RNase digestion revealed a broad footprint for the 

interaction (Figure 1.27C), and the ligand exhibited cellular uptake and low toxicity to 

mammalian cells.  

Alternative peptide backbone modifications have been investigated by Luebke 

and co-workers who targeted hairpin miR-21 RNA by screening a library of protease-

resistant peptoid derivatives immobilized on a microarray.61 After immobilization of the 

peptiods, 5’-fluorescently labeled miR-21 RNA was washed over the microarray to 

identify high affinity peptoids. While 891 library members (12%) were found to bind miR-

21, only two library members did so selectively in the presence of a closely related 

hairpin derivative. Additional structure-activity studies lead to the peptoid in Figure 
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1.28A, which was found to have a dissociation constant of 12 µM for miR-21 and to 

specifically inhibit miR-22 processing by Drosha (Figure 1.28B).62  

 

 

Figure 1.25: Helix-Threading-Peptides for HIV-1 Frameshift-Inducing RNA. A) 
Library of helix-threading peptides (HTPs) that include aromatic heterocyclic 

intercalators. B) RNase digestion in the presence of HTP 1 is consistent with binding to 
a stem region, presumably by the quinolone, as well as longer range interactions with 

the peptide arms. Figure adapted from Org. Biomol. Chem., 2006, 4, 639 © 2006 Royal 
Chemistry Society.57 
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Figure 1.26: Selection Method for Generating Peptide Dimers. Separated beads or 
spots are functionalized with one cysteine-containing peptide. A pool of cysteine-

containing peptides is then allowed to react reversible with each bead in the presence of 
a fluorescently labeled target. Target-bound fluorescent beads are isolated. Reproduced 

with permission from Org. Lett., 2006, 8, 1803, © 2006 American Chemical Society.58 

1.1.4.5 DNA Targeting with Small Organic Molecules 

General Principles. From the beauty of its structural simplicity to its role as the 

starting point of the central dogma, DNA has long been an attractive target for molecular 

recognition. Given the regular structure and limited surface availability of B-form DNA, it 

is perhaps not surprising that the majority of DNA-targeted ligands can be classified as 

either intercalators or minor groove binders (Figure 1.29). In the first class, aromatic and 

often optically active molecules bind nonspecifically between base-pairs using mainly π-

π, van der Waals, and hydrophobic interactions. Applications have included DNA 

detection and staining along with a wide range of chemotherapeutics.63 Minor groove 

binding ligands rely on shape and hydrogen bonding complementarity to “read” the 

pattern of groove hydrogen bond donors and acceptors programmatically and have 

demonstrated both gene regulation and in vivo xenograft activity. Nonetheless,  
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Figure 1.27: Boronic Acid-Containing Peptides for HIV-1 RRE RNA. A) Unnatural 
amino acids (FBPA and FBBA) containing boronic acids that can form reversible, covalent 

bonds with the 2’ hydroxyl of RNA. B) Structure of the lead peptide, BPBA1, that binds to 
the HIV-1 RRE RNA with a dissociation constant of 1.4 µM. C) The binding site of 

BPBA1 was identified by RNase digestion of a 52-mer of HIV-1 RRE RNA. Blue triangles 
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represent areas of decreased cleavage and red triangles represent areas of increased 
cleavage. Figure adapted from Org. Biomol. Chem., 2013, 11, 6263, © 2013 Royal 

Society of Chemistry. 60 

 

 

Figure 1.28: Peptoid for miRNA-21. A) Peptoid identified in a screen that binds to the 
miRNA-21 hairpin with a dissociation constant of 12 µM. The peptoid exhibited selectivity 

over a closely related hairpin. B) The secondary structure of miRNA-21 used in the 
screen. The structure consists of a hairpin loop and two one-nucleotide bulge structures. 

selectively at the genomic level remains a significant challenge. As mentioned 

previously, specific sequence targeting requires binding of approximately 18 bases.64 

Both specificity and affinity have been improved through the combination of intercalating 

and groove-binding moieties to generate threading intercalators (Figure 1.29). The 

targeting of more unique DNA structural motifs such as G-quadruplex or i-motif 

structures offers additional routes to specificity, and such ligands have also 

demonstrated biological activity. It is worth noting that some of the most biologically 

active DNA-targeting small molecules interact irreversibly with DNA through covalent 

modifications, often inducing DNA damage and leading to cell death. We will focus on  
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Figure 1.29: Common Binding Modes for DNA:Small Molecule Interactions. 

non-covalent recognition of DNA, however, with the discussion organized primarily by 

binding mode. 

Intercalators. Perhaps the earliest identification of DNA intercalation was the 

conclusion by Lerman in 1961 that acridine and proflavine impacted the hydrodynamics 

of DNA by binding “between adjacent nucleotide-pair layers”, thus extending or 

unwinding the helix.65 Another important characteristic of many DNA intercalators is 

optical activity, particularly a large increase in fluorescence intensity upon DNA binding. 

A multitude of planar, polycyclic aromatic small molecules have been identified as DNA 

intercalators (Figure 1.30), with the binding affinity largely attributed to van der Waals or 

hydrophobic interactions.66 In general, smaller aromatic systems require positively 

charged moieties to achieve adequate DNA binding affinity while systems with larger π-

rich and hydrophobic surfaces do not. Modest binding constants for this class of small 
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molecules (Ka = 104-106 M-1) inspired the development of multivalent ligands in which 

multiple intercalating moieties are present. Because intercalation disrupts the local 

structure of DNA, however, two intercalators cannot bind efficiently at neighboring sites, 

with the optimal spacer length found to be greater than 10 Å.66 Using these principles, 

dimer and trimer derivatives of acridine, for example, displayed apparent binding 

affinities that were increased by five and eight orders of magnitude, respectively, relative 

to an acridine monomer.67  

 

 

Figure 1.30: Classes of DNA Intercalators and Representative Examples. These 
small molecules are typically planar and rich in aromatic rings. 

Intercalating moieties can further gain affinity, and in some cases specificity, 

through the addition of groove-interacting subunits such as saccharide and peptide 
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moieties. The natural product echinomycin, for example, contains two intercalating 

quinoxaline moieties connected through a cyclic peptide chain that interacts with the 

DNA minor groove, and the interaction induces Hoogsteen base pairing in specific DNA 

sequences (Figure 1.31A & B).68, 69 In another example, the combination of two acridine 

ligands and two synthetic minor groove binders by Dervan and co-workers led to a 

sequence-specific bis-intercalator.70 Intercalators flanked by groove binders are 

generally referred to as “threading interacalators” and often offer impressively slow  

 

 

Figure 1.31: Echinomycin is a Bis-Intercalator of DNA. A) Crystal structure of 
echinomycin bound to DNA in the presence of manganese. The terminal quinoxalines 
intercalate into the DNA and the peptide backbone acts as a linker. (PDB: 3GO3) B) 

Structure of cyclic peptide, echinomycin, a natural product. 
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dissociation constants. Iverson and co-workers, for example, have developed a series of 

naphthalene diimide (NDI) intercalator conjugates linked by peptide and alkyl linkers 

(Figure 1.32A & B).71, 72 Specifically, the peptide linkers (Gly3Lys or β-Ala3Lys) were 

found to bind in the minor groove of DNA with sequence specificity while alternating alkyl 

linkers bound the major groove. An optimized tetraintercalator was found to achieve both 

14 base pair sequence specificity and an exceptionally long dissociation half-life of 57 

days.71  

While applications of organic intercalators often include their use as DNA 

indicators or stains, it is important to note that the conjugation of inorganic complexes to 

classic intercalators has produced several potent anticancer agents.73 In these 

conjugates, the aromatic ligands and in some cases the metal centers themselves 

interact with the DNA bases. In addition, ruthenium and rhodium complexes with 

aromatic intercalating ligands have allowed in depth studies of DNA-mediated charge 

transport.74  

Groove Binders. Inspired by a variety of natural products, most groove-binding 

small molecules bind to the narrower minor groove of B-form DNA and prefer AT-rich 

tracts.66 These ligands are generally polyaromatic small molecules linked to give a 

curved recognition surface, as seen in Hoescht 33258 and furamidine derivatives (Figure 

1.33). Importantly, sequence specific recognition with small molecules has been 

observed almost exclusively through binding the minor groove, largely inspired by the 

natural products distamycin and netropsin (Figure 1.34A & B).64, 75 Both small molecules 

contain amide-linked oligomers of N-methylpyrrole and specifically interact with the 

minor groove of A/T tracts, possibly due to the narrowing of the minor groove in A/T-rich  



	  

	  
54 

 

Figure 1.32: Napthalene Diimide Ligand is a Tetraintercalator of DNA. The β-
Ala3Lys peptides bind in the minor groove and the various sized linkers bind in the major 

groove binder lengthened by one methylene unit, correspond-
ing to a pimelic acid cross-linker and tetraintercalator2, to be
optimal. The dissociation half-life of2 also breaks our previous
record and has the slowest reported dissociation rate from
DNA for a non-nucleic acid molecule. Using this optimal
pimelic acid cross-linker, symmetric NDI hexaintercalator5
(Figure 2) was synthesized and analyzed by gel-shift assays,
DNase I footprinting, and UV−vis spectroscopy. While5
occupies its entire predicted 22 bp binding site, a new standard

for synthetic, non-nucleic acid DNA binding molecules, its
dissociation rate was signifi
tetraintercalators, implying an overall less stable complex with
DNA.

�RESULTS
Design and Synthesis of 2

analysis of the1-DNA complex indicated some degree of
distortion of the DNA duplex structure around the central
region. We hypothesized that the central adipic acid unit of
might be shorter than is optimal, and the resulting distortion of
the DNA structure with an inadequate length linker might
come at the expense of some binding energy. Pimelic acid,
suberic acid, and azelaic acid were used as central linkers in
to investigate systematically the in
length. Note that these linkers maintain the hydrophobic
character of adipic acid, but the increased
by the additional methylene units could raise the entropic cost
of binding.
Tetraintercalators2−4

described25 using Fmoc-based solid-phase peptide synthesis
(SPPS) incorporating orthogonal
the lysine side chains. The Fmoc-(
synthesized prior to SPPS in order to maximize yields.

Kinetic Analysis of Lengthened Tetraintercalators.
Gel-shift association and dissociation assays were performed for
2−4 with 24-meroligo Acontaining 14 bp
3), expected to be the preferred binding sequence based on
previous results.9,21 These experiments exploit the retarded
migration seen by polyacrylamide gel electrophoresis (PAGE)
when polyintercalator is tightly bound to an oligonucleotide.
For these experiments, a stoichiometric amount ofintercalator
and [32P]-labeled DNA duplex were allowed to equilibrate by
heating the DNA to 60°C, adding intercalator, allowing the

Figure 1. NMR-determined structure of threading tetraintercalator1
with 14 bpsequence A.25
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groove. A) NMR structure of the tetraintercalator binding to a 14 nucleotide sequence. 
B) Structure of the naphthalene diimide ligand with a 57 day dissociation half-life. 
Reproduced with permission from J. Am. Chem. Soc., 2013, 135, 12783, © 2013 

American Chemical Society.71 

 

 

 

Figure 1.33: Representative Minor Groove Binding Small Molecules. These 
examples demonstrate the aromatic residues and generally curved shape characteristic 

of minor groove binders. 

vs. G/C-rich sequences or the negative electrostatic potential of A/T vs G/C floors in the 

minor groove. Further, hydrogen bonding interactions are observed between the amide 

hydrogen donors and N/O hydrogen bond acceptors on the edge of the nucleobases. 

The contribution of the cationic group(s) is expected to be minimal in both structures 

while the influence of van der Waals interactions is predicted to be significant.  

Importantly, both netropsin and distamycin can form 1:1 and 2:1 complexes in 

the minor groove. X-ray crystal structures of the latter case support a model in which 

each small molecule binds one strand of the DNA double helix. Another significant 

advance arose with the development of lexitropsin derivatives in which replacement of  

N
H

N

N
H

N

OH

N
NH3C

OH2N

H2N

NH2

NH2

Hoechst 33258

Furamidine



	  

	  
56 

 

 

Figure 1.34: Natural Products Binding in Minor Groove of DNA. A) Netropsin and 
distamycin are natural products that bind to the minor groove of DNA. B) Left: Crystal 
structure of netropsin bound to the minor groove of DNA. Right: An N-H in netropsin 

forms a bifurcated hydrogen bond with thymine and adenine for minor groove 
recognition. (PDB: 6BNA) 

N-methylpyrrole by N-methylimidazole allowed for recognition of G:C base pairings 

through hydrogen bonding interactions between the imidazole acceptor and the guanine 

exocyclic N2 atom donor, though decreased affinity was also observed. An important 

step in assessing the binding mode and preferences of these early recognition systems 

was the development of affinity cleavage techniques in which appended EDTA-iron 

complexes induce site-specific oxidative degradation of DNA.76 
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The combination of N-methylpyrrole and N-methylimidazole recognition along 

with a two-strand, antiparallel-binding model yielded a class of high affinity, high 

specificity small molecules termed pyrrole-imidazole (Py-Im) polyamides. The Dervan 

lab developed a set of “pairing rules” in which opposing heterocycles recognized specific 

base pairings (Figure 1.35A).77, 78 Specifically, Im/Py pairings recognized G-C base pairs 

while Py/Im pairings recognized C-G base pairs. Py/Py pairs were found to be 

degenerate for A-T or T-A base pairings. Importantly, the amide bond linkages allow for 

rapid and high yielding solid phase synthesis of large libraries. While a number of  

alternative heterocycle building blocks have been investigated, decreases in affinity have 

led the most robust systems to contain only the imidazole and pyrrole subunits. This 

common design features two heterocyclic tetramers linked by a gamma-aminobutyric 

acid (GABA) turn region to form a hairpin structure, which recognizes up to six base 

pairs based on the four heterocycles and the A/T or T/A preference of both the turn and 

tail units (Figure 1.35B). Longer sequences can also be targeted but require the 

incorporation of β-alanine monomers, which provide the required spacing but impart 

flexibility to relax the over-curvature of Py-Im polyamides relative to the minor groove of  

DNA. The advent of facile DNA sequencing allows for nearly global evaluation of 

specificity using a modified Bind-N-Seq method in which specific sequences are “pulled 

down” from a large pool by biotin-tagged Py-Im polyamides and then identified through 

sequencing.79 Recent high resolution X-ray crystal structures have revealed a 

conformational change in DNA upon binding of Py-Im polyamides wherein the minor 

groove is expanded and the major groove compressed by about four angstroms, 

producing a kink in the helical axis (Figure 1.36A & B).80 The high affinity  
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Figure 1.35: Pyrrole-Imidazole Polyamides for Base Specific Recognition of DNA. 
A) N-methylpyrrole (Py) and N-methylimidazole (Im) pairs can specifically recognize 

nucleobases in the minor groove of DNA. Im/Py pairs recognize G-C base pairs, Py/Im 
pairs recognize C-G base pairs, and Py/Py pairs recognize A-T or T-A base pairs. B) A 

representative biologically active pyrrole-imidazole polyamide, which recognizes the 
androgen receptor response element. The two tetramers are connected by a gamma-
aminobutyric acid (GABA) turn with an α-amine subunit for low animal toxicity, and an 

isophthalic acid tail is added for increased cellular uptake. 

(Kd = 10-12-10-8 M) and unique specificity of Py-Im polyamides represent an 

unquestionably powerful aqueous molecular recognition system. 
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Figure 1.36: Structure of Pyrrole-Imidazole Polyamide Bound to Duplex DNA. A) 
Crystal structure of pyrrole-imidazole polyamide bound to the minor groove of DNA. 

(PDB: 3OMJ) B) The yellow structure represents unbound DNA, and the blue structure 
represents polyamide bound DNA, where the polyamide has been removed. Upon 

binding to DNA, the pyrrole-imidazole polyamide bends the DNA, compressing the major 
grove by 15.4º and producing a kink in the helical axis. Reproduced with permission 
from J. Am. Chem. Soc., 2010, 132, 14521, © 2010 American Chemical Society.80 

These characteristics inspired biological studies of Py-Im polyamides, including 

investigations into their ability to disrupt DNA:protein interactions. It was hypothesized 

that Py-Im polyamides could inhibit the binding of specific transcription factors and thus 

regulate gene expression (Figure 1.37). Both in vitro inhibition of DNA:protein 

interactions and cell culture activity was observed. In short, these molecules were 

observed to achieve high cellular uptake, DNA binding in the presence of nucleosomes, 

and reduced transcription factor occupancy in the context of the genome.78 In line with 

the reduced transcription factor occupancy, a number of gene pathways are also altered.  

A) B)A) B)
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Figure 1.37: Pyrrole-Imidazole Polyamides Recognize Transcription Factor 
Response Elements. Upon binding, the polyamide prevents the transcription factor 

from recognizing the DNA element and alters the expression of genes. 

Other critical design elements arose from these biological studies and include the 

incorporation of the isophthalic acid tail for efficient cellular uptake (e.g. Figure 1.35B), a 

dependency on location and acylation status of the amine-substituent in cellular uptake 

and animal toxicity,81 the effect of cyclic polyamide architecture on in vivo 

pharmacokinetics,82 and aggregation of hairpins larger than eight heterocycles.83 

Recently, treatment with Py-Im polyamides demonstrated in vivo efficacy though 

reduced prostate cancer xenograft growth.84 Additional activity has also been observed 

in polyamide conjugates, including alkylation-active groups such as chlorambucil to 

further promote gene silencing85 and the histone deacetylase (HDAC) inhibitor 

suberoylanilide hydroxamic acid (SAHA) to promote transcription of pluripotency genes. 

Alternative applications include fluorescence staining of specific sequences. For 

example, Laemmli and co-workers demonstrated that the length of invertebrate and 

vertebrate telomeres could be measured using fluorescently labeled Py-Im polyamides 

targeted to telomere repeat sequences (Figure 1.38A & B).86 Despite this progress in 

biological activity, specificity may remain a problem as potential off-target effects on  
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Figure 1.38: Fluorescently Labeled Pyrrole-Imidazole Polyamides Used to Measure 
Telomere Length. A) The pyrrole-imidazole polyamide designed to target telomere 

repeat sequences. B) Visualization of telomeres by fluorescently labeled Py-Im 
polyamide (pink) in metaphase spreads of human lymphocytes (left) and HeLa cells 

(right). Reproduced with permission from The EMBO Journal, 2001, 20, 3218, © 2001 
European Molecular Biology Organization.86 

gene expression and alternative mechanisms such as replication stalling have also been 

proposed.87 

At the same time, there is a paucity of research into major groove binding small 

molecules despite its prevalence as a protein-binding site.88 To date, most reports of 

major groove interactions have involved natural products that intercalate with DNA  

bases and covalently modify residues in the major groove. Interestingly, in many such 

natural products cyclohexyl or sugar residues were found to interact with the bases in 

the major groove. Accordingly, Arya and co-workers have recently found that 

aminoglycosides, which lack an aromatic residue for intercalation, can recognize the 

major groove of A-form DNA sequences and in some cases even displace a triplex 

forming oligonucleotide.89 Indeed, a neomycin dimer was found to bind GC-rich A-form 

DNA as well as contiguous AT-rich DNA, the latter of which exists in a “B-form” with a 

narrower major groove relative to B-form DNA90, 91 (Figure 1.39). These examples of 

“shape specific” recognition of the DNA major groove suggest great promise for the 

development of future major groove-binding ligands. 

Ligands for Aternative DNA Structures. Non-B-form DNA structures are 

interesting biological targets and offer unique opportunities for selective recognition.92 

Perhaps the best studied are G-quadruplex structures, which have recently attracted 

attention as therapeutic targets due to their predicted formation in telomeric repeat  
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Figure 1.39: Aminoglycosides Can Recognize the Major Groove of DNA. A) 
Structures of selected aminoglycosides, paromomycin and neomycin, that bind to the 
major groove of A-form DNA. B) Structure of neomycin dimer that binds to GC-rich A-

form DNA. C) Computer generated models of neomycin bound to different forms of DNA. 
Left: Neomycin bound to A-form DNA. Middle: Neomycin bound to B-form DNA. Right: 

O

OH

HO
HO

NH3O
H3N

OH
NH3OO

OHO

HO

O

NH3

OH
OH

H3N

A)

O

NH3

HO
HO

NH3O
H3N

OH
NH3OO

OHO

HO

O

NH3

OH
OH

H3N

Paromomycin

Neomycin

O

NH3

HO
HO

NH3O
H3N

OH
NH3OO

OHO

O

NH3

OH
OH

H3N

S

HN

HN

O

O

S

NH

NH
S O

NH3

HO
HO

NH3O
H3N

OH
NH3OO

OHO

O

NH3

OH
OH

H3N

S

B)

C)

A) B)

C)

O

OH

HO
HO

OH2N
O

H2N
OH

OHO

O OH

HO

H2N
OH

OH

NH2

Paromomycin

Neomycin

O

OH

HO
HO

OH2N
O

H2N
OH

OHO

O OH

S

H2N
OH

OH

NH2

O

NH2

HO
HO

OH2N
O

H2N
NH2

OHO

O OH

NH

NH

O

S

O

S

S NH

NH

O

NH2

HO
HO

OH2N
O

H2N
NH2

OHO

O OH

HO

HO O

H2N
HO

H2N

HO O

H2N
HO

H2N



	  

	  
64 

Neomycin dimer bound to major groove in B-form DNA. Adapted from Nat. Prod. Rep., 
2012, 29, 134, © 2012 Royal Society of Chemistry.88 

sequences as well as gene promoter regions.93 G-quadruplex ligands tend to be large, 

aromatic heterocyclic structures that offer more surface area than traditional intercalators 

(Figure 1.40). Generally, G-quadruplex ligands bind at an external face of the 

quadruplex through π-surface interactions, and the affinity can be enhanced by 

electrostatic interactions between positively charged side arms and the grooves of the 

quadruplex structure (e.g. quindoline, Figure 1.40).94 Arguably the most detailed 

recognition studies of a G-quadruplex ligand have been conducted with the tetracationic 

porphyrin TMPyP4 described by Hurley and co-workers, which boasts not only a large 

surface area but also four permanent positive charges (Figure 1.40). A number of 

structure activity relationships have been investigated for binding, selectivity, and 

telomerase inhibition. For example, the position of the nitrogen in the meso-pyridinium 

substituent was found to impact selectivity for different G-quadruplex structures while 

increased bulkiness was not tolerated (Figure 1.41).95 Sanders and co-workers 

increased the aromatic surface area to yield TMPyPz, which resulted in a dramatically 

increased affinity and specificity for quadruplex over duplex DNA, as measured by 

SPR.96 At the same time, telomestatin and quarfloxin represent two of the best 

biologically characterized G-quadruplex ligands.93 The large, neutral macrocycle 

telomestatin binds G-quadruplexes in the oncogenic MYC promoter region without 

binding B-form DNA and has exhibited antitumor properties in mouse models. Quarfloxin 

has been shown to block the binding of nucleolin to a G-quadruplex crucial for rRNA 

biogenesis and has entered Phase II clinical trials. 
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Figure 1.40: Examples of G-Quadruplex Ligands. These ligands are characteristically 
large, aromatic-rich, and span a larger surface area than traditional intercalators. 

Ligands for the i-motif in C-rich sequences have similarly been developed. While 

many of the initial ligands also demonstrated interactions with G-quadruplex structures,97 

a recent study by Hurley, Hecht, and co-workers identified specific ligands for an i-motif 

located in the promoter region of the BCL2 oncogene.98 This screen monitored the 

dynamic equilibrium between the i-motif structure and the hairpin conformation in the 
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Figure 1.41: Structure of the Tetracationic Porphyrin TMPyP4 with c-MYC Derived 
G-Quadruplex. TMPyP4 participates in π-π and electrostatic interactions to stabilize the 
G-quadruplex and subsequently decreases the transcription level of MYC. (PDB: 2A5R) 

Figure adapted from Dalton Trans., 2009, 399, © 2009 Royal Society of Chemistry.92 

presence of nearly 2,000 small molecules by using a FRET reporter. Two steroid-based 

molecules, IMC-48 and IMC-76, were found to bind the i-motif and hairpin structures, 

respectively (Figure 1.42). Interestingly, neither small molecule was found to interact 

with other BCL2 sequences including a mutant i-motif, G-quadruplex, and duplex 

sequences. Selectivity was further observed against i-motifs found in the promoter 

regions of other oncogenes, namely MYC and VEGF. The in vitro binding assays were 

found to correlate with cell culture data, where IMC-48 treatment led to increased levels 

of both BCL2 mRNA and protein while IMC-76 led to decreased levels. Impressively, 

neither small molecule affected mRNA levels of MYC or VEGF. The combined in vitro 

and cell culture specificity render this paradigm particularly promising for biologically 

relevant targeting of noncanonical DNA structures. 

 

Fig. 4 Stereo views of recent structures of quadruplex recognition by low molecular weight compounds. (A) End-stacking interactions between three
daunomycin molecules 6 and the plane formed by a G-tetrad of a parallel DNA quadruplex (PDB access code 1O0K).18 (B) Side-by-side colocalization
of distamycin molecules 2 (see Fig. 1B) in one of the grooves of a DNA quadruplex (PDB access code 2JT7).21 (C) The complex of a porphyrin molecule
7 and a parallel quadruplex representing the c-MYC oncogene DNA (PDB access code 2A5R).22 (D) Intercalation-like binding of the acridine derivative
8 into an antiparallel quadruplex (PDB access code 1L1H).24

404 | Dalton Trans., 2009, 399–414 This journal is © The Royal Society of Chemistry 2009
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Figure 1.42: Small Molecules that Bind to BCL2 Promoter. FRET-based dynamic 
screening against the C-rich motif located in the BCL2 promoter identifies two leads, i–

motif-selective ligand IMC-48 and hairpin-selective ligand IMC-76, which act as 
transcriptional activators and repressors, respectively. 

In addition to G-quadruplex and i-motifs, a number of other noncanonical DNA 

structures have been targeted. These include three-way junctions targeted with iron(II)-

centered helicates and Holliday junctions targeted with multivalent acridine derivatives 

(Figure 1.43A & B)92 as well as extended aromatic ligands to target triple-helix 

structures.99 Continued progress toward targeting unique motifs in DNA structure offers 

increased opportunities for selectivity in a genomic context. These strategies along with 

combined intercalating and groove interactions will likely drive the next generation 

studies.  

1.1.4.6 RNA Targeting with Small Organic Molecules 

General Principles. Selective targeting of RNA with small organic molecules is a  
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(A) Assembly of the [Fe 2L 3]4+ (L =C 25H 20N 4) tetracationic supramolecular helicate 4 (Fe 2+ ions represented as spheres) and (B) a stereo view ofits
complex with a DNA 3-way junction (PDB access code 2ET0) 4 .

iron ions and the phosphate backbone of the DNA and of
stacking between the central DNA bases and the two phenyl

rings in the center of the ligand strands. In addition, the shape
complementarity between the central cavity of the 3WJ and the
helicate is extraordinary. As a result, there are no steric clashes that
would form an impediment for binding. The angles between the
consecutive bases T and A and between the central phenyl rings
of the helicate, which form the stacking interaction at the center
of the 3WJ, are exactly 60 � , respectively.

The DNA in the 3WJ adopts an open, Y-shaped conformation
in which the three B-DNA arms extend away from the central,
helicate-filled cavity. The DNA interacts predominantly with one
half of the helicate cylinder. The DNA arms curve slightly with
respect to the central axis, towards the free half. As a result, the
overall shape resembles that of the frame of an umbrella, where the
DNAarms represent the ribs and the helicate represents the handle
and trunk. The major grooves of the DNA are facing towards the
free half, whereas the minor grooves interact with the pyrimidine
rings of the contacting half of the ligand strands through non-
conventional hydrogen bonds and staking interactions.We suspect
that the topology of the 3WJ will allow for the adaptation of the
helicate to specific sequences through adequate substitutions of
the central ligand strands. Up to now, however, we have obtained
crystals exclusively using DNA oligos with TA at the central
positions.

order B-DNA structures. The two acridine moieties function
as intercalators, separated by a spacer that places them at the
appropriate distance for insertion at two distant sites. The complex
of 5 with a small DNA fragment has been characterized by X-ray
crystallography, 12 which shows that bisintercalation occurs at the
two opposite branch points of an X-stacked, closed Holliday
junction and that the linker aligns with the crossover region
(Fig. 3A). For comparison, the first unliganded Holliday junction
to be characterized structurally is shown in Fig. 3B.

In addition to the recognition of higher order DNA forms,
specificity for non-B duplex DNA may constitute another way
of designing pharmaceutic agents that act on specific cellular
processes and stages. The recognition of Z-DNA by polyamines
has been described extensively (see reference13

therein). This binding mode has been characterized at a structural
level which has resulted in the determination of several structures
of polyamines-Z DNA complexes. In a recent paper, the structure
of a polyamine molecule bound to the minor groove of a left-
handed Z-DNA fragment is reported and was suggested to
stabilize the Z-DNA conformation. 14 The structure was obtained
under low-salt conditions, whereas high-salt conditions are usually
required for the induction of the Z-DNA structure.

Recognition of quadruplex DNA
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rings of the contacting half of the ligand strands through non-
conventional hydrogen bonds and staking interactions.We suspect
that the topology of the 3WJ will allow for the adaptation of the
helicate to specific sequences through adequate substitutions of
the central ligand strands. Up to now, however, we have obtained
crystals exclusively using DNA oligos with TA at the central
positions.

Other recent studies highlight the diversity in DNA recognition
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Figure 1.43: Examples of Small Molecules Targeting Higher-Order DNA Structures. 
A) Top: Three organic ligands and two iron atoms form a stable complex. Bottom: The 

multivalent complex recognizes a three-way junction in DNA. B) Left: Structure of 
acridine derivative. Top Right: The acridine derivative recognizes Holiday junctions in 
DNA. Bottom Right: Unbound structure of a Holiday junction in DNA. Adapted from 

Dalton Trans., 2009, 399, © 2009 Royal Society of Chemistry.92 

challenging task that requires synthetic systems that exhibit both high affinity and 

specificity. The polyanionic nature of RNA favors strong electrostatic interactions, which 

are high affinity yet inherently non-specific. However, RNA is enriched with naturally 

occurring nucleobase modifications and numerous non-canonical base pairs, providing a 

range of unique recognition surfaces. Furthermore, the 2’-hydroxyl group and single-

stranded nature of RNA allow folding of the oligonucleotide into distinct secondary and 

tertiary structures. The higher-order structure creates distinctive binding pockets for 

small molecules. At the same time, the range of electrostatic interactions within RNA 

pockets is restricted compared to protein pockets due to the negatively charged 

backbone and lack of charge on the nucleobase. Specificity thus relies on weaker 

hydrogen bonding, hydrophobic effects, and shape complementary. An additional barrier 

to achieving high specificity for a single RNA species is the high concentration of 

competing ribosomal RNA, which comprises 80-90% of all cellular RNA.  

Most of these general principles are exemplified by studies of aminoglycoside:RNA 

recognition.100 Aminoglycosides are protonated at physiological pH and form ionic  

interactions with the negatively charged sugar-phosphate backbone. Typically, the 

dissociation constants (Kd) range from low µM to high nM with affinity correlating to the 

number of amine substituents; however, aminoglycosides exhibit low specificity and can 



	  

	  
70 

bind to multiple sites within a single RNA. While aminoglycosides are useful tools to 

study general RNA interactions in vitro, the low specificity hinders their use in vivo.  

The flexibility of RNA combined with a lack of RNA structural information creates 

another formidable challenge. RNA is a dynamic macromolecule with the potential for 

multiple active conformations. Upon binding to proteins, RNA undergoes structural 

rearrangements to adopt a less flexible, stabilized conformation.101 Larger RNAs, such 

as the ribosome, utilize proteins as chaperones to aid in the sequential folding of the 

biologically active conformation. The inherent flexibility of unbound RNA, however, 

makes structural determination difficult. Indeed, many of the RNA x-ray crystal structures 

are found in RNA:protein complexes or truncated RNA structures where the flexible 

regions are removed. Further, x-ray crystallography usually only captures a single 

conformation, which may not accurately represent the solution-state structure of a highly 

flexible molecule.102 As an alternate method, NMR spectroscopy has the potential to 

elucidate the solution-state structure of RNA ensembles, but the method is currently 

limited to oligonucleotide structures of less than 100 nucleotides without isotopic 

labeling.103, 104 The scarcity of high-resolution RNA structures hinders rational design and 

docking efforts, often making screening a necessity to identify small molecule RNA 

ligands.  

Computational Methods.105 First developed using protein models, 

computational docking identifies small molecule:macromolecule interactions and 

calculates the relative complexation energy. The scoring read-out can predict biological 

affinity or activity and prioritize small molecules for experimental validation. Typical 

docking parameters for proteins have proven unsuccessful for RNA due to its altered 
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flexibility, limited non-covalent binding forces, and higher solvation. However, the recent 

increase in NMR and x-ray diffraction crystal structures for RNA in the PDB has led to 

refined docking parameters that are more suitable for RNA recognition. Most structure-

based drug design also employs molecular dynamics calculations to predict flexibility 

within a macromolecule. An applied force field allows the macromolecule to sample a 

finite space within a limited time frame. The low energy conformers can be grouped into 

dynamic ensembles and used for docking studies of small molecule:RNA recognition.  

Al-Hashimi and co-workers, for example, generated a dynamic ensemble of HIV-

1 TAR RNA conformers by evaluating a large pool of potential structures using 

molecular dynamics.106 The ensemble was narrowed to 20 structures by selecting 

conformers that were consistent with solution-based, time-averaged NMR Residual 

Dipolar Coupling (RDC) data. A library of approximately 51,000 small molecules was 

docked against the TAR ensemble with the top 57 commercially available hits tested for 

in vitro binding activity. Six small molecules were experimentally validated with 

dissociation constants ranging from 55 nM to 122 µM. One lead small molecule, 

netilmicin, showed anti-viral activity in cell culture, significantly inhibiting HIV-1 

replication (Figure 1.44).  

Using an alternate computational method, James and co-workers developed a 

virtual screen for Telomerase RNA (hTR), where flexibility was allowed in both the RNA 

and ligand.107 To identify a small molecule that binds to the hTR, a virtual screening 

program, Molecular Recognition with a Driven Dynamics Optimizer (MORDOR), was 

utilized. A library of approximately 3,000 FDA-approved drugs was docked against hTR 

with 13 small molecules confirmed to bind to hTR by standard NMR experimental 
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Figure 1.44: Docking Identifies Netilmicin for TAR RNA. A library of 51,000 
compounds was virtually docked against an ensemble of TAR RNA structures and a 

lead compound, netilmicin, was identified. The small molecule bound TAR with a 
dissociation constant of 1.35 µM and led to a reduction of HIV-1 replication in cell 

culture. 

methods. After a chemical similarity search of the lead small molecules, another round of 

computational docking was completed. The two rounds of docking and chemical 

similarity provided a total of 48 ligands that were verified to bind to the hTR with 10 

exhibiting selectivity over the ribosomal A-site with low to high micromolar affinity. 

As a final example, Zimmerman, Baranger, and co-workers rationally designed a 

small molecule to disrupt the r(CUG) repeat:MBNL1 complex in mytonic dystrophy 1.108 

The small molecule combined acridine, a known DNA intercalator, and triaminotriazine, 

a molecule known to recognize T-T or U-U base pairs. Molecular modeling was used to 

identify binding sites in the RNA and suggested a “stacked intercalator” binding mode. 

The triaminotriazine-acridine unit exhibited high nanomolar dissociation constant and 

destabilized the r(CUG) repeat:MBNL1 complex (Figure 1.45).  

The combination of molecular dynamics and docking has identified several small 

molecule leads for various RNA targets. Although the methods require the RNA structure 

to be known, computational programs provide a valuable predictive tool to guide in vitro 

small molecule:RNA experiments.  
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Figure 1.45: Rational Design Identifies Triaminotriazine-Acridine Unit for r(CUG) 
Repeats. A computational approach was used to rationally design a triaminotriazine-

acridine unit to disrupt the r(CUG) repeat:MBNL1 complex in mytonic dystrophy 1. The 
small molecule exhibited a stacked intercalator binding mode and a high nanomolar 

dissociation constant. 

Hybrid Experimental-Computation Prediction Methods. A series of hybrid 

experimental-computational methods has been developed to identify small molecules 

that specifically bind to secondary regions in a sequence-dependent manner. One 

outcome of this technology is modular assembly of multivalent conjugates of small 

molecules that can recognize combinations of secondary structures, potentially 

increasing RNA:ligand specificity and affinity. Toward this end, Disney and co-workers 

designed a 2-Dimensional Combinatorial Screening Microarray (2-DSC) to 

simultaneously screen a small molecule library against an RNA library and select for 

specific small molecule recognition.109 Initial efforts screened four aminoglycosides 

against a library of over 4,000 internal loop and stem structures. Many trends emerged, 

including recognition of internal loops with C-A pairs by kanamycin derivatives. The work 

was extended to include peptoids and small molecule RNA-targeted libraries to screen 

against a variety of motifs and biological targets.  

Disney and co-workers have also developed several computational prediction 

programs to complement their experimental results. One such program, RNA Privileged 
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Space Predictor (RNA-PSP), analyzes small molecule trends for statistically significant 

sequence-dependent recognition.110 Initially, the program was developed by screening 

an aminoglycoside library against a library of RNA hairpins. The program predicted 

sequence-specific recognition by several aminoglycosides with low nanamolar 

dissociation and up to 200-fold specificity. Another program, Structure-Activity 

Relationships through Sequencing (StARTS), utilizes information from RNA-PSP and 

allows the prediction of small molecule binding affinity to an RNA motif.111 The program 

was applied to four benzimidazole-containing small molecules to understand 

heterocyclic recognition of secondary RNA structures.112 It was discovered that 

benzimidazole small molecules with greater steric bulk preferred intercalation into RNA 

stems over similar DNA structures. Lastly, Privileged Chemical Space Predictor Program 

(PCSP) predicts small molecule features that are significant for RNA target 

recognition.113 The technology was applied to a high-throughput microarray screen of 

peptoids against the group 1 intron of C. albicans to develop structure-activity 

relationships. 

The technology developed by Disney and co-workers has also been applied to 

RNA targets with disease implications, including myotonic dystrophy type 1 (DM1). A 

kanamycin A derivative, which prefers to bind to pyrimidine rich internal loops, was 

identified by the group’s 2-DSC (Figure 1.46A & B).114 The kanamycin A derivative was 

modularly assembled to target the multiple internal loops of the r(CUG) repeats 

characteristic of DM1. The multivalent small molecule exhibited in vitro and cell culture 

activity and was further tested in animal models of DM1. Statistically significant reduction  
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Figure 1.46: Two-Dimensional Combinatorial Screening Microarray Identifies 
Kanamycin A Derivative for r(CUG) Repeats. A) A prediction-based screening 

approach was used to identify an inhibitor of the r(CUG) repeat:MBNL1 complex in 
mytonic dystrophy type 1. The secondary structure of the r(CUG) repeats was compared 
to an RNA motif:small molecule database derived from a two-dimensional combinatorial 

screening microarray. B) A Kanamycin A derivative was identified and modularly 
assembled to create a multivalent inhibitor of the r(CUG) repeat-MBNL1 complex with 

cell culture and in vivo activity. Figure adapted from Org. Biomol. Chem., 2014, 12, 
1029, © 2014 Royal Society of Chemistry.105 

in mis-splicing was observed when compared to the control mice, consistent with the 

predicted in vivo activity. 

An alternate technique, Quantitative Structure-Activity Relationships (QSAR) 

utilizes experimental data to computationally predict the biological activity of related 

small molecules. The computational method has been used often to identify lead 

O

O
O

O

NH2

HO
HO

HO
HO

NH2
NH2

OH
NH2

OH

OH
Kanamycin A Derivative

A) B)



	  

	  
76 

protein:ligand interactions by predicting variables like IC50 and partition coefficient (logP) 

before experimental verification. Sekhar et al. applied the method to a class of selected 

aminoglycoside mimetics from the literature, 1,3,5-triazine-2,4-diamines, that bind to the 

A-site of the ribosome with known IC50 values (Figure 1.47).115 One subset of the small  

molecules was used to develop structure-activity relationships. The resulting 

Comparative Molecular Similarity Index Analysis (CoMSIA) and Comparative Molecular 

Field Analysis (CoMFA) models were validated with a separate subset, predicting the 

IC50 values with an r2 of 0.653 and 0.632, respectively. Several structure-activity 

relationships were derived, including the dependence of binding affinity on electrostatic 

interactions and an essential hydrogen-bonding network for recognition. Similar studies 

were performed with the T-box Riboswitch and oxazolidinones, identifying hydrogen 

bonds and hydrophobic interactions important in recognition.116 Importantly, this method 

depends on knowing the structure of the RNA target. As more RNA structures are 

solved, the method could prove to be a valuable tool in small molecule optimization.  

 

 

Figure 1.47: Quantitative Structure-Activity Relationships Identifies 1,3,5-Triazine-
2,4-Diamines for A-Site of the Ribosome. The IC50 values were predicted with an r2 of 
~0.6, and the significance of electrostatic and hydrogen-bonding interactions for A-site 

recognition was emphasized. 

Experimental Screening for RNA Binding. When the structure of RNA is not 

known, various screening methods can be applied to identify small molecule ligands. 
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Screening has three components: target validation, library selection, and assay design. 

Most RNA targets are validated in cell culture or in vivo by RNA interference (RNAi), a 

well-known method that knocks-down an RNA of interest. Equally important is the 

selection and design of a small molecule library, though there is a significant need to 

improve the quality of RNA-targeted libraries by understanding how small molecules 

recognize RNA. Both commercially available high-throughput screening libraries and 

fragment-based screening libraries are enriched with protein-binding small molecules, 

leading to poor hit rates for RNA targets. Focused libraries have recently been utilized, 

but these sets are typically much smaller. The last component of screening, assay 

development, consist of several techniques with varying throughput, specificity, and 

sensitivity to identify small molecule leads. 

Microarrays. Microarray screening utilizes a printer to spot thousands of 

functionalized small molecules onto a glass slide for simultaneous evaluation (Figure 

1.48).117 The technique has the potential to be high-throughput and requires a small 

amount of ligand and receptor. An early, proof-of-concept study screened a focused-

library of aminoglycosides against an A-site ribosome mimic.118 The small molecules 

were immobilized with a polyethylene glycol (PEG) linker, and the slide was incubated 

with a fluorescently tagged A-site mimic, which was washed again to remove non-

specific binders. The fluorescence intensities at each immobilization site were compared 

and ranked in order with the greater intensity correlating to the highest binding affinity. 

The predicted microarray results did not correlate to a similar ranking determined by a 

mass spectroscopy assay, suggesting that immobilization affected the binding mode and 



	  

	  
78 

subsequent read-out. This pioneering work highlighted the need to immobilize the 

ligands using functional groups that are not involved in RNA-binding interactions.  

 

 

Figure 1.48: Microarray Technology for High-Throughput Screening. Typically, the 
small molecule is immobilized onto a microarray slide and a fluorescent- or radio-labeled 

macromolecule is allowed to hybridize to the array.  

Later work by Schneeckloth and co-workers used a similar microarray screen to 

identify small molecules that bind to HIV-1 RNA TAR.119 A commercially available library 

of 20,000 diverse small molecules was immobilized on the slide using terminal amines or 

alcohols. The slide was washed with a cyanine-5 labeled TAR as well as a fluorescently 

labeled microRNA hairpin and DNA sequences as selectivity controls. Three small 

molecules were identified from the screen with a hit rate of 0.02%. The lead small 

molecule (Figure 1.49) was validated in vitro with a Kd of 2.4 µM and EC50 of 28 µM in  

cell culture. Computational docking of the small molecule identified van der Waals 

forces, hydrogen bonding, and hydrophobic interactions to be important for recognition 

and activity. Despite the low hit rate, the screening identified an RNA-targeted small 

molecule with cell culture activity. With improved libraries and further knowledge of 
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immobilization techniques, microarrays could provide a high-throughput screening 

method for small molecule:RNA discovery.  

 

 

Figure 1.49: Microarray Technology Identifies Small Molecule for TAR RNA. The 
thienopyridine lead compound was identified and found to have a dissociation constant 

of 2.4 µM and an EC50 of 28 µM in cell culture. 

NMR. NMR spectroscopy is typically used to screen fragment-based libraries 

comprised of drug-like small molecules less than 300 Dalton (Da). The fragments bind to 

multiple sites of the biological target with dissociation constants in the mM to µM range, 

which are then covalently combined into one scaffold to comprise the lead small 

molecule. Using various NMR techniques, multiple small molecules can be screened in a 

single assay, and, if hits are identified, each small molecule is screened separately. 

Despite its utility, NMR assays are resource demanding, since these methods require 

larger quantities of ligand, receptor, and instrument time.  

Campos-Olivas, Gonzalez, and co-workers used NMR spectroscopy to screen a 

fragment-based small molecule library of 355 small molecules against Telomeric repeat-

containing RNA (TERRA).120 All small molecules contained at least one flourine atom, 

which enabled 19F-NMR to be used for screening. 19F-NMR lacks background noise from 

solvent and buffers and has narrow signals with very large chemical shift dispersion, 

making it an attractive method. Upon addition of TERRA, the spectra of 20 small 

molecules were altered with a total hit rate of 5.6%. The lead small molecules (Figure 
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1.50) had binding affinities in the 120 to 1900 µM range with varied selectivity for TERRA 

over tRNA, telomeric DNA, and duplex DNA. Some small molecules identified in the 

screen displayed structure-specific recognition by favoring the propeller-like parallel G-

quadruplex conformation in contrast to the anti-parallel conformation. 

 

 

Figure 1.50: 19F-NMR Assay Identifies Small Molecules for Telomeric Repeat-
Containing RNA (TERRA). Each small molecule in the library contained at least one 
fluorine atom, which was used for detection. In the screen, twenty compounds were 

identified to bind to TERRA with dissociation constants in the micromolar range. 
Representative lead small molecules are shown. 

In a similar NMR assay, Fesik and co-workers screened approximately 10,000 

small molecules against a 29-mer mimic of the ribosome A-site to identify 

aminoglycoside mimetics.121 In contrast to the TERRA screen, standard 1H-NMR was 

utilized to monitor changes in the imino protons of the RNA, which is feasible with a 

small RNA due to limited spectral interference in the imino region. A hit rate of 3% was 

obtained with dissociation constants ranging 70 µM to 3 mM. Two classes of small 

molecules emerged, benzimidazoles and 2-aminoquinolines with an optimized 2-

aminoquinoline competing with neamine and paromomycin for binding to the A-site 

mimic (Figure 1.51). Additionally, data from NMR Nuclear Overhauser Effect (NOE) 

experiments were used to describe docking of the lead small molecule into the A-site, 
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providing recognition information. Despite the resource demand, hit rates for NMR 

screens have been greater than other screening techniques, potentially due to its 

detection sensitivity.  

 

 

Figure 1.51: 1H-NMR Screen Identifies Two Compound Classes for A-Site 
Ribosomal Mimic. Two classes of small molecules were enriched, benzimidazole and 
2-aminoquinoline, with dissociation constants in the low micromolar to millimolar range. 

Equilibrium Dialysis. A dialysis membrane with predetermined molecular weight 

cut-off separates two chambers such that only the smaller of the two binding 

components, the ligand or receptor, can equilibrate across the barrier. After equilibrium 

is reached, the concentrations in the chambers can be measured to determine binding 

affinity. Smith and co-workers used equilibrium dialysis to identify small molecules that 

compete for the thiamine pyrophosphate (TPP) riboswitch.122 An alternative riboswitch 

metabolite, thiamine, was radiolabeled and allowed to diffuse across the dialysis 

membrane and reach thermodynamic equilibrium (Figure 1.52A). A cocktail of 5 ligands 

was added to the system, and if the thermodynamic equilibrium of thiamine was 

disturbed, it was inferred that a small molecule in the cocktail displaced thiamine from its 

binding site. A total of 1,300 fragments were tested with 20 hits for a modest hit rate of 

1.5%. Many of the hit small molecules were aromatic and mimics of nucleobases that 

had binding affinities in the micromolar range (Figure 1.52B). Equilibrium dialysis is a 
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quantitative screen that requires little RNA; however, the RNA must have a native ligand 

for competition. 

 

 

Figure 1.52: Equilibrium Dialysis Competition Assay Identifies Small Molecules for 
Thiamine Pyrophosphate Riboswitch. A) The native metabolite, thiamine, was 

radiolabeled for detection and allowed to diffuse across the membrane, reaching a 
thermodynamic equilibrium. B) 1300 ligands in cocktails of 5 were screened for 

disruption of the thiamine equilibrium. Twenty hits were identified and three 
representative lead compounds are shown. 

Optical Methods. Due to its high-sensitivity, ease of detection, and quantitative 

read-out, fluorescence is used often in chemical biology to detect small 

molecule:macromolecule interactions. Bergmeier and co-workers used a 2-aminopurine-

labeled T-box riboswitch model to screen a 27-membered, focused library of 

oxazolidinone small molecules.123 The fluorophore was judiciously incorporated into a 

bulge region of the RNA such that its emission signal changed upon binding by a small 

molecule (Figure 1.53A). Three small molecule leads were identified. Subsequently a 

FRET-based assay, in which a fluorescein donor was incorporated onto the 3’ end of the 

RNA and a rhodamine acceptor in the nearby loop, was used to determine the binding 

affinities of optimized ligands. (Figure 1.53B). The lead small molecule displayed a low 

micromolar dissociation constant.  
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Figure 1.53: Fluorescence as a Tool to Detect Small Molecule:RNA Interactions. A) 
2-Aminopurine was incorporated into an RNA of interest for screening. Upon binding of a 

small molecule, changes in fluorescence can be observed and utilized to calculate 
dissociation constants. B) Similarly, a FRET pair can be incorporated into an RNA of 
interest for screening. The increase or decrease in FRET can be used to calculate 

dissociation constants. 

Fluorescence can also be used in competition-based assays to identify small 

molecules that target RNA. Mergny and co-workers developed a system to identify small 

molecules that bind to the G-quadruplex structure of human telomerase RNA component 

(hTERC). 124 To mimic the in vivo equilibrium between duplex and quadruplex structures, 

the model system consisted of an RNA duplex in which one strand was labeled with a 

fluorophore and the complement labeled with a quencher. If a small molecule stabilized 

the G-quadruplex structure, the duplex would unwind and the fluorescent quenching 

effect would be lost (Figure 1.54). A small library of 169 known G-quadruplex binding  

ligands was screened with 11 hits identified and validated to prevent hybridization of the 

duplex.  

Several other fluorescence-based assays have been developed for screening 

small molecule libraries. Hammond and co-worker developed a fluorescence polarization 

assay to screen small molecules that displace the metabolite SAM in SAM-1  

A) B)
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Figure 1.54: Fluorescence Indicator Displacement Assay Identifies Small 
Molecules for the G-Quadruplex of the Human Telomerase RNA Component. The 
ends of the RNA stem were labeled with a fluorophore and quencher. In an unbound 

state, the fluorescence was quenched. However, upon binding of a small molecule, the 
stem unwinds and the fluorescence is switched on. The screen identified 11 small 

molecules that bind to the G-quadruplex. 

riboswitches.125 In their assay, SAM is labeled with a cyanine-5 fluorophore through a C8 

linker and displacement assays were optimized for a 384-well plate assay. In another 

method, Lafontaine and co-workers developed a dual molecular beacon assay to screen 

the transcriptional effects of small molecule binding to the adenine riboswitch.126 A 

hairpin structure was developed that was complementary to the mRNA expressed 

upstream or downstream of the riboswitch. The two ends of the hairpin were labeled with 

a fluorophore and quencher and depending upon the transcriptional state, created a 

fluorescence read-out, allowing monitoring of small molecule effects. Additionally, 

Hammond, Herr, and co-workers developed a microfluidic mobility shift assay against a 

fluorescently labeled SAM-I riboswitch.127 The assay utilizes laser-induced fluorescence, 

which is highly sensitive, requires small amounts of material, and allows calculation of 

binding affinity. The recent development and validation of many fluorescence-based 

RNA assays demonstrates the utility of fluorescence for small molecule screens.  

Catalytic Activity. Ribozymes are RNAs that have catalytic activity, which is 

advantageous for screening by providing a biochemical read-out. Czarnik and co-
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workers screened a small molecule library for inhibition of self-splicing group 1 introns in 

the microorganism P. carinii.128 Upon addition of radiolabeled guanine triphosphate 

(GTP), the self-splicing activity is initiated and the 32P labeled guanine is incorporated 

into the RNA. Precipitation and filtration separates the GTP and RNA, allowing 

quantification of the activity. A library of 1,400 small molecules was screened to disrupt 

the catalytic activity of the ribozyme with a hit rate of approximately 5%. Mulligan and co-

workers developed a similar assay to screen a small molecule library against a catalytic 

hammerhead ribozyme.129 A modified version of the ribozyme was efficiently expressed 

and self-cleaved in mammalian cells, and utilizing a luciferase reporter, the cell culture 

activity could be monitored. A library of 58,076 small molecules was screened, providing 

15 hits, most of which were nucleoside analogs (Figure 1.55). The most obvious 

limitation to this attractive approach to screening is the small subset of RNA structures 

that have catalytic activity.  

 

 

Figure 1.55: Toyocamycin and 5-Fluoro-Uridine Bind to Catalytic Hammerhead 
Ribozyme. A library of approximately 60,000 compounds was screened against the 
catalytic hammerhead ribozyme by utilizing a luciferase reporter in cell culture. Two 

compounds, toyocamycin and 5-fluoro-uridine, were identified to alter gene expression 
by 365-fold and 110-fold, respectively. 
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Small Molecules with Selectivity for RNA Secondary Structures. Small 

molecules that recognize RNA secondary structures, with varying specificity, have been 

identified through various computational, prediction-based, and screening methods. In 

most instances, the motif is present in a biological target, where small molecule 

recognition could have therapeutic potential. However, many of the studies are limited to 

recognition in vitro, and rarely have cell culture or in vivo activity been observed. 

Examples for each secondary motif are given below. For more detailed descriptions, 

readers are directed to reviews by Hergenrother and coworkers100 and Disney and 

coworkers.130  

Stem.100 Base-paired stem regions of RNA structure adopt an A-form double 

helix with a deep major groove, shallow minor groove, and 3’-endo sugar pucker. 

Typically, small aromatic-rich molecules recognize stems by intercalation. For instance, 

DNA intercalators, including Hoescht small molecules, ethidium, and 4’,6-diamidino-2-

phenylindole (DAPI), bind to RNA, but in most cases, more weakly than to DNA (Figure 

1.56). Similarly, small molecules developed to recognize the minor groove of DNA 

generally exhibit minimal binding to RNA. Therefore, the principles of DNA stem 

recognition do not fully extend to RNA and new small molecules that prefer RNA over 

DNA are required. 

An initial study by Wilson and co-workers focused on a small library of three 

diversified scaffolds: planar aromatic xylene, non-planar nitrogen-rich piperazine, and 

flexible propyl chain.131 Thermal denaturation studies were performed with a poly(A)-

poly(U) RNA and a poly(dA)-poly(dT) DNA with each of the small molecules at pH 6.3,  



	  

	  
87 

 

Figure 1.56: Examples of Common DNA Intercalators that Bind RNA. RNA 
intercalators are typically aromatic-rich and cationic. 

4.9, and 3.9. Five of the nineteen small molecules that were screened exhibited 

selectivity for RNA over DNA with several apparent trends. The incorporation of basic 

sites for protonation was found to be important for preferential RNA recognition. Further, 

non-aromatic rings exhibit decreased binding to DNA, potentially due to increased steric 

sensitivity. Thus, small molecules with positive charge and steric bulk could potentially 

recognize RNA over DNA.  

Exploiting these trends, Wilson and co-workers developed a subsequent library 

of six diphenylfuran small molecules, which were functionalized with dicationic or 

tetracationic substituents.132 An initial thermal denaturation screen analyzed the change 

in Tm of each small molecule in the presence of a poly(A)-poly(U) RNA duplex. One 

small molecule, furimidazoline, increased the Tm of the duplex by 14.4°C, almost twice 

that of the other small molecules (Figure 1.57). A battery of spectroscopic and physical 

assays indicated intercalation into the RNA duplex and a strong sensitivity to salt 

concentration. This binding mode was supported by molecular modeling, which 
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predicted both cationic substituents of the furimidazoline to be in the major groove. The 

significant increase in thermal stability was attributed to the planarity of the imidazoline 

groups, which were able to slide deeper into the major groove, with hydrogen bonds 

between the anionic phosphate oxygen of the backbone and–NH groups of the 

imidazoline. Thus, the recognition of an RNA stem was achieved through intercalation 

and backbone recognition, although the precise reason for the specificity over DNA is 

not presently known.  

 

 

Figure 1.57: Thermal Denaturation to Identify Small Molecules for RNA Duplex. 
The lead compound, furimidazoline, is a planar dicationic small molecule that is 

proposed to bind in the major groove and hydrogen bond with the RNA backbone. 

Internal Loops.100 Internal loops occur within stem regions when nucleotides are 

excluded from base pairing on both strands. Three factors affect the stability of internal 

loops - symmetry, size, and sequence. Generally, asymmetric loops are unstructured 

and flexible in solution, which also serves to destabilize surrounding stem structures. In 

contrast, symmetrical loops can be stabilizing or destabilizing depending upon the size 

and sequence. For instance, there is a significant entropic penalty for formation of a 2 X 

2 or 3 X 3 loop; however, enthalpic gains from non-canonical base pairs can 

compensate. Further, a 2 X 2 loop with a GA opposite of AG stabilizes nearby stem 

structures, while a 2 X 2 loop with CU opposite of UC is destabilizing. Due to the 
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sequence dependence and unique structure, there is potential to specifically recognize 

internal loops with small molecules.  

One of the most well explored RNA targets is the ribosome—an essential 

ribozyme in prokaryotes and eukaryotes that is responsible for the translation of 

messenger RNA (mRNA) into protein. The prokaryotic ribosome is approximately 65% 

RNA and consists of a large subunit (50S), which catalyzes peptide bond formation, and 

a small subunit (30S), which recognizes mRNA and proofreads incoming transfer RNAs 

(tRNAs). Several FDA-approved antibiotics target the active site of the prokaryotic 

ribosome with varying selectivity over the eukaryotic ribosomes. The best known are the 

aminoglycosides, which bind to the A-site of the prokaryotic large subunit. Generally, 

aminoglycosides alter the recognition of cognate tRNAs, leading to mis-incorporation of 

amino acids and the formation of mutated proteins. Despite the potency of 

aminoglycosides, these ligands exhibit off-target effects that lead to oto- and 

nephrotoxicity, and recently, several resistance mechanisms have emerged. Thus, there 

is a need to improve aminoglycoside binding affinity and selectivity. 

Puglisi and co-workers solved an NMR structure of the aminoglycoside, 

paromomycin, binding to a 27-mer A-site ribosomal mimic, identifying structural motifs 

involved in aminoglycoside recognition (Figure 1.58).133 The RNA has a 3 X 4 internal 

loop flanked by an upper and lower stem as well as a terminal tetraloop. Utilizing NOE 

data, paromomycin was found to bind to the major groove of the A-site mimic within the 

internal loop structure. All seven nucleotides of the internal loop are required for 

aminoglycoside recognition, including two additional closing base pairs in the lower 

stem. Upon binding, the three adenine residues undergo rearrangement to form a non-
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canonical A-A base pair and a single bulged adenine, potentially contributing to the 

observed antibiotic activity.  

 

Figure 1.58: Paromomycin Binds to Internal Loop of Ribosomal RNA. An NMR 
structure of paromomycin bound to a 27-mer A-site ribosomal mimic identified a 3 X 4 

internal loop and two closing base pairs as being critical for recognition. 

Disney and co-workers have extensively studied the recognition of internal loops 

by aminoglycosides and benzimidazole small molecules through various systematic 

approaches.134 Recently, the group designed a computational program, Inforna, which 

incorporates the recognition information from their 2-DCS and StARTs program to 

identify small molecules that specifically recognize motifs in RNA targets. The database 

included 792 RNA motif:small molecule interactions and 1,048 precursor microRNAs 

from the miRBase database. Small molecule binders were identified for 22 miRNA 

precursors that had precedence in disease, including three small molecule:RNA 

complexes with fitness scores greater than 75. The structural motif recognized by each 

lead small molecule was an internal loop along with its closing base pairs, which were 
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Figure 1.59: Benzimidazole Derivative Binds to Internal Loop of pri-miRNA96. A) 
The predicted secondary structure of pri-miRNA96. The 1 X 1 internal loop is recognized 

by Drosha, leading to processing of the miRNA. B) A computational program, Inforna, 
identified a lead compound that specifically recognizes the 1 X 1 internal loop. The 

benzimidazole compound had in vitro and cell culture activity with specificity against 
other miRNAs. 

involved in pre-miRNA recognition by Drosha. A small molecule with a fitness score of 

100 (Figure 1.59A & B) was observed to target the pre-miRNA-96, which is upregulated  

in cancer and represses the translation of Forkhead box protein O1 (FOXO1). Enzymatic 

mapping studies using RNase III and T1 confirmed the secondary structure of pre-

miRNA-96 and indicated binding to a 1 X 1 internal loop. In presence of the lead small 

molecule, Drosha cleavage of pri-miRNA was inhibited, ultimately leading to increased 

FOXO1 protein expression. To investigate selectivity, the expression of 149 disease- 
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associated miRNAs was measured and a selective 19-fold decrease in miRNA-96 levels 

was observed. Small molecule recognition of a 1 X 1 internal loop within a pri-miRNA 

thus exhibited promising in vitro and cell culture activity.   

Bulge.135 Bulge motifs occur when nucleotides are excluded from base pairing 

on a single strand of a duplex. The size of bulge regions can vary from one to several 

nucleotides with increasing size leading to further destabilization of the surrounding stem 

structure. Bulge structures are thought to be inherently flexible due to the lack of base-

pairing; however, the nucleobases can stack with the stem or with themselves to form 

structured regions. Bulge nucleobases can be exposed to solvent, interact with 

hydrophobic regions of adjacent helices, or act as a “flap” residue, covering a ligand-

binding site.  

A potential antibiotic target, the anti-terminator T-box riboswitch, is found in 

gram-positive bacteria and contains a seven-nucleotide bulge, which is recognized by 

transfer RNA (tRNA). The anti-terminator form of the riboswitch allows the expression of 

essential genes downfield, including aminoacyl-tRNA synthetases and other genes 

involved in amino acid biosynthesis and transport. In the absence of tRNA, the structure 

folds into an alternate terminator hairpin structure, halting the transcription of the 

downfield genes. An NMR structure of a 29-mer antiterminator model RNA (AM1A) 

revealed both flexible and structured regions within the bulge.100, 136  

Bergmeier, Hines, and co-workers synthesized a library of twenty-seven 3,4,5-

trisubsituted oxazolidinones to screen against the T-box riboswitch antiterminator.123 The 

AM1A model and a C11U mutant (AM1A-C11U) were used in the initial fluorescence-

based screen to identify small molecules that specifically recognized the AM1A bulge 
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(Figure 1.60). Titration experiments were performed where the ninth residue in AM1A 

and AM1A-C11U was labeled with 2-aminopurine and the change in fluorescence was 

monitored upon addition of ligand. Although precaution must be taken when comparing 

fluorescence of two different model systems, five small molecules were identified to have 

differential binding. A FRET assay, with a fluorescein donor and rhodamine acceptor 

incorporated into the RNA structures, was developed to validate lead small molecules 

and determine dissociation constants. 

 

 

Figure 1.60: T-Box Riboswitch Contains a Seven-Nucleotide Bulge. The T-box 
riboswitch is found in the 5’ untranslated region of bacteria and codes for essential 

genes downfield. Screens against the T-box riboswitch focused on the anti-terminator 
structure with a one nucleotide mutant serving as a control. Nucleotide 11 (yellow circle) 

is cytosine (C) in the native structure and uracil (U) in the mutant. 

Further studies uncovered two additional ligands (Figure 1.61).137, 138 One was 

rac-1 with 8-fold selectivity for AM1A over AM1A-C11U and Kd of 13 µM and 100 µM,  

respectively. The other small molecule, rac-2, had very similar structure to rac-1, but did 

not display any selectivity for the AM1A model with a Kd of 0.9 µM. Enzymatic cleavage 
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assays, utilizing RNase A and RNase T1 showed different cleavage patterns for rac-1 

and rac-2, corresponding to altered binding modes. Interestingly, an in vitro anti-

terminator transcription system showed that rac-1 inhibited the tRNA dependent anti- 

termination, while rac-2 promoted anti-termination in the presence and absence of 

tRNA. The structures of rac-1 and rac-2 were docked into the AM1A model using the 

Glide module of First Discovery 2.7. The most stable conformation for rac-1 formed 

interactions with the major groove of the lower stem, as well as the 5’ end of the bulge. 

In contrast, rac-2 bound exclusively to the bulge region, characterizing their differential 

binding modes and altered in vitro activity. 

 

 

Figure 1.61: Oxazolidinones Bind to Bulge of T-Box Antiterminator. Oxazolidinones, 
rac-1 and rac-2, bind to the bulge region of the anti-terminator T-box riboswitch with 
dissociation constants of 13 µM and 0.9 µM, respectively. The oxazolidinones were 

proposed to have two altered binding modes as rac-1 leads to inhibition of translation 
and rac-2 leads to promotion of translation in vitro. 

Hairpin Loop.100 Hairpin or apical loops are regions of unpaired nucleotides that 

are formed when RNA folds upon itself. Despite being the second most prevalent RNA 

motif, it is unknown how many different hairpin loops exist with varied size and  
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sequence. The most stable apical loops are comprised of six to seven nucleotides. 

However, it is well known that the stability of apical loops is sequence-dependent with 

the GNRA tetraloop being an exceptionally stable small hairpin.  

The HIV-1 genome is comprised of several RNA elements, including the trans-

activating response element (TAR) (Figure 1.62A). In vivo, Tat, an HIV-1 protein, binds 

to the bulged region of TAR, while cyclin T1, a de novo protein, binds to the hairpin 

hexaloop. The Tat-TAR-cyclin T1 complex dramatically increases the transcription of the 

HIV-1 genome; therefore, disruption of the complex is a potential anti-HIV-1 strategy. 

Recognition of TAR by Tat is mediated through arginine-rich arm, which binds to the 

bulge region of the structure. Upon binding, TAR undergoes a conformation change and 

further interactions are mediated in the major grove. Several small molecules have 

shown to disrupt the TAR-tat interaction in vitro, including neomycin (Figure 1.62B).100 

NMR structures determined that neomycin binds to the minor groove of TAR and, 

through a noncompetitive mechanism, decreases the lifetime of the complex. Thus, 

small molecules that bind and alter the conformation of TAR can modify structural 

elements essential for Tat recognition.  

Two methods for discovering small molecules binders of TAR have already been 

described above. As discussed in Section 1.1.4.6, Al-Hashimi and co-workers used a 

computational screen followed by fluorescence assays to identify commercially-available 

ligands.106 One of the hits, 5-(N,N’)-dimethylamiloride (Figure 1.63), was found to 

recognize the apical hexaloop. An alternative microarray screening approach of 

Schneeckloth and co-workers uncovered a chemically distinct thienopyridine ligand 
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(Figure 1.49) with the ability to selectively bind the TAR hairpin loop within the highly 

structured 5’ untranslated region of HIV-1.119 

 

 

Figure 1.62: Neomycin Binds to Bulge of TAR RNA. A) Secondary structure of a TAR 
RNA construct used for in vitro studies. TAR is a promising target in the HIV-1 RNA 

genome and has a characteristic stem-loop structure with a three nucleotide bulge. B) 
Neomycin B is an aminoglycoside that disrupts the interaction between TAR and its 

protein binding partner, Tat, with an IC50 of 0.92 µM in vitro. However, the small 
molecule lacks specificity due to its polycationic structure. 

 

 

Figure 1.63: Virtual Screen Identifies N,N’-Dimethylamiloride for the Apical Loop of 
TAR RNA. The small molecule had moderate affinity with a dissociation constant of 122 

µM but was identified to selectively bind to the hexaloop of TAR RNA. 
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1.1.4.7 Nucleic Acid Targeting with Inorganic Coordination Complexes 

The rich field of nucleic acid recognition by inorganic coordination complexes is 

beyond the scope of this chapter and the interested reader is directed to recent review 

articles.73, 139, 140 Many types of transition metal complexes, especially those containing  

platinum centers, are known to form coordination bonds with cellular DNA and exhibit 

potent anticancer activity. A key mechanistic step appears to be irreversible reaction of 

the metal center with the N7 atoms of neighboring guanine or adenine bases.141 Ongoing 

research is exploring a multitude of new molecular designs, especially multinuclear 

complexes, and further clinical success is anticipated.142 Supramolecular chemists have 

also actively pursued small inorganic complexes as mimics of nuclease enzymes. A 

wide range of zinc, copper, and lanthanide complexes have been developed and studied 

for ability to cleave the phosphate backbone of nucleic acids.143, 144 

1.1.4.8 Future Directions and Challenges 

While much progress has been made in the field of oligonucleotide recognition, 

the design of high affinity and in particular high specificity ligands remains a daunting 

challenge. As with all biological recognition systems, the ultimate goal is selective target 

engagement in vivo. A major complication is the sheer volume of competing genomic 

DNA and ribosomal RNA in a cell and the recognition problem becomes even harder if 

cell penetration is a required ligand performance criterion. Enhanced binding selectivity 

is gained by identifying and optimizing multivalent interactions, using both structure-

guided and dynamic combinatorial methods. In addition, recent structural and physical 

studies of DNA and RNA have uncovered novel elements of nucleic acid structure, 
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including unique backbone conformations, non-canonical base pairs, and low-population 

conformations that allow for more specific targeting. A current technical hindrance is the 

protein-centric nature of high-throughput screening libraries as well as binding assays. 

Recent advances in structural prediction and analysis tools, as well as novel screening 

techniques will soon lead to new classes of nucleic acid binding small molecules. 

Additional opportunities are anticipated as new biological roles of nucleic acids are 

elucidated, particularly the importance of noncoding RNA in transcriptional regulation, 

development, and disease. The recent and continued strides in the field of small 

molecule:nucleic acid recognition have the potential to significantly impact our 

knowledge of fundamental biology, diagnostics, and therapy.  

1.2 State-of-the-Art in RNA:Small Molecule Recognition in 2017 
(Basis for Work in Chapters 3 & 4) 

Morgan, B.S.; Forte, J. E.; and Hargrove, A. E. “Insights into the Development of 

Chemical Probes for RNA,” Nucleic Acids Research, submitted. 

1.2.1 Overview 

Over the past decade, the RNA revolution has revealed thousands of non-coding 

RNAs that are essential for cellular regulation and are misregulated in disease. While the 

development of methods and tools to study these RNAs has been challenging, the 

power and promise of small molecule chemical probes is increasingly recognized. To 

harness existing knowledge, we drew upon the RNA-targeted BIoactive ligaNd Database 

(R-BIND), a compilation of 116 ligands with reported activity against RNA targets in 

biological systems. In this chapter, we examine the RNA targets, design and discovery 
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strategies, and chemical probe characterization techniques of these ligands. We discuss 

the applicability of current tools to identify and evaluate RNA-targeted chemical probes, 

suggest criteria to assess the quality of RNA chemical probes and targets, and propose 

areas where new tools are particularly needed. We anticipate that this knowledge will 

expedite the discovery of RNA-targeted ligands and the next phase of the RNA 

revolution.  

1.2.2 Introduction 

The field of RNA biology has exploded in recent years with the discovery of non-

coding RNAs (ncRNAs) that regulate essential processes in all living organisms.145 

These processes include transcription, translation, and evasion in bacteria and 

archaea145, 146 as well as replication, persistence, and cellular transformation in 

viruses.147 Within the human genome, protein-coding genes are vastly outnumbered by 

regulatory ncRNAs that can influence a wide range of cellular functions.146, 148 Many of 

these ncRNAs are dysregulated in and implicated as drivers of various human diseases, 

including metastatic cancers and neurological and neuromuscular disorders.146, 149, 150 

This “RNA revolution” is radically changing our understanding of the role RNA plays in 

fundamental biology and is rapidly driving scientific innovation.  

Methods and tools to structurally and functionally characterize RNAs at the 

molecular level, however, are more difficult and/or lacking as compared to those for 

proteins.151-154 One important example is the development of chemical probes, which has 

greatly progressed the study of many protein classes and related diseases155, 156 but has 

been challenging for non-ribosomal RNAs. This powerful chemical tool requires small 
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molecules with well-defined biological activity, cell permeability, and selectivity to 

accurately as well as reliably probe specific mechanistic and phenotypic questions.155, 156 

Given the potential advantages of small molecule chemical probes over biological 

approaches (e.g. siRNAs, ASOs, and CRISPR-Cas)157, 158 and the power of using both 

approaches in tandem,156 the development of RNA-targeted chemical probes has the 

potential to greatly benefit both chemists and biologists interested in RNA.  

While ligands that bind non-ribosomal RNA in vitro have been reported for 

decades, the development of chemical probes with evidence of specific small 

molecule:RNA engagement in cell or animal models has dramatically increased in the 

last four years. Recent studies report several drug-like small molecules that target a 

range of RNAs in animal models, including riboswitches,159 miRNAs,160, 161 splice sites,162 

and mature mRNAs,163 at least one of which is currently in clinical trials (NCT02268552). 

Multivalent ligands have been reported that target r(CUG)exp repeats of Myotonic 

Dystrophy Type 1 (DM1) in D. Melanogaster164 and mouse models.165 These recent 

successes confirm that selective RNA targeting is achievable in biological systems; 

however, the limited examples over years of effort highlight the challenges associated 

with selectively probing RNA.  

Recently we compiled the RNA-targeted BIoactive ligaNd Database (R-BIND), 

which comprised organic small molecules that target non-ribosomal RNAs and show 

activity in cell culture or animal models.166 For this chapter, the compilation was updated 

to include chemical probe discoveries through May 2017 for a total of 116 chemical 

probes. Aminoglycosides are excluded due to established non-specific binding 

behavior100, 167, 168 as well as peptides and oligonucleotides due to distinctive medicinal 
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chemistry properties.169, 170 The chemical probes were divided into two classes: 

monovalent, traditional drug-like small molecules (SM) and multivalent ligands (MV) with 

alkyl, aryl, or peptidyl linkers between multiple binding moieties. In addition to analyzing 

the physicochemical, structural, and spatial properties of the ligands, the curation of this 

collection allowed us to gain insights into: 1) the RNA elements targeted; 2) the design 

and discovery strategies utilized; and 3) the in cellulo characterization of these chemical 

probes. Herein, we discuss these insights, highlight unique examples, and consider the 

need to establish standards for cell-based selectivity. We conclude by proposing future 

directions that utilize our current and prospective chemical biology toolbox to expedite 

the discovery of chemical probes for RNA. 

1.2.3 RNAs Targeted by Chemical Probes 

The 116 chemical probes targeted 33 distinct RNA elements, including those 

from bacterial, fungal, human, or viral systems (Figure 1.64A). Although some overlap 

between targets was observed, the small molecules probed a wider range of RNAs in 

cell culture than the multivalent ligands. The most common small molecule target was 

the HIV-1 Trans-activation response element (TAR) RNA, a well-studied and frequently 

screened RNA that binds to the viral protein Tat.167 Disruption of this interaction reduces 

viral production and represents an alternative strategy against HIV. Some of the first 

RNA-targeted chemical probes were developed for TAR RNA, including a 

tetraaminoquinozaline with activity in chronically infected HIV cell models171 and a 6-

aminoquinolone with a sub-micromolar IC50 in several cell lines and infection models.172, 

173 On the other hand, only one bioactive small molecule was identified for a fungal  
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Figure 1.64: Diversity of RNA Elements Targeted in Living Systems. (A) The 
distribution of RNA targets for small molecules (SM): 78 RNA:SM interactions; 75 

chemical probes; 33 RNA elements. Of the RNA:small molecule interactions observed, 
only 10 (13%) were tested in animal models for either human or bacterial targets. 

Despite the large portion of chemical probes for viral RNA targets, none were reported 
as successful in animal models. (B) The distribution of RNA targets for multivalent 

ligands (MV): 42 RNA:MV interactions; 41 chemical probes; 8 RNA elements. Seven 
RNA:ligand interactions (16%) were tested in animal models. FSS = Frameshift Site, 

HSR = Heat Shock Response, IRES = Internal Ribosome Entry Site, RRE = Rev 
Response Element, and vRNA = viral RNA (genome). 
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target, specifically the C. albicans LSU Group 1 Ribozyme.174 This essential ribozyme is 

a desirable antifungal target as it leads to failed ribosomal assembly when mutated and 

is absent in the human genome. Further, 10/75 small molecule chemical probes 

demonstrated efficacy in animal models, targeting seven unique RNA elements in 

bacterial and human systems. One recent example163 targeted the G-quadruplex 

structure located in the 5’-untranslated region (UTR) of Human Vascular Endothelial 

Growth Factor (hVEGF) mRNA, an angiogenic growth factor involved in tumor 

progression. In a breast cancer mouse model, the small molecule showed antitumor 

efficacy similar to that of doxorubicin but with fewer indications of side effects. 

Multivalent chemical probes targeted fewer distinct RNA elements, with 27/41 

unique ligands targeting nucleotide repeat expansions (Figure 1.64B). There are several 

advantages to targeting these RNA repeats: 1) long repeat stretches are typically not 

present elsewhere in the human genome; 2) nuclear localization minimizes competition 

with ribosomal RNA; and 3) targetable motifs are separated by a specific distance.175 

Another target of interest for the multivalent ligands was the heat shock response 

element of the σ32 factor mRNA in E. coli. This RNA element contains a rare, perfectly 

paired three-way junction that can be stabilized by symmetrical triptycene-based 

molecules, forming a distinct shape-selective fit.176 This stabilization resulted in a 

reduction of σ32 translation and could potentially lead to antimicrobial activity.177 In 

addition, 7/41 chemical probes showed efficacy in animal models, targeting two RNA 

elements: r(CUG)exp repeats and pri-miRNA-96.  Pri-miRNA-96 is an oncogenic RNA 

that suppresses the translation of a pro-apoptotic protein, FOXO1. In a mouse model of 
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triple negative breast cancer, a modular ligand designed to target the Drosha processing 

site on the RNA led to a statistically significant reduction in tumor size and to changes in 

RNA and protein levels consistent with the proposed mode of action.161 Notably, 

examination of this list further exposes the RNA-driven processes and diseases that still 

lack functional chemical probes. Ideal RNA targets have defined functional sites and/or 

clear phenotypes while also being of high abundance, and several untargeted RNAs, 

ranging from archaeal ncRNA to oncogenic lncRNAs, meet these criteria.  

1.2.4 Discovery and Design of RNA-Targeted Small Molecule 
Chemical Probes 

Many of the monovalent ligands were discovered by utilizing traditional screening 

methods. Approximately one-third of the RNA:ligand interactions were identified by each 

of the following approaches: focused-screening (FcS, n = 22), high-throughput screening 

(HTS, n = 19), and HTS followed by lead optimization (HTS-LO, n = 18) (Figure 1.65A). 

In this chapter, FcS is defined by the use of biased libraries, which are typically based on 

prior knowledge of a particular chemotype binding to an RNA element. In contrast to FcS 

libraries, molecules specifically designed to explore structure-activity relationships were 

classified as lead optimization (LO). The starting points for several of the FcS libraries 

and/or other small molecule identification strategies included RNA-binding natural 

products, chemical similarity searching, and scaffold-based synthesis (Figure 1.65B-D). 

We caution that the relative success of these various approaches cannot be evaluated 

since failed attempts are not typically documented in the literature.  
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1.2.4.1 Hit Rates 

Hit rates are one of the benchmarks used to assess the efficiency of a screen. 

Comparisons across studies should be interpreted with caution as the definition of a 

small molecule lead and the specific assays used in primary screens were highly  

 

Figure 1.65: Strategies to Discover RNA-Targeted Chemical Probes. (A) Focused 
screens (FcS) identified the greatest number of bioactive molecules (n = 22), followed by 

high throughput screening (HTS) approaches (n = 19). Lead optimization (LO) or 
combined screening tactics have been employed to enhance the activity or 

pharmacokinetic properties of initial hits from both methods. Library members from FcS 
and other discovery approaches have been: (B) derived from natural products; (C) 

identified through chemical similarity search; and/or (D) built around synthetic scaffolds. 

B) Natural Products and Related Derivatives

D) Scaffold-based SynthesisC) Identified by Chemical Similarity Search
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variable. Of the 41 RNA:small molecule interactions discovered through HTS and FcS, 

20 had reported hit rates, which were compared by screening approach, primary screen, 

and primary library (Figure 1.66). As expected, the hit rates between HTS (n = 11) and 

FcS (n = 9) approaches were vastly different (0.02 to 3% and 2 to 64%, respectively). 

The higher hit rates found in some FcS approaches provide compelling evidence that 

FcS is efficient for RNA targets, as it is known to be for protein targets.178, 179 Moving 

forward, characterization of additional RNA tertiary structures130, 152, 153, 180 and the  

 

 

Figure 1.66: Reported Screening Hit Rates (n = 20) for Small Molecule Chemical 
Probes. (A) Hit rates separated by focused or high throughput screening approaches. In 
general, focused screens resulted in higher reported hit rates. (b, c) Hit rates separated 

by (B) primary screen and (C) primary library. Each dot represents a single small 
molecule. Only examples with explicitly reported hit rates were recorded. 

Primary Screen Primary Library Approach

 n =       9          11                      1           1           6          12                      6           8           1               2            2           1

A) B) C)

H
it

R
a

te
(%

)

C
e

ll
-b

a
s
e

d

In
vi
tro

A
c
ti
v
it
y

In
vi
tro

B
in

d
in

g

In
vi
tro

R
N

A
:P

ro
te

in

D
is

p
la

c
e

m
e

n
t

0.01

0.1

1

10

100

A
c
a

d
e

m
ic

L
ib

ra
ry

C
o

m
m

e
rc

ia
l

L
ib

ra
ry

C
o
rp

o
ra

te

L
ib

ra
ry

F
D

A
A

p
p

ro
v
e

d

D
ru

g
s

N
IH

S
m

a
ll

M
o

le
c
u

le

R
e
p
o
s
it
o
ry

S
y
n

th
e

ti
c

L
ib

ra
ry

0.01

0.1

1

10

100

F
o

c
u

s
e

d

H
ig

h

T
h

ro
u

g
h

p
u
t

0.01

0.1

1

10

100



	  

	  
107 

identification novel RNA-binding chemotypes152, 181, 182 will expedite the FcS approach for 

discovering biologically active RNA-targeted ligands. While hit rates varied widely within 

each type of primary screen and primary library, these comparisons support the potential 

of many distinct paths toward RNA ligand discovery. Specific aspects of library and 

screen design are discussed below. 

1.2.4.2 Screening Libraries 

Small molecules discovered by HTS were typically from large libraries (n > 

50,000 small molecules), including three corporate libraries and the NIH Small Molecule 

Repository (Table 1.2). There were select examples of smaller libraries as well: FDA- 

approved drugs (n = 1,120) and UCLA academic library (n = 1,692). Importantly, some 

of these reports explicitly stated that libraries were filtered to yield small molecules with 

favorable medicinal chemistry properties prior to screening. While successful in protein-

targeted drug discovery,183 only one report identified a bioactive ligand from a fragment-

based library (commercial library).184 Once optimized, the scaffold yielded four additional 

molecules that targeted the Influenza A RNA promoter with activity in cell culture.185 

Similarly, only two reports yielded bioactive small molecules from natural product-based 

libraries (synthetic library and academic library).163, 186 Both of these screens contained 

fewer than 150 small molecules, yet identified ligands that bind and modulate G-

quadruplex structures located in the 5’-UTR of two distinct mRNAs. It is promising that 

small molecules were discovered from a variety of HTS libraries, suggesting that 

biologically active, RNA-binding ligands can be found in a subset of current small 

molecule chemical space.166 Further validation and exploration of this space could lead 
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to greater efficiency and success in identifying bioactive leads as well as RNA-privileged 

chemotypes. 

As expected, FcS used smaller libraries, typically containing fewer than 150 

small molecules (Table 1.2). The largest FcS library (n = 320, academic library) was 

designed through a chemical similarity search of the bis-benzimidazole and similar 

cores, which have shown preferences for 1 X 1 nucleotide internal loops.187 In addition, 

this library was filtered for favorable medicinal chemistry properties, and the screen 

resulted in three leads that bound r(CUG)exp with biological activity and selectivity in 

cellular models of DM1. FcS also encompassed RNA structure-guided design, which 

included two studies utilizing molecular modeling to identify ligands structurally similar to 

guanine for the xpt-pbuX riboswitch.188, 189 In another structure-guided approach, a small 

library of p-terphenylene-based ligands was designed to mimic an α-helix of Rev, a 

protein-binding partner of the HIV-1 Rev Response Element (RRE).190 Leads were 

selected by docking, with one ligand both disrupting the Rev-RRE interaction and 

inhibiting HIV-1 replication and transfection in cell culture. Further, we did not identify 

successful reports of biologically active ligands identified from small molecule libraries 

biased to general RNA-binding. Recently, chemical companies have designed such 

focused libraries;191 however, the success of these libraries is yet to be reported. To 

date, successful FcS strategies have utilized knowledge of the RNA structure and/or a 

small molecule binder(s), neither of which is known for many therapeutically-relevant 

RNAs. 
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Table 1.2: Primary Screening Libraries of RNA-Targeted Chemical Probes 

Type Source Description 
Library 

size 
SM 

ligands  
Academic School of Pharmaceutical 

Sciences, Sun Yat-sen 
University 

Natural products and related 
derivatives with diverse structures 

144 1 

Scripps Research Institute 
 

Chemical similarity search of bis-
benzimidazole and similar cores 
and refined for “drug-likeness” 

320 3 

UCLA Chemical Library -- 1692 1 
In-House Library 

 
Filtered using Lipinski’s and 
Veber's rules and selected based 
on chemical structure diversity 

8000 1 

Commercial NR Chemical similarity search of 
RNA-binding ligands Hoechst 
33258, DAPI, and Pentamidine 

NR 1 

NR Pyrimidine-based small 
molecules 

NR 1 

NR Cell permeable DNA-binding 
agents 

8 1 

ZINC database  
 

Search used a pharmacophore 
model and diversity-based 
selection 

11 2 

NCI and eMolecules Chemical similarity search of 
RNA-binding ligands Hoechst 
33258 and Pentamidine 

75 1 

NR Chemical similarity search of 
RNA-binding small molecule 1a  

132  2 

LOPAC from Sigma and 
Diversity Set II from the 
NIH 

-- 2643 1 

1. MicroSource 
2. Unknown Source 

1. Natural products 
2. Building blocks and scaffolds 

4279 1 

NR Diverse, drug-like 
primary/secondary alcohols and 
primary amines 

20000 1 

Lead Quest -- 80000 1 
Available Chemicals 
Directory 

-- 181000 1 

Corporate Ribogene In-House Library -- 56000 1 
Merck In-House Library  

 
Synthetic small molecules filtered 
for antibacterial activity 

57000 1 

Parke-Davis 
Pharmaceutical Library 

-- 150000 1 

FDA-
Approved 
Drugs 

-- -- 1120 2 

NIH Small -- -- 279433 2 
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Molecule 
Repository 

& 
279988 

Synthetic Diphenylfuran Core 
 

Core with anti-PCP activity and 
A-U RNA and viral RNA RRE 
binding 

4 2 

3,5-Diaminopiperidine Core 
 

Designed to mimic RNA-
privileged scaffold 2-
deoxystreptamine 

8 1 

Amino Acids and Modified 
Nucleobases 

 

Amino acids strengthen RNA 
interactions and nucleobase 
recognizes A-U basepairs 

14 2 

Guanine Derivatives -- 16 1 
Aminoquinolone Core 

 
Potential antibacterial, anti-HIV, 
and anti-HSV activity 

19 4 

Curcumin, Crytolepine, 
Berberine, Rutaecarpine, 
Quinazoline, and 1-
Methylquinolinium 
Derivatives and Natural 
Products 

-- 52 1 

Theoretical p-Terphenyl Small 
Molecules  

Designed to mimic alpha-helical 
peptides 

NR 1 

NR: not reported 

1.2.4.3 In Vitro Primary Screening Assays 

The primary screening assay for each small molecule was categorized as 

computational, in vitro, or cell-based (Figure 1.67A). This list contained a wide range of 

primary screening assays, with limited examples of the same assay being used for 

multiple targets. The majority of the chemical probes were discovered by in vitro primary 

screening assays (n = 28 small molecules, 68%) with fewer in cellulo or silico examples. 

Of those in vitro primary screens, 15 (54%) were RNA:protein displacement assays. 

These included fluorescence-based assays (Förster resonance energy transfer (FRET) 

and fluorescence anisotropy) and radiolabel-based methods (mobility shift, scintillation 

proximity, and filtration assays). One rather unique assay utilized a molecular beacon 

approach to probe for stabilization of Stem Loop 3 (SL3), a presumptive structural switch 
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Figure 1.67: Primary Screen Tactics for Identifying Bioactive RNA-Targeted 
Ligands. (A) Of the 41 RNA:small molecule interactions discovered through primary 

screens using either HTS or FcS approaches, the majority originated from in vitro 
experiments (n = 28). The remainder were identified through cell-based assays (n = 9) 

and computational analyses (n = 4). (B) The in vitro primary screens were further 
subdivided into RNA binding, protein displacement, and activity-based experiments. 

located in the Ψ-Packing Domain in HIV-1 that is destabilized by binding of the Gag 

protein prior to packaging of the virus.192 In this assay, the 5’- and 3’-terminal ends of the 

SL3 RNA were labeled with a TET fluorophore and a blackhole quencher (BHQ1), 

respectively. In the presence of Gag protein, the RNA construct became single stranded 

and the fluorescence was “turned on.” When a small molecule stabilized the folded 

hairpin form of SL3 RNA, the Gag-promoted RNA destabilization was reduced and the 

fluorescence was quenched. The researchers screened a modest sized library (> 2,500 

small molecules) and discovered a ligand that reduced viral production similar to models 

with a mutated Ψ-Packing Domain. 
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The remaining in vitro assays consisted of two activity-based screens and 

various RNA binding assays (Figure 1.67B). The activity-based screens were performed 

with larger libraries (n = 8,000 and 56,000 small molecules), which probed the reverse 

transcriptase-dependent elongation of NRAS mRNA by qRT-PCR and the frameshifting 

of HIV-1 by a luciferase reporter.193, 194 RNA binding assays were also utilized as primary 

screens, including: i) titrations against fluorescently labeled RNA; ii) biophysical 

techniques (SPR and NMR); iii) microarray immobilization; iv) in-line probing; v) 

competition dialysis; and vi) indicator displacement. We note that a lack of correlation in 

small molecule activity between in vitro RNA binding and RNA:protein displacement 

assays has sometimes been reported,160, 195, 196 highlighting the importance of multiple 

assays and/or choosing the most relevant assay for a particular system.  

1.2.4.4 Cell-Based Primary Screening Assays 

Cell-based screens were the second most common primary screening assay for 

HTS or FcS approaches (22%) (Figure 1.67A) and often the preferred screen for 

bacterial and viral RNA targets. The exception was a splicing assay of human serotonin 

receptor 2C mRNA where a green fluorescent protein (GFP) reporter was used to 

evaluate the inclusion or exclusion of a particular exon.197 Bacterial and viral RNA cell-

based studies also utilized reporter systems such as GFP or LacZ gene as well as more 

traditional phenotypic screens, such as growth inhibition or cell death. In one particular 

example, ~57,000 ligands were screened in a growth inhibition assay against E. coli with 

and without supplementation of riboflavin.159 This differential supplementation allowed 

researchers to specifically probe the riboflavin pathway and confirm the FMN riboswitch 
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was targeted by Ribocil-B. In addition, one report measured enzyme activity and antigen 

production in addition to cell death measurements to assess antiviral activity against 

HIV-1.173 Given these successes, cell-based assays likely offer unforeseen promises as 

primary screening assays to discover RNA-targeted probes. 

1.2.4.5 Computational Primary Screening Assays 

High-throughput and focused computational screens were used to identify four 

small molecules (Figure 1.67A). Two small molecules were identified by docking against 

experimentally determined structures of HIV-1 TAR and RRE RNA.190, 198 In another 

example, small molecules were modeled into an X-ray diffraction structure of the xpt-

pbuE guanine riboswitch aptamer after the native ligand was removed. 189 Criteria such 

as geometrical constraints, hydrogen bonding patterns, and molecule planarity were 

used to assess the “fit” of the ligand, leading to the selection of two small molecules, one 

of which had antimicrobial activity against multiple gram-positive bacteria. The fourth 

example utilized a computationally-predicted 3D structure of the severe acute respiratory 

syndrome coronavirus (SARS-CoV) pseudoknot.199 A library of 80,000 small molecules 

was docked against the predicted structure, and the 58 highest scoring molecules were 

tested in an in vitro activity-based assay. The screen resulted in a biologically active 

ligand with a sub-micromolar IC50 in cell-based models. Additional advances in 

computational structural prediction and RNA:ligand docking will undoubtedly lead to 

improved computational primary screens and thus more efficient experimental 

screens.200, 201 
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1.2.4.6 Other Methods of Small Molecule Discovery 

In addition to the primary screens, a database of known RNA motif:small 

molecule interactions, Inforna,181 was utilized to identify seven small molecules.  The 

database was generated using a library versus library approach named 2-Dimensional 

Combinatorial Screening (2DCS). In this method, small molecules are immobilized onto 

a microarray slide and then incubated with libraries of labeled, randomized RNA 

secondary structures. The bound RNAs are excised, sequenced, and assigned a fitness 

score using Structure-Activity Relationships Through Sequencing (StARTS). Fitness 

scores reflect the affinity and selectivity of a given RNA motif:small molecule interaction 

and are represented on a numerical scale, where a higher score represents greater 

selectivity. To utilize the Inforna database, a computational or experimental secondary 

structure of RNA is used as an input, the 2DCS data is searched, and lead molecules 

are proposed. This strategy identified bioactive ligands for five targets: 1) MAPT pre-

mRNA, 1-nucleotide bulge;202 2) Pre-miRNA-96, 1 X 1 internal loop;134 3) Pre-miRNA-

18a, 1-nucleotide bulge;203 4) Pre-miRNA-210, 1 X 1 internal loop;160 and 5) Pre-miRNA-

544, 1 X 1 internal loop.204 Other examples of ligands not identified from a primary 

screening assay included the selection and characterization of four metabolite analogs 

for riboswitch inhibition.205-208  

1.2.5 Discovery and Design of Multivalent Chemical Probes 

In contrast to small molecules, most multivalent ligands were developed through 

rational design based on the secondary structure of the RNA target (Figure 1.68A). 

Generally, development began by the identification of monovalent ligands that bound to  
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Figure 1.68: Design and Discovery Strategies for Multivalent Chemical Probes. (A) 
Using knowledge of binding interactions between small molecules and RNA secondary 

structures, a series of tethered ligands can be designed to probe multiple RNA 
structures. Lead molecules can undergo linker optimization to improve pharmacokinetic 
properties or activity for modulating cellular RNA functions. (B) In dynamic combinatorial 
chemistry (DCC), monomeric building blocks can form covalent and reversible linkages 
in solution while incubated with an RNA target of interest. Multivalent binders with the 

greatest affinity can become enriched in solution, identified, and then optimized for 
biological activity using linker replacement or chemical modifications. 

a particular secondary structure motif(s) by screening, literature search, or using Inforna 

(Section 1.2.4.6). Monomers were covalently linked by selecting and optimizing 

appropriate sized spacers. For several multivalent ligands, the design was inspired by a 

crystal structure of r(CUG) sequences.108 This approach linked acridine and a 

triaminotriazine unit, the latter of which was proposed to recognize the non-optimal base 

pairing of U-U mismatches by Janus-wedge hydrogen bonding. Stacking of the two units 

was expected to decrease nonspecific intercalative binding. This early design was 

optimized to yield bisamidinium conjugates that mitigated the glossy and rough eye 

phenotype observed in a DM1 transgenic D. melanogaster model.209 A different 
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approach utilized Hoechst 33258, which had been previously reported to bind a 

5’CUG/3’GUC internal loop.210 Hoechst 33258 was modified to contain an azide handle 

and then covalently linked to a peptoid backbone via click chemistry. After extensive 

linker optimization, multivalent ligands were identified that improved r(CUG)exp-related 

splicing defects in a mouse model of DM1.165  

One notable exception to the aforementioned design strategies is the use of 

dynamic combinatorial chemistry (DCC) (Figure 1.68B).211 Several multivalent ligands 

were derived from a library of resin-bound, cysteine-containing monomers, which were  

allowed to incubate with the RNA of interest, probing thousands of multivalent ligand 

combinations by forming covalent yet reversible disulfide linkages. The binders with 

highest affinity were thus enriched and then isolated, characterized, and validated for 

RNA-binding. After replacing the disulfide linkage with more stable bioisosteres, the 

method yielded bioactive ligands for two RNAs of known structure: DM1 r(CUG)exp with 

activity in mouse models212, 213 and HIV-1 frameshift-stimulating RNA with activity in cell 

culture.59, 214 A powerful advantage of DCC is that multivalent ligands can be constructed 

without knowledge of the RNA structure, including larger and complex tertiary folds. In 

general, both rational design and DCC yield multivalent probes with significantly 

increased affinity and specificity for RNA targets relative to small molecules. While 

achieving high potency in biological systems with larger molecules may require more 

development than with traditional small molecules, the examples identified support the 

possibility of success. 
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1.2.6 Chemical Probe Characterization 

Evaluating target engagement, off-target effects, potency/appropriate 

concentration, and other criteria is critical to understanding the quality of a chemical 

probe and thus any experimental conclusions.155, 156, 215, 216 When curating the collection 

of chemical probes, strict benchmarks related to these criteria could not be included due 

to the lack of consistency within the field. In the next paragraphs, the characterization 

techniques utilized for RNA-targeted chemical probes will be described for each 

biological system and notable examples highlighted.  

1.2.6.1 Bacterial and Fungal Systems 

One of the most common validation experiments in bacterial and fungal systems 

was serial passage.159, 174, 188, 189, 205, 208, 217 In this technique, ligand resistant mutants 

were grown in the presence of compound and mutations were mapped by whole-

genome sequencing. In addition to confirming target engagement, the results revealed 

off-target effects and unexpected modes of action. Further, select examples performed 

the serial passage experiments in multiple bacterial strains and measured binding affinity 

to the mutants in vitro, which provided added confidence in target engagement.159, 174, 217 

In select cases where serial passage experiments did not yield mutated isolates, the 

ligands were tested against mutants with established variations in structure or activity.188, 

208 Another powerful strategy for assessing target engagement in riboswitches was 

phenotype rescue by addition of the native ligand.159, 189 Lastly, several of the targeted 

RNA elements regulated the expression or translation of specific genes, which was 

assessed by measuring the quantity of the RNA or protein, respectively. One study went 
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beyond measuring the expected transcripts and performed a transcriptomic microarray 

analysis of genes involved in many different cellular processes.189 The observed 

repression was consistent with riboswitch inhibition, although addition of the native 

ligand failed to rescue the expression of several genes, indicating a potential cellular 

stress response. This strategy and other genome-wide analyses can provide compelling 

evidence of target engagement, though it must be noted that target specificity does not 

always lead to biological specificity.156 

1.2.6.2 Viral Systems 

Compared to the other systems, chemical probes targeting viral RNAs were less 

characterized in terms of target engagement and specific activity. A select few studies 

validated probe activity by testing mutant versions of the virus192, 218 or closely related 

native viruses.59, 173 Notably, one report validated probe activity with a second research 

group to ensure reproducibility of the biological effect.213 RNA-specific reporter systems 

were occasionally used to confirm on-target effects, including fusion-induced gene 

stimulation,219 heterologous tethering,198 and a viral protein reporter.190 A noteworthy 

example of assessing off-target effects was the use of RNA-Seq at increasing ligand 

concentrations in the absence of the target RNA.214 The experiment in HEK293T cells 

revealed that 53 of the 17,822 transcripts assayed had statistically significant alterations 

at two concentrations, potentially reflecting a cellular stress response. It is also intriguing 

that the most biologically potent ligand in this study was the least selective analog in an 

in vitro tRNA competition assay. This observation underlies potential differences in 
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cellular activity versus in vitro binding selectivity and thus the importance of progressing 

multiple ligands to biological assays.  

1.2.6.3 Human Systems 

There are several noteworthy examples of probing ligand promiscuity and/or 

selectivity in human systems. Multiple studies utilized genome-wide analyses to globally 

assess changes in miRNA,134, 160, 161, 203, 204 mRNA,162, 193 or splicing162, 165, 220-225 levels 

compared to the target RNA or process. Toward a more direct assessment, chemical 

cross-linking and isolation by pull down (Chem-CLIP) was utilized to investigate 

proximity-based engagement of RNA.226 In this method, the ligand is appended with a 

nucleic-acid reactive module (e.g. chlorambucil) and a biotin purification tag. After 

incubating cells with the modified ligand, the cells are lysed, the ligand is captured by 

streptavidin beads, and the bound targets are characterized by qRT-PCR or RNA-seq. 

This strategy as well as competitive Chem-CLIP226 were used to characterize on- and 

off-target engagement of ligands that modulate repeat expansions187, 224, 225, 227 and 

miRNAs.160, 161, 203 In another study, dual luciferase reporter assays were utilized to 

compare ligand binding to four G-quadruplex structures, including the RNA of interest 

and three other regulatory RNAs.186 This study was one of few examples in which 

selectivity within a target family was assessed in cell culture. 

Various controls were also used to evaluate on-target effects. For example, the 

impacts of chemical probes have been analyzed following siRNA knockdown of FOXO1 

mRNA134 and following inhibition of the mTOR signaling pathway modulated by miRNA-

544.204 Another example overexpressed miRNA-210 and assessed the effect of the 
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chemical probe on the phenotype.160 Likewise, a ligand targeting r(CUG)exp was tested 

with the RNA under conditional expression.228 Another notable example used RNA 

immunoprecipitation (RIP) to detect RNA-binding at increasing concentrations of ligand 

and identified a dose-dependent response.163 For precipitation, a G-quadruplex specific 

antibody, BG4, was utilized and the complex was characterized by two complementary 

methods: dot blotting and qRT-PCR. Another important control, particularly for human 

systems, was to replicate on-target effects in at least two cell lines, though this control 

was performed for only a limited number of chemical probes.186, 197, 220, 221, 224  

1.2.7 Future Directions and Challenges 

For many years, RNA has been labeled as ‘undruggable’ or ‘impossible to probe 

selectively’; however, the reports described herein demonstrate the substantial progress 

that has been achieved in the past four years. This includes the development of 

chemical probes for 33 unique RNA elements, though the number of “targetable” RNA 

elements is certain to vastly exceed this list.149, 150, 167, 229 Those in Archaea, for example, 

are unrepresented in reports of RNA-targeted chemical probes, despite the established 

importance of small regulatory RNAs in archaeal metabolism, morphology, and adaption 

to extreme conditions.230, 231 Furthermore, there are several RNAs implicated in diseases 

for which novel treatment strategies are needed, including insect-borne viruses,167 

genetic disorders,232 and metastatic cancers149, 150 as well as bacterial targets amid the 

antibiotic-resistance crisis.229, 233 There are also many opportunities for RNA-targeting in 

fungal systems,234 especially as fungal infections are experiencing a rise in cases and a 

therapeutic plateau.235 Fundamentally, the development of chemical probes will allow for 
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the rapid and reversible interrogation of novel and complex RNA biology in ways not 

attainable by knockdown and genetic approaches.215  

While the potential benefits of selective RNA targeting are staggering, 

approaches toward chemical probe development must thoughtfully consider a number of 

variables, including transcript abundance and tissue-specific expression of the RNA 

target. By total mass and number of molecules, rRNA and tRNA account for greater than 

90% of total cellular RNA in humans,236 and thus mRNAs and other ncRNAs exist in a 

much lower abundance.145, 236, 237 Even within these low abundance transcripts, copy 

numbers can vary widely within and across cell types with reports of mRNA levels 

spanning four orders of magnitude and some ncRNAs averaging less than one copy per 

cell.145, 237, 238 A direct impact of RNA expression levels was recently reported, in which 

ligand occupancy of miRNA targets was driven by RNA abundance.160 RNA with well-

defined function and that are highly expressed thus represent low-hanging fruit within the 

field.150, 239  

The selection of a library and primary screening strategy is also critical for the 

success of chemical probe discovery. For RNA targets with known structure and/or 

ligands, the use of focused screening libraries178, 179 has proven to be an efficient 

strategy, though this approach generally limits the chemical diversity of the library. 

Advances such as the identification of more RNA-privileged scaffolds181 and biologically 

relevant RNA chemical space166, 240 will facilitate the discovery of chemical probes for 

additional RNA targets. These efforts could be expedited by additional fragment- or 

natural product-based screening to access vast chemical space with fewer ligands183 

and to probe known biologically relevant chemical space, respectively.241 Additional 



	  

	  
122 

high-throughput screens could likewise discover novel chemotypes, though the expense 

may exceed the resources available in academia, where focused approaches are more 

attainable. Continued progress in the development and refinement of computational 

tools will also aid in extending the boundaries of focused screening and structure-based 

design;200, 201 although the latter will also depend upon advancements for accurately 

determining atomic resolution structures.130, 152, 153, 180 In addition, in vitro or cellular 

activity-based assays that probe well-studied RNA functions (e.g. splicing, translation, or 

processing) may be more practical starting points to identify chemical probes. This 

includes screening strategies described herein as well as others recently developed.242, 

243 Finally, numerous opportunities exist to build upon the established multivalent 

targeting strategies discussed above, particularly the application of dynamic 

combinatorial chemistry to RNAs of unknown structure.   

When using a chemical probe in a biological system, the quality and specificity of 

the probe must be well characterized to draw accurate and meaningful conclusions, as 

recently highlighted by several preeminent chemical biologists.155, 156, 215, 216 Evaluation of 

the chemical probes revealed a diverse spectrum of characterization techniques with few 

ligands meeting the traditional criteria for robust chemical probes, and not all of these 

gaps can be attributed to a lack of relevant tools. For example, characterization 

inconsistencies include incomplete reports of cytotoxicity and a lack of attention to cell 

permeability and localization. In addition, many in vitro assays are accessible to help 

establish the potency and selectivity of a probe in multiple experiments, and these 

assays should include evaluation against both specifically mutated targets and a number 

of other structured RNAs. Any cell-based observations should be reproducible in multiple 
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cell lines and validated in the absence of the target by utilizing siRNA or CRISPR-Cas 

technologies. Further, on-target effects should be established by using a number of 

spatial-based experiments.156 These include the biochemical methods described herein 

(e.g. Chem-CLIP or RIP) and novel applications of other technologies such as in-cell 

chemical probing244, 245 to observe changes in RNA secondary structure upon ligand 

binding or photoaffinity labeling246 to assess target engagement under temporal control. 

If plausible, serial passage experiments followed by deep sequencing should also be 

performed, even in human systems,247 to identify ligand-escaping mutations to confirm 

target engagement and/or off-target effects. Lastly, it is critical to use an inactive analog 

and an active analog from a different chemical class, if feasible, to draw conclusions 

regarding the targeted biology. Moving toward these standards will be crucial for the 

RNA-targeting field to avoid the scientific pollution that has plagued many others.155, 156, 

215 

For comparison, we note that over a decade ago chemical probe discovery for 

another ‘undruggable’ target, protein:protein interactions, was in its infancy with only 19 

known small molecule inhibitors.248 However, novel advances in screening approaches 

and design strategies led to the rapid discovery of thousands of protein:protein 

interaction inhibitors with several entering the clinic and most also breaking the rules of 

‘drug-like chemical space’.249, 250 In the next five years, we anticipate that the innovations 

described herein and the ones yet to be discovered will lead to a similar surge in reports 

of RNA-based chemical probes and therapeutics. We also expect that novel and well-

characterized chemical probes will allow RNA biologists to uncover many more exciting 

and unanticipated roles for RNA, propelling us into the next phase of the RNA revolution.  
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2. Synthesis of an Oxazolidinone-Based Small Molecule 
Library for the Selective Recognition of RNA Bulge 
Motifs 

2.1 Overview 

Despite the discovery of a plethora of therapeutically relevant RNAs, less than 

150 chemical probes exist for a limited number of RNA targets. To date, the most 

successful probes were designed utilizing knowledge of small molecule specificity for the 

internal loop class of secondary structures, which represents only one of the five 

canonical RNA secondary structures. Recently, the oxazolidinone core was identified as 

privileged for binding to bulge motifs; however, the binding preferences among 

oxazolidinone derivatives are largely unknown with only limited knowledge of binding to 

the P-site of ribosomal RNA and a seven nucleotide bulge in the T-box riboswitch. 

Therefore, the goal of this work is to synthesize an RNA-targeted, oxazolidinone-based 

library, explore the secondary structure binding prefrences, and develop a repertoire of 

bulge-specific small molecules. This chapter describes a proof of concept experiment 

where a commercially available oxazolidinone scaffold is mono-substituted and 

screened against a seventeen-member RNA secondary structure library. The results 

confirm the bulge binding preference of oxazolidinones with dissociation constants in the 

five to ten micromolar range. Subsequently, a synthetic scheme inspired by Crich and 

co-workers was explored, which utilizes methyl ester amino acids as chiral sources to 

synthesize a variety of 2-oxazolidinone scaffolds. The scaffolds can be orthogonally 

substituted at N(3) and C(4) positions, the C(5) position is defined by the identity of the 

amino acid, and the stereochemical outcome can be tuned depending on the chirality of 
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the starting material and reaction conditions. The small molecules identified in this work 

can be utilized to develop novel chemical probes for the many disease relevant RNAs 

containing bulge motifs. 

This chapter includes data collected in collaboration with members of the 

Hargrove lab as well as the Malcomson and Zhou labs: 

1. Rebecca Culver (Undergraduate, Hargrove Lab) synthesized and purified the 

5-chloromethyl-2-oxazolidinone small molecules, characterized and 

conducted the silver salt screen with the L-phenylalanine bromine 

intermediates, conducted the N(3) alkylation chemistry with the L-

phenylalanine-based oxazolidinone, and attempted separation of trans and 

cis L-phenylalanine-based oxazolidinones. 

2. Chris Eubanks (Graduate Student, Hargrove Lab) screened the 

oxazolidinone-based small molecules against the BFU-labeled RNA 

secondary structures. 

3. Jordan Forte (Research Scientist, Hargrove Lab) optimized the Finkelstein 

reaction used in the synthesis of 5-chloromethyl-2-oxazolidinone small 

molecules. 

4. Kangnan Li (Graduate Student, Malcomson Lab) assisted with obtaining 

chiral HPLC traces.  

5. Members of the Zhou lab screened the oxazolidinone-based small molecules 

in the antimicrobial assay.  
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2.2 Introduction 

Over the past few decades, most RNA-based, small molecule screens have 

utilized commercially available libraries, which are proposed to be biased to protein 

binding, leading to low hit rates for RNA119, 159, 162, 182, 228 and the identification of 

promiscuous ligands with limited efficacy in cellulo and in vivo.100, 251-255 To overcome this 

challenge, researchers have identified RNA-privileged chemotypes, which through 

similarity searching or diversity-oriented synthesis have been utilized to develop RNA-

centric screening libraries.187, 219, 256, 257 The most well-studied chemotype to date is the 

benzimidazole scaffold, which was originally discovered as a component of Hoescht 

dyes, a class of nucleic acid intercalators.258 Benzimidazole-based small molecules have 

been identified for a variety of RNAs with activity in cell culture or animal models 

including the Internal Ribosome Entry Site (IRES) IIb,259-261 r(CUG) repeat 

expansions,187, 221 miRNA18a,203 pre-miRNA-96134, and pre-miRNA210.160 Although 

powerful, this scaffold is mostly limited to targeting the internal loop class of secondary 

structures, which represents only one of the five canonical RNA secondary structures.112, 

258 Therefore, the identification and thorough exploration of scaffolds for other RNA 

secondary structures would generate a toolbox of RNA-privileged chemotypes for 

targeting a much wider diversity of RNA structures. 

A scaffold of particular interest is 2-oxazolidinone, which is one of the few 

scaffolds identified as RNA-privileged in INFORNA 2.0, an RNA motif:small molecule 

database.181 It was initially discovered in natural products with various antibacterial262-264 

and anticancer properties.265, 266 Years later, Linezolid,267, 268 and Tedizolid269 (Figure 2.1) 
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bis-substituted oxazolidinones, were approved by the FDA to treat gram-positive 

bacterial infections. Mechanistic and structural studies mapped Linezolid and Tedizolid 

binding to the ribosome, particularly to rRNA, disrupting its normal function.270, 271 The 

presence of oxazolidinones in natural product and drug scaffolds establishes their 

potential as biologically active agents.  

 

 

Figure 2.1: Oxazolidinone-Based FDA-Approved Antimicrobials 

In addition, oxazolidinones have been identified to disrupt the activity of the anti-

terminator structure of the T-box riboswitch, another RNA target with a seven-nucleotide 

bulge.116, 123, 137, 138 Bergmeier and co-workers synthesized a three-by-three combinatorial 

library of tri-substituted oxazolidinones with various aryl and alkyl substituents (Figure 

2.2A).272 Of the 27 compounds screened, a lead compound (OXN-1) was identified with 

a dissociation constant of 3.4 ± 1.9 µM (Figure 2.2B). In addition, OXN-1 bound to their 

model RNA substrate with seven-fold selectivity versus a one-nucleotide mutant.123 After 

further lead optimization, in-line probing and docking were utilized to map the binding 

location and mode of binding, respectively, for the oxazolidinone derivatives;138 both 

experiments were consistent, suggesting that the oxazolidinones bound primarily to the 

bulge motif. The identification of a lead compound from such a small screening library 
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emphasizes the RNA affinity and potential specificity of oxazolidinone small molecules. 

Furthermore, few privileged scaffolds are known to bind bulge motifs181 despite their 

importance in RNA:protein interactions135 and cellular functions, including miRNA 

processing,273, 274 splicing,275, 276 and viral gene expression.277, 278 

 

 

Figure 2.2: Representative Oxazolidinones Screened Against T-Box Riboswitch A) 
Three-by-three combinatorial library of oxazolidinones synthesized by Bergmeier and co-

workers. B) OXN-1 was identified from the three-by-three library with affinity and 
selectivity for the T-box antiterminator structure. 

In this work, a commercially available oxazolidinone scaffold was mono-

substituted to quickly synthesize small molecules decorated with RNA-binding moieties. 

The small molecules were screened against a RNA secondary structure library, 

revealing a preference for four- and five-nucleotide bulge motifs. With this knowledge of 

motif selectivity, a synthetic route to a variety of diversity-oriented and enantiomerically 

pure oxazolidinone scaffolds was pursued. This route utilized chiral amino acid methyl 

esters that were cyclized to form tri-substitutable oxazolidinone scaffolds. Each amino 

acid methyl ester required diverse cyclization reaction conditions, which led to unique 

and sometimes tunable stereochemical outcomes. The synthetic scheme has been 

utilized to generate five scaffolds and thirteen small molecules. A subset of these small 
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molecules was preliminarily screened against two RNA secondary structures, which 

confirmed the bulge binding of the 2-oxazolidinone ligands. The synthetic route 

developed in this work can be utilized to efficiently generate oxazolidinone-based small 

molecules to explore the molecular recognition of bulge motifs and to develop chemical 

probes and therapeutic leads for bulge-containing RNAs.   

2.3 Synthesis and Screening of a Small Molecule Library 
Utilizing Commercially-Available Scaffold 5-Chloromethyl-2-
Oxazolidinone 

2.3.1 Two-Step Synthesis of a Small Molecule Library 

With limited knowledge of the binding preferences of 2-oxazolidinones, we 

pursued the substitution of inexpensive and commercially available 5-chloromethyl-2-

oxazolidinone (2.1) to quickly synthesize small molecules. Once screened against an 

array of secondary structures, this library would provide preliminary evidence of the 

differential binding and potentially bulge selectivity of oxazolidinones and confidence in 

pursuing the synthesis of a larger, more diverse library. In this synthetic route, the alkyl 

chloride 2.1 was converted to an alkyl iodide using a Finkelstein reaction,279 increasing 

the leaving group ability at the C(5) position (Scheme 2.1). The iodo group was then 

displaced with three aromatic and nitrogen-rich primary amines to generate small 

molecules 2.2-2.4. By TLC and/or 1H-NMR, the conversion of 2.1 to 2.2-2.4 was 

generally greater than 90%; however, the small molecules required multiple 

chromatographic purifications to remove the excess primary amine to achieve greater 

than 95% purity, significantly reducing the isolated yield.  
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Scheme 2.1: Small Molecule Library from 5-Chloromethyl-2-Oxazolidinone 
Scaffold 

2.3.2 Screening Against an RNA Secondary Structure Library 

To test the selectivity of the oxazolidinones for particular RNA secondary 

structures, the small molecules were screened against a seventeen-member RNA 

secondary structure library (Figure 2.3).280 This RNA library included five canonical 

secondary structures [bulges (B), asymmetrical internal loops (AIL), symmetrical internal 

loops (IL), stems, and hairpins (HP)]. The sequence of each secondary structure was 

diversified for all library members, and the size of the motifs for the bulge, asymmetrical 

internal loops, and hairpin constructs were varied. A flexible uracil nucleobase in each 

construct was replaced with an environmentally sensitive fluorophore, 

benzofuranyluridine (BFU).281, 282 Upon binding of a small molecule to the RNA construct, 

the solvent exposure of the BFU is expected to increase or decrease, leading to a 

change in fluorescence and a readout for binding. 
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Figure 2.3: RNA Secondary Structure Library Labeled with Benzofuranyluridine 

Of the three small molecules synthesized, only two (2.2 and 2.3) were practical to 

screen against the entire RNA secondary structure library. Small molecule 2.4 was only 

slightly soluble in aqueous solutions. The two small molecules screened (2.2 and 2.3) 

were both substituted with pyridine-based subunits that only differ in the length of the 

connecting chain (methylene and ethylene, respectively). If binding preferences were 

discerned for 2.2 and 2.3, despite this small difference between the two ligands, it would 

provide additional confidence that oxazolidinone-based small molecules can selectively 

target RNA.   

For each small molecule:RNA interaction, a single 16-point concentration range 

(5-500 µM) was performed, the small molecule concentration was plotted against the 

raw fluorescence data, and the data was fit to a one-site binding equation (GraphPad 

Prism V.7.04). Each interaction is reported in Table 2.1 as either i) binding (Kd); ii) weak 

binding (Kd > 150 µM); or iii) no binding (-). First, neither small molecule bound to any of  
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Table 2.1: Results of Screening 5-Chloromethyl-2-Oxazolidinone-Based Small 
Molecules Against RNA Secondary Structure Library 

Structure Sequence 2.2 (µM)a 2.3 (µM)a 

Bulge 

UC - - 
UGU > 150 26 ± 8 
GAUA 10 ± 3 22 ± 5 
AGUA 6.9 ± 0.5 14 ± 2 
GAUCA 43 ± 8 27 ± 6 

Asymmetric  
Internal  
Loop 

AGU X A - 64 ± 7 
AGU X UA - 77 ± 24 
AUA X GC - - 

Internal  
Loop 

AUG X AGA - - 
CCC X UCA 19 ± 4 > 150 
AGU X UAA - > 150 

Stems I-III - - 

Hairpin 
GCUA - - 
UUAUG - - 
CAGUG - > 150 

a Each dissociation constant is calculated from a  
biological singlet of three replicates, and the reported  
error is from the fit of the curve.  

 

the hairpin or stem constructs with measurable affinity. On the other hand, both small 

molecules bound to four of the five bulge constructs generally with dissociation 

constants in the low µM range. Small molecule 2.2 bound differentially to the bulges, 

binding four- to seven-fold tighter to the four-nucleotide motifs compared to the five-

nucleotide motif, and the ligand also bound with weak affinity to the three-nucleotide 

motif (Kd > 150 µM). In contrast, small molecule 2.3 bound to bulge constructs of size 

three- to five-nucleotides with dissociation constants ranging from 14 to 27 µM. Both 

small molecules bound differentially to the asymmetrical and symmetrical internal loops. 

Small molecule 2.2 only bound to one of the six internal loops, a pyrimidine-rich 3 X 3, 

with a low micromolar dissociation constant (Kd = 19 µM). On the other hand, small 



	  

	  
133 

molecule 2.3 bound to two of the three asymmetrical internal loops with weaker 

dissociation constants (Kd = 64 and 77 µM), and ligand 2.3 also bound with weak affinity 

(Kd > 150 µM) to two of the three symmetrical internal loops. This differential binding and 

potential bulge preference led us to pursue additional syntheses to generate 

enantiomerically pure, bis- and tri-substituted oxazolidinone small molecules.  

2.4 Synthetic Approach for Bis- and Tri-Substituted 2-
Oxazolidinone Small Molecule Libraries 

2.4.1 Criteria for Synthetic Approach 

Before conducting a literature search for scaffold syntheses, several criteria were 

set with the goal to generate efficient and diverse small molecule libraries. First, the 

starting material and reagents for the synthetic transformations should be commercially 

available and inexpensive to allow for synthesis on a preparative scale. The 2-

oxazolidinone scaffold should by synthesized first to allow for the incorporation of late-

stage diversification strategies. In addition, the scaffold should have the potential for 

orthogonal substitution at the N(3), C(4), and C(5) positions (Figure 2.4) to allow 

flexibility in choosing the sequence of diversification reactions and access a wide range 

of possible small molecules. Furthermore, substitution at the C(4) and C(5) results in 

stereoisomers, which should be defined. Ideally, the synthesis would generate either a 

single stereoisomer or an equimolar ratio of enantiomers/diastereomers in order to 

simplify the analysis of the screening data.  

Finally, the diversification strategies should utilize amines as nucleophiles in the 

substitution reactions as often as possible. Amines are amenable to a wide variety of 
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Figure 2.4: Numbering of the 2-Oxazolidinone Ring 

substitution reactions, are inexpensive, and widely commercially available.283 

Furthermore, RNA-binding ligands in the literature are enriched in amine substrates.100, 

130, 253, 254, 284 As a result, the lab purchased a library of greater than 100 primary amines, 

secondary amines, and anilines, which are enriched in heteroatom- and aromatic-rich 

moieties know to bind to RNA (Figure 2.5).62, 285-289 The use of this in-house amine-based 

subunit library would significantly reduce the cost of synthesizing small molecules by 

removing the need to purchase oxazolidinone specific subunits.    

 

 

Figure 2.5: Representative Subunits from the Amine-Based Subunit Library 

2.4.2 Inspiration from the Work of Crich & Banerjee 

Pioneered by David Evans, 2-oxazolidinones are most prominently used as chiral 

auxiliaries to generate enantiomerically pure building blocks for asymmetric and/or total 

syntheses.290 Typically, the oxazolidinones are synthesized from relatively inexpensive 

amino acids or amino alcohols and substituted at the C(4) and/or C(5) positions. Due to 

the controlled stereochemistry, affordability, and substitution patterns, such chiral 

auxiliaries were ideal as synthons for 2-oxazolidinone diversity-oriented syntheses.  
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After a literature search, work by Crich & Banerjee was selected as inspiration for 

oxazolidinone-based small molecule libraries.291 This methodology utilized enantiopure 

aromatic amino acid methyl esters (2.5-2.8), which were cyclized to the corresponding 2-

oxazolidinone intermediates (2.9-2.12), to generate enantiomerically pure threo-β-

hydroxy-α-amino acid derivatives (2.13-2.16) (Scheme 2.2). The 2-oxazolidinone 

intermediates 2.9-2.12 can be utilized as scaffolds for orthogonal substitution after N(3) 

Boc group removal: i) the N(3) position can be alkylated or arylated followed by coupling 

to the corresponding amine-based subunits; ii) the methyl ester at the C(4) position can 

be directly substituted with the amine-based subunits; and iii) the identity of the C(5) 

position can be altered by using the appropriate natural or unnatural aromatic methyl 

ester amino acids. In nature, aromatic amino acids are enriched at the interface of  

 

 

Scheme 2.2: Crich & Banerjee Synthesis of threo-β-Hydroxy-α-Amino Acid 
Derivatives 
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RNA:protein interactions;292 therefore, the inclusion of such amino acid side chains at the 

C(5) position can be advantageous for RNA targeting. 

Furthermore, Crich & Banerjee preliminarily explored the stereoselectivity of the 

cyclization to the 2-oxazolidinone intermediates, reporting a single stereoisomer of 2.9 

and diastereomeric mixtures for 2.10, 2.11, and 2.12.291 By further exploring and tuning 

the cyclization conditions, we proposed that multiple enantiomerically pure scaffolds 

could be generated from a single amino acid in five or less steps. Meeting all the criteria, 

the work of Crich & Banerjee served as an inspiration for the efficient and diverse 

synthesis of 2-oxazolidinone small molecule libraries. 

2.5 Synthesis of a Small Molecule Library Utilizing L-Tryptophan 
Methyl Ester 

2.5.1 Synthesis of Bis-Boc Protected Scaffold 

Of the four amino acid methyl esters utilized by Crich & Banjeree, only 

tryptophan provided enantioselective conversion to the corresponding oxazolidinone 

intermediate; therefore, tryptophan was chosen as the starting point to optimize the 

synthetic transformations. Following a reported protocol,291 L-tryptophan methyl ester 

was tri-Boc protected to form 2.5 in quantitative yield (Scheme 2.3). The intermediate 

was then brominated at the β-methylene position with N-bromosuccinimide, which 

cyclized via a concerted pathway to give the oxazolidinone intermediate 2.9 in a 39% 

isolated yield. Several conditions were attempted to increase the yield with little to no 

effect: addition of radical initiator hydrogen peroxide, quench with sodium thiosulfate 

prior to workup, decreased temperature, and altered reaction concentration. The addition  
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Scheme 2.3: Synthesis of Bis-Boc Protected L-Tryptophan-Based Scaffold 

of AIBN and a 120 Watt incandescent lamp led to lower side product formation; 

however, the cyclization to 2.9 never exceeded 50%.  

The side products from the cyclization reaction with 1 equivalent of N-

bromosuccinimide were characterized by 1H-NMR and/or mass spectrometry to be 

~25% of elimination product 2.19 as well as less than 5% of hydroxylated product 
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hands. By TLC, the major side product 2.19 forms after the expected product 2.9 is 
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observed after addition of potassium fluoride to a phenylalanine derivative brominated at 

the β-methylene position.295  

 

 

Figure 2.6: Side Products in the Synthesis of the Bis-Boc Protected Scaffold 

In an attempt to increase the yield of 2.9, the reaction was repeated with 2 
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diastereomer is too sterically hindered and/or slow and therefore, leads to the side 

product 2.19 (Scheme 2.4). 
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Scheme 2.4: Hypothesis for Cyclization of L-Tryptophan Bromine Intermediates 

previously described in step 1 of the conversion of 2.17 to 2.5 (Scheme 2.3). From this 

mono-Boc intermediate, a different protecting group can be placed onto the nitrogen 

atom of the indole ring followed by addition of the second Boc group onto the primary 
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by increasing the leaving group ability of the bromine through a Mannich-type 
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The first protecting group explored was methyl, which was hypothesized to 

increase the donating ability of the basic lone pair as well as significantly decrease the 

steric hindrance. After mono-Boc protection of the primary amine, the methyl group was 

selectively added to the indole ring utilizing CH3I and KOtBu in acetonitrile with an 

isolated two-step yield of 14% (Scheme 2.5). The second Boc group was added to the 

primary amine utilizing standard procedures to give 2.26 in 94% isolated yield. This 

intermediate was subjected to bromination conditions, which yielded a single major 

product 2.28 in greater than 90% yield by crude 1H-NMR. Product 2.28 results from the  

 

 

Scheme 2.5: Cyclization of L-Tryptophan-Based Scaffold with Methyl-Protected 
Indole 
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electrophilic addition of bromine onto the C(2) position of the indole.  This addition 

reaction is well-characterized for indole rings protected with Boc or Tosyl, where 

bromination at the C(2) and β-methylene position are in competition, although addition of 

AIBN is reported to favor the latter.297, 298 Similar reactions with indole rings protected 

with methyl are not reported; however, we hypothesized that the greater electron 

donation from the methyl group into the indole ring increases the nucleophilicity of the 

C(2) position and therefore electrophilic addition. Product 2.28 was isolated in a 48% 

yield, and the identity was confirmed by 1H-NMR and mass spectrometry.  

The second protecting group explored was tosyl. Although tosyl is larger than 

Boc, it has similar electron-withdrawing ability, and bromination reactions with tosyl 

protected indoles have been reported as comparable to Boc.298 Furthermore, the bulkier 

tosyl group may hinder and/or slow down the cyclization reaction and allow for 

characterization of the bromine intermediates. After mono-Boc protection of the primacy 

amine, the tosyl group was selectively added to the indole ring nitrogen utilizing TsCl 

and NaOH in CHCl3 at reflux to give 2.30 in a 44% yield (Scheme 2.6). The second Boc 

group was added to the primary amine utilizing standard procedures to give 2.31 in a 

73% yield. After subjecting the intermediate to bromination conditions, crude 1H-NMR 

revealed that ~15% of the reaction mixture was the expected product 2.32, and ~70% of 

the starting material 2.31 was unreacted. Two additional side products (2.33 and 2.34) 

were present in equal amounts by crude 1H-NMR, and the identities were confirmed by 

mass spectrometry after chromatographic purification.  Furthermore, the expected 

product 2.32 was isolated in a 6% yield, which is considerably lower than isolated yield  
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Scheme 2.6: Cyclization of L-Tryptophan-Based Scaffold with Tosyl-Protected 
Indole 
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of the bis-Boc protected scaffold 2.9. Despite the similar electron-withdrawing ability, 

lower reactivity of tosyl-protected indoles has been reported in comparison to Boc- 

protected indoles for Diels-Alder cycloadditions and are attributed to higher efficiency in 

the p-p orbital overlap for Boc, achieving greater delocalization of the lone pair.299   

Additional protecting groups for the indole ring were not pursued, since the 

reactions to generate bis-Boc protected scaffold could be scaled-up for small molecule 

synthesis. Other carbonyl-containing protecting groups can be explored [i.e. acetyl, 

carboxybenzyl (CBZ), or fluorenylmethyloxycarbonyl (FMOC)], which are proposed to 

have similar electron-donation ability but altered bulkiness of the group around the 

reaction center. Furthermore, computational studies could be pursued to probe our 

hypothesis and understand the limitations of the bromination reaction, including 

structural minimizations of 2.5, 2.9, and 2.22-2.24. Lastly, 1H-NMR could be used to 

monitor the bromination reaction and potentially observe and characterize the 

brominated intermediates. All of these approaches could lead to a better understanding 

of the bromination reaction and therefore, rational methods to improve the yield of the 

scaffold synthesis, increasing accessibility to small molecules. 

2.5.3 C(4) Substitution of Bis-Boc Protected Scaffold 

With bis-Boc protected scaffold 2.10 in hand, reaction conditions to substitute at 

the C(4) methyl ester with primary amines were tested.  Scaffold 2.9 was reacted with 

primary amine subunit 1-(3-aminopropyl)imidazole and N,N-diisopropylethylamine in 

THF at 35 ºC for 24 hours. By TLC, two overlapping product spots were observed in 

approximately 1:1 ratio. Crude mass spectrometry and 1H-NMR revealed the identity of 
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the products to be 2.35 and 2.36 (Figure 2.7). The reaction was repeated with identical 

conditions in DMF from room temperature to 50 ºC, and the same products (2.35 and 

2.36) were observed in a similar ratio. We hypothesized that with the Boc group on the 

N(3) position, the reactivity of the 2-oxazolidinone carbamate and the methyl ester were 

similar; therefore, attempts were made to remove the Boc groups from the N(3) position, 

increasing the stability and potentially decreasing the electrophilicity of the 2-

oxazolidinone ring.  

 

 

Figure 2.7: Products for C(4) Substitution of Bis-Boc Protected L-Tryptophan 
Scaffold 

2.5.4 Selective Deprotection of N(3) Boc Group 

For future N(3) substitution reactions, it would be ideal selectively deprotect the 

N(3) Boc group while retaining the indole Boc group to limit competing byproduct 

formation via N-H arylation or alkylation of the indole ring. Furthermore, the acid-

catalyzed deprotection of the N(3) Boc group is also competing with ring-opening 

reactions of the 2-oxazoldinone, requiring a balance between Boc deprotection(s) and 

protecting the integrity of the scaffold.                            

O N

NH
O

NBoc

O

N N

Boc

2.35

N

OO
Boc N

O

Boc

CH3

HN

NN

HO

2.36



	  

	  
145 

To begin, small-scale reactions were conducted in a test tube with bis-Boc 

protected scaffold 2.9. All combinations of three solvents (dioxane, EtOAc, and DCM) 

and two acids (2.5% of TMSCl and HCl) were tested (Table 2.2) and monitored by TLC. 

Reactions conducted in dioxane or EtOAc resulted in rapid opening of the 2-oxazolidione 

ring. On the other hand, no reaction was observed for 2.5-10% TMSCl in DCM and a 

mixture of ring-opening and deprotection products were observed for 2.5% HCl in DCM.  

 

Table 2.2: Results for Test Reactions for N(3) Deprotection of Bis-Boc Protected 
Scaffold 

Solvent Acid Deprotection 
Product(s) 

 Ring-Opening 
Product(s) No Reaction 

Dioxane TMSCl -  X - 
Dioxane HCl -  X - 
EtOAc TMSCl -  X - 
EtOAc HCl -  X - 
DCM TMSCl -  - X 
DCM HCl X  X - 
Chloroform HCl X  X - 
Dichloroethane HCl X  X - 
DCM TFA X  X - 
Dichloroethane  TFA X  - - 

 

To identify optimal conditions for HCl-catalyzed deprotections, reactions were 

scaled up to 10 mg (0.022 mmol), and different concentrations of HCl were tested in 

three halogenated solvents: DCM, chloroform and dichloroethane (Table 2.2). Reactions 

with 2.5-10% HCl in DCM and 5-15% HCl in chloroform resulted in less than 5% 

conversion to either ring-opening or deprotection products. On the other hand, reactions 

at lower concentrations of HCl (5%) in dichloroethane resulted in ~20% conversion to a 
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deprotection product; however, increasing the concentration of HCl to 10% led to ring-

opening of 2-oxazolidinone.   

Next, small-scale reactions with 7.5 mg (0.016 mmol) of 2.9 were performed with a 

milder acid, trifluoroacetic acid (TFA), to potentially increase deprotection and decrease 

ring-opening (Table 2.2). In dichloroethane, a range of TFA concentrations (1-10%) were 

tested, which led to increased conversion to deprotection products and only minor ring-

opening products. Similar concentrations in DCM led to significantly more ring-opening 

products. Therefore, reactions with TFA in dichloroethane were pursued on larger 

scales.  

Multiple parameters were tested on 100-200 mg (0.22-0.43 mmol) scales to optimize 

the deprotection reaction. The length of the reaction did not considerably change the 

conversion to product. However, shorter reaction times did lead to easier purifications. 

The concentration of the reactant was critical, where total reaction concentrations less 

than 0.075 M led to more ring opening products, and concentrations greater than 0.075 

M led to less conversion of starting material. Furthermore, the concentration of TFA was 

the most important parameter for the reaction, changing the identity of the products as 

well as the percent conversion of each. Less than 10% TFA led to little consumption of 

the starting material, and greater than 20% TFA led to multiple side products and ring-

opening products.  

Unfortunately, the optimal conditions identified at 10 mg and 100 mg did not scale to 

larger amounts, and although the same general trends applied, the solvent and 

concentration of TFA had to be tuned at each increase in scale. For amounts greater 

than 500 mg (1.1 mmol), 10% TFA in DCM (0.075 M) at room temperature for 20 
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minutes were the best conditions identified to date, which lead to a purified yield of 39% 

(Scheme 2.7). It is hypothesized that the solubility of the reactant and product changes 

slightly as the reaction is scaled-up, requiring re-optimization of the parameters. 

Furthermore, chromatographic purification became increasing difficult at larger scales 

due to the substantial amount of grease generated in the reaction.  

 

Scheme 2.7: Selective N(3) Boc Deprotection of L-Tryptophan-Based Scaffold 
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2.38 was obtained in a 76% yield.  

 

O N

O

O
CH3

O
N

Boc

Boc

2.9
0.075 M

TFA (10%)
DCM, rt, 20 min

39%

O NH

O
CH3

O
NBoc

2.37

O



	  

	  
148 

 

Scheme 2.8: C(4) Substitution of Mono-Boc Protected L-Tryptophan-Based 
Scaffold 

2.5.6 Deprotection of Indole Boc Group for C(4) Substituted Ligands 

A literature search was conducted to identify mild conditions for Boc removal in 

the presence of acid- and base-labile groups similar to 2-oxazolidinone. There were 

several reports of utilizing ZnBr2 to selectively deprotect Boc groups in the presence of 

other esters300, 301 as well as with acid-labile protecting groups.302 Furthermore, the rate 

of deprotection for ZnBr2 increased with electron withdrawing groups, which could allow 

Boc removal from the indole yet protect the 2-oxazolidinone ring. This Boc deprotection 

strategy was attempted on the C(4)-substituted substrate 2.38 in DCM at room 

temperature with eight equivalents of ZnBr2; although the reported protocol used five 

equivalents, three additional equivalents were added to compensate for coordination to 

the amide and carbamate. After an aqueous workup, the product was isolated by column 

chromatography in a 25% yield (Scheme 2.9). A significant amount of starting material 

remained and several side products were formed, which are proposed to be ring-

opening products. 
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Scheme 2.9: Indole Boc Deprotection of L-Tryptophan-Based Small Molecule 

In general, increasing the equivalents of ZnBr2 as well as reaction time did not 

improve the isolated yield of 2.39 (Table 2.3). However, additional starting material was 

consumed in these reactions, which unfortunately led to more side products. 

Optimization of this reaction is in progress and is focused on understanding the role of 

time and temperature for the ZnBr2 catalyzed reaction301 as well as testing additional 

solvents and Lewis acids for Boc removal.  Although inefficient, the current route can be 

used to synthesize and isolate a variety of tryptophan-based small molecules for 

screening against RNA targets.  

 

Table 2.3: Conditions for ZnBr2-Catalyzed Indole Boc Deprotection of L-
Tryptophan-Based Small Molecule 

ZnBr2 (equiv) Time (h) Yield (%) 
8 24 25 
10 24 15 
16 48 20 
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2.5.7 Attempts to Simultaneously Deprotect N(3) and Indole Boc 
Groups 

After synthesis of the first bis-substituted small molecule 2.39, removal of both 

the N(3) and indole Boc groups simultaneously was explored due to the: i) low yield of 

the ZnBr2- catalyzed deprotection; ii) advantages for diversity-oriented synthesis; and iii) 

lack of competing N-H substitution reactions in the synthesis of only C(4)-substituted 

small molecules. One of the first methods explored was thermolysis by heating 2.9 as a 

film to drive off the Boc group as CO2 and isobutylene gas (Scheme 2.10).303, 304 

Unfortunately, this method led to several products, where the 2-oxazolidinone ring was 

degraded, and the indole Boc group remained. The second method explored was TBAF 

in THF at reflux temperature,305, 306 which led to deprotection of the N(3) Boc group, 

without degradation of the 2-oxazolidinone ring, though the methyl ester was hydrolyzed.  

 

 

Scheme 2.10: Attempts to Simultaneously Deprotect N(3) & Indole Boc Groups 

One of the competing reactions in the selective N(3) Boc deprotection reaction 

(Scheme 2.7) was characterized to be deprotected 2.40 (Scheme 2.10); therefore, the 

TFA-catalyzed deprotection reactions were re-attempted in various halogenated solvents 
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and different percentages of TFA to attempt the conversion of 2.9 to 2.40 in moderate 

yield. For these test reactions, 20-30 mg (0.043-0.065 mmol) of 2.9 was utilized, and the 

outcome of the reaction was evaluated by crude 1H-NMR using two standards: i) the 

ratio of bis:mono:de-Boc oxazolidinone scaffold (2.9:2.37:2.40) measured by integrating 

the protons on the 2-oxazolidinone ring and ii) the total percentage of 2.9, 2.37, and 2.40 

in the reaction mixture measured by integrating all of the methyl ester peaks (Table 2.4). 

In general, increasing the percentage of TFA, increasing time, or decreasing the reaction 

concentration typically led to more of the deprotected oxazolidinone scaffold 2.40; 

however, there were also additional side products that formed, mostly likely due 

competing ring opening reactions. In all the reaction conditions tested, 2.40 could not be  

Table 2.4: Conditions for N(3) & Indole Boc Deprotection of L-Tryptophan-Based 
Scaffold with Trifluoroacetic Acid 

TFA  
(%) 

Solvent Concentration  
(M) 

Time 
(min) 

Ratio of  
2.9:2.37:2.40a 

Total 2.9, 2.37,  
& 2.40 (%)b 

15 Dichloroethane 0.025 30 0:35:65 10 
15 Dichloroethane 0.075 10 5:65:30 85 
15 Dichloroethane 0.075 20 10:50:40 70 
15 Dichloroethane 0.075 50 0:60:40 50 
20 Dichloroethane 0.075 20 5:55:40 65 
30 Dichloroethane 0.075 20 50:15:35 5 
30 Dichloroethane 0.075 60 70:15:15 5 
40c Dichloroethane 0.075 20 - - 
30 Chloroform 0.075 20 15:75:10 95 
30c DCM 0.010 20 - - 
30 DCM 0.020 20 15:40:35 40 
30 DCM 0.040 20 0:45:55 50 
10 DCM 0.040 20 10:80:10 95 
20 DCM 0.075 20 20:50:30 45 
20 DCM 0.075 60 15:50:35 70 
15 DCM 0.075 20 0:75:25 90 

a Ratios determined by integrating alpha & beta oxazolidinone proton peaks in 1H-NMR; 
b Percentage determined by integrating methyl ester oxazolidinone proton peaks in 1H-
NMR; c Alpha & beta oxazolidinone protons were not identified in 1H-NMR. 
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isolated in greater than 30% yield and therefore, the route was not pursued in favor of 

exploring higher yielding, milder deprotection reactions.307-313   

2.5.8 Role of N(3) Arylation in Boc Deprotection & C(4) Substitution 

Typically, carbamates are chemically and metabolically stable functional groups 

that are often exploited in FDA-approved drugs as well as the chemical industry.314 

However, the identity of the substituents at the O(1) and N(3) positions are critical for 

stability, and substituents significantly alter the sterics as well as electron delocalization 

within the functional group. Boc protection at the N(3) position formed an unstable 

imidodicarboxylate, which significantly increased the electrophilicity of the 2-

oxazolidinone carbonyl. On the other hand, there are several examples of FDA-

approved oxazolidinone-based small molecules that have an electron-withdrawing 

benzene substituent at the N(3) position.263, 315 Although benzene weakens the double 

bond character in the C-N and C-O bonds,316 the substitution provides significant stability 

by preventing deprotonation of the N-H and conversion to an isocynate for 

decomposition.317, 318 Therefore, N(3) arylation of the oxazolidinone scaffold 2.37 was 

pursued to add additional stability to the 2-oxazolidinone ring for removal of the indole 

Boc group.  

 A protocol was established based on previously reported procedures 319 using a 

commercially-available 2-oxazolidinone, and these conditions were then used to arylate 

2.37. For this reaction, cesium fluoride, copper (I) iodide, N,N’-

dimethylethylethylenediamine, and iodobenzene were dissolved in acetonitrile with 2.37 
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and heated to 45 ºC for 24 hours (Scheme 2.11). Approximately half of the starting 

material was consumed, and the expected product 2.41 was isolated in a 33% yield. 

Methyl ester substitution was considerably slower with the N(3) benzene, requiring 

additional equivalents of amine and base as well as higher temperatures and longer 

reaction times. After five days, the reaction stalled at approximately 50% conversion to 

2.42, which was isolated in a 42% yield. The substitution reaction was also conducted in  

 

Scheme 2.11: N(3) Arylation and C(4) Substitution of L-Tryptophan-Based Scaffold 
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acetonitrile, DMF, and toluene; however, the conversion did not exceed that in THF. This 

decrease in reactivity is attributed to the additional steric effects from the N(3) 

substitution and the loss of N-H bond to activate the carbonyl of the methyl ester for 

nucleophillic attack.  

The first attempt at indole Boc removal was conducted in DCM utilizing 

increasing amounts of TFA (7-30%) over several hours. Expected product 2.43 was 

observed at 22% TFA; however at 30% TFA, the reaction became gel-like and was 

quenched. The same reaction was repeated in chloroform starting with 30% TFA. After 

an hour, no products were observed, and an additional 10% of TFA was added. After an 

additional hour, all of the starting material was consumed, the reaction was quenched, 

and concentrated to reveal a white solid. The identity of expected product 2.43 was 

confirmed by 1H-NMR as well as mass spectrometry. The strategy of arylation of the 

N(3) position of 2.37 did considerably increase the stability of the 2-oxazolidinone ring in 

acidic conditions. In addition to providing an avenue to tri-substituted oxazolidinones, the 

strategy could be utilized to overcome the low yields observed for indole Boc removal in 

Scheme 2.7 and 2.9. 

2.6 Synthesis of a Small Molecule Library Utilizing L-
Phenylalanine Methyl Ester 

2.6.1 Synthesis of Deprotected Scaffold 

2.6.1.1 Characterization of Bromine Diastereomers 

While work with L-tryptophan methyl ester was ongoing, synthesis of small 

molecules with L-phenylalanine methyl ester was also being pursued. In contrast to L-
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tryptophan methyl ester, Crich and Banerjee reported a 1:1 mixture of L-phenylalanine 

bromine intermediates that were stable to aqueous workup;291 however, only one of the 

two bromine intermediates were characterized. It was also reported that silver salts were 

required to assist with the cyclization of the bromine intermediates to the oxazolidinones, 

resulting in various diastereomeric ratios. Therefore, work with L-phenylalanine methyl 

ester was pursued due to the unique potential to explore all four stereoisomers of 

oxazolidinone-based small molecules.  

To begin, L-phenylalanine methyl ester was bis-Boc protected to form 2.7 in a 

87%, two-step yield (Scheme 2.12).291 The intermediate was then dissolved in CCl4 and 

brominated at the β-methylene position with N-bromosuccinimide. The resulting products 

were characterized by 1H-NMR, and 1:1 mixture of the bromine intermediates 2.45 and  

 

 

Scheme 2.12: Synthesis of 1:1 Ratio of L-Phenylalanine Bromine Diastereomers 
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2.46 were observed. Purification of the bromine intermediates by chromatographic 

purification led to less than 30% recovery of the diastereomers, and therefore, the crude 

mixture was only concentrated and filtered prior to testing silver salts for cyclization. 

2.6.1.2 Exploration of Silver Salts for Stereoselective Synthesis 

To cyclize the bromine intermediates to oxazolidinones, Crich and Banerjee 

dissolved the bromine intermediates in acetone and tested four silver salts at room 

temperature for two hours (Table 2.5). The researchers reported that acetone-soluble 

silver salts, AgNO3 and AgOTf, resulted in a 6:1 or 10:1 mixture of oxazolidinone 

diastereomers, respectively. On the other hand, the insoluble silver salts, Ag2O and 

AgCO3 resulted in a 1:0 mixture of oxazolidinone diastereomers, where only one of the 

two bromine intermediates was consumed. To increase reaction yield, it would be ideal 

to consume the majority of the bromine diastereomers. Furthermore, a single 

diastereomer or a 1:1 ratio of oxazolidinone diastereomers would be preferred for small 

molecule screening.  

 

Table 2.5: Silver Salts Tested for L-Phenylalanine Bromine Intermediates 
Cyclization by Crich & Banerjee 

Silver Salt Yield  
(%) 

Oxazolidinone 
Diastereomeric 
Ratio 

AgNO3 70 6:1 
AgCO3 48 1:0 
Ag2O 48 1:0 
AgOTf 55 10:1 
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With Crich and Banerjee’s work as a starting point, we tested the cyclization of 

bromine intermediates 2.45 and 2.46 (Scheme 2.13) with AgNO3 in acetone at room 

temperature for two hours (Table 2.6). All of bromine intermediate 2.45 was consumed, 

although only a small amount of bromine intermediate 2.46 reacted, leading to a 

diastereomeric ratio of 14:1. On the other hand, increasing the reaction time to 18 hours 

led to more cyclization of bromine intermediate 2.46 and a diasterometric ratio of 5:1. 

This diastereomeric ratio was similar to the one described by Crich and Banerjee with a 

reaction time of two hours. 

 

Scheme 2.13: Cyclization of L-Phenylalanine Bromine Intermediates to 
Oxazolidinone Diastereomer(s) 

Next, we tested the role of temperature and solvent on the cyclization reaction. 

First, the reaction was conducted at increased temperature (45 ºC) in acetone for two 

hours, which lead to complete cyclization of both bromine intermediates and an 

improved diasteromeric ratio of 4:1; however, a side product was generated at a similar 

rate as the cis oxazolidinone 2.47, preventing the formation of a diastereometric ratio of 

1:1. By mass spectrometry, the side product was identified as 2.48 (Figure 2.8), where 

the nitrate ion replaces the bromo, most likely though a radical mechanism. This side 

product was also observed in both AgNO3-assisted cyclizations at room temperature, 
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Table 2.6: Silver Salts Tested for L-Phenylalanine Bromine Intermediates 
Cyclization 

Silver 
Salt 

Solvent Temperature 
(º C) 

Time (h) Ratio of 
2.11:2.47a 

Yield 
(%)b 

AgNO3 Acetone rt 2 14:1 50 
AgNO3 Acetone rt 18 5:1 60 
AgNO3 MeCN rt 2 9:1 70 
AgNO3 Acetone 45 2 4:1 70 
AgNO3 MeCN 45 2 8:1 45 
Ag2O Acetone 45 2 1:0 40 
AgOAc Acetone  45 2 1:0 35 
AgOTs Acetone 45 2 1:0 20 
AgOTf Acetone rt 2 6:1 65 
AgOTf Acetone 45 2 1:0 90c 

AgSbF6 Acetone 45 2 1:0 95c 

a Ratios determined by integrating alpha & beta oxazolidinone proton peaks in 
1H-NMR; b Percentage determined by integrating methyl ester oxazolidinone 
proton peaks in 1H-NMR; c Includes 2.11 with and without N(3) Boc 

 
although at lower ratios. Furthermore, we tested the AgNO3-catalyzed reaction in 

acetonitrile at room temperature and 45 ºC for two hours, leading to diastereomeric 

ratios of 9:1 and 8:1, respectively. Although the cyclization of bromine intermediate 2.46 

was slower in acetonitrile, the side product 2.48 was also generated, leading us to test 

additional silver salts for the reaction.  

 

 

Figure 2.8: Side Products for Silver-Catalyzed Cyclization of L-Phenylalanine 
Bromine Intermediates 
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Due to the increase in consumption of 2.46, all future test reactions were 

conducted in acetone for two hours at 45 ºC (Table 2.6). In line with the observations of 

Crich and Banjeree, Ag2O led to cyclization of only bromine intermediate 2.45, although 

a small amount of bromine intermediate 2.46 was consumed to a form side product 2.49 

(Figure 2.8). Similar results were observed for test reactions with AgOAc and AgOTs 

with only a slight decrease in yield. Due to these observations, the focus was turned to 

AgOTf, which with Crich and Banjeree, led to a 10:1 ratio of bromine diastereomers.291 

At 45 ºC, the AgOTf-catalyzed cyclization reaction led to complete consumption 

of the bromine intermediates and the formation of a single oxazolidinone diastereomer 

2.11 in a 90% yield. To reproduce the observations of Crich and Banjeree, the reaction 

was also tested at room temperature; however, oxazolidinone diastereomer 2.11 and the 

formation of an uncharacterized side product were observed, lowering the yield to a 

comparable 65%. Similar results were also observed for AgSbF6, leading to a single 

diastereomer and a 95% yield. Furthermore, both AgOTf and AgSbF6 led to partial 

removal of the N(3)-Boc group of 2.11 without generating ring-opening products. As a 

result, AgOTf was chosen for future cyclization reactions because: i) all of the bromine 

diastereomers were consumed; ii) the cyclization led to one diastereomer in a 90% yield; 

and iii) approximately 50% of the product had the N(3) Boc group removed, reducing the 

time the oxazolidinone is exposed to acidic conditions for N(3) Boc removal. 

2.6.1.3 Stereoconvergent Synthesis of Scaffold 

With ideal conditions for the stereoconvergent synthesis of 2.11, synthesis of the 

deprotected oxazolidinone scaffold was pursued (Scheme 2.14). After the bromination 
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reaction, the crude mixture was filtered through celite and subjected to the AgOTf-

catalyzed cyclization. The reaction time was increased from two hours to twenty-four 

hours to potentially increase the amount of N(3) Boc removal in the reaction, which was 

unsuccessful. Similarly, the equivalents of AgOTf were increased from 1.5 to 2.5; 

however, more side products appeared in the reaction. Therefore, the reaction was 

conducted with the original conditions of 1.5 equivalents of AgOTf for two hours.  

 

 

Scheme 2.14: Stereoconvergent Synthesis of L-Phenylalanine-Based Scaffold 

Compared to the L-tryptophan oxazolidinone, the deprotection of the N(3) Boc 

group of 2.11 was rather straight-forward, because there was not a competing 

deprotection reaction with a second Boc group on the scaffold. Mild conditions were 

chosen from the L-tryptophan scaffold optimization (Table 2.4) that led to the most 

consumption of starting material and least number of ring-opening side products. The 

deprotection was conducted in dichloroethane with 15% TFA at room temperature for 10 

minutes (Scheme 2.14). Chromatographic purification led to scaffold 2.50 in a yield of 

35% over three-steps.   
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2.6.2 C(4) Diversification of Deprotected Scaffold 

Substitution reactions were conducted at the C(4) methyl ester with a variety of 

the heteroatom- and aromatic-rich primary amine subunits (Scheme 2.15). The standard 

procedure utilized 1.2 equivalents of subunit and 2 equivalents of N,N-

diisopropylethylamine in THF at 45 ºC for 48 hours; however, some of the sterically 

hindered or minimally soluble subunits required greater equivalents of amine and/or 

base as well as longer reaction times. Despite clean conversion of greater than 90% of 

the starting material by TLC, some of the yields were low, particularly for more polar 

compounds, due to difficulties in purification. Ten small molecules were synthesized and 

isolated in greater than 95% purity. 

 

 

Scheme 2.15: Small Molecule Library from L-Phenylalanine-Based Scaffold 
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2.6.3 Role of N(3) Diversification in C(4) Substitution  

To increase the diversity of phenylalanine-based small molecules, N(3) arylation 

and alkylation of the scaffold was pursued. First, arylation was achieved following the 

same protocol used to arylate the L-tryptophan scaffold (Scheme 2.11), giving 2.61 in a 

26% yield. (Scheme 2.16). In contrast to the L-tryptophan reaction, a 9:1 mixture of trans 

to cis diastereomers were observed by 1H-NMR, despite the starting material being 

distereomerically pure by 1H-NMR. To compare reactivity at the C(4), a small scale 

reaction was conducted, substituting at the methyl ester with 1-(3- 

 

 

Scheme 2.16: N(3) Arylation and C(4) Substitution of L-Phenylalanine-Based 
Scaffold 
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aminopropyl)imidazole. At 60 ºC in THF, there was approximately 20% conversion to 

2.62 by TLC; however, additional time and heat did not result in more product formation. 

This conversion rate was approximately 30% lower than the L-tryptophan scaffold. 

As an alternative to N(3) arylation, alkylation was pursued to test if racemization 

occurs with other N(3) reactions and if reducing steric bulk around the C(4) carbonyl will 

lead to increased reactivity. Following a literature procedure,320 alkylation was achieved 

utilizing KF/Al2O3 and benzylbromine in THF at room temperature to 35 ºC for 60 hours, 

leading to 2.63 in a 6% yield (Scheme 2.17). To compare reactivity at the C(4), a small 

scale reaction was conducted, substituting at the methyl ester with 1-(3-

aminopropyl)imidazole. At room temperature in THF, the reaction went to approximately 

50% completion in 6 days, which is comparable to the N(3)-H substitution reactions. In 

the future, the N(3) alkylation reaction will be optimized and prioritized over arylation 

reactions due to lack of racemization. 

2.7 Accessing All Four Stereoisomers of the Phenylalanine-
Based Scaffold 

2.7.1 Synthesis of D-Phenylalanine-Based Small Molecule 

Normal phase, chiral HPLC columns were utilized to assess the enantiomeric 

purity of the phenylalanine-based library. Since hexanes with 0-10% MeOH is utilized as 

the mobile phase for separation, the least polar and/or water soluble small molecule 

would be ideal for peak resolution. The logP values were calculated for all possible C(4)-

substituted phenylalanine-based small molecules with the in-house primary amine 

subunit library, and the small molecule substituted at the C(4) with 2-
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(aminoethyl)benzene had the highest logP value. The (4S,5R) enantiomer of the small 

molecule was already prepared (2.56), and therefore, the (4R,5S) enantiomer of the 

small molecule was synthesized to determine the enantiomeric purity. 

To prepare the (4R,5S) enantiomer, the same procedures were followed that led 

to the (4S,5R) small molecules synthesized in Scheme 2.15, except L-phenylalanine 

methyl ester was replaced with D-phenylalanine methyl ester (Scheme 2.18). First, D-

phenylalanine methyl ester was bis-Boc protected to form 2.66 in a 91%, two-step yield. 

The intermediate was then brominated, cyclized, and deprotected to form scaffold 2.67 

in a 36%, three-step yield. The C(4) position was then substituted with 2-

(aminoethyl)benzene, and the small molecule was isolated in a 85% yield.  

 

Scheme 2.17: N(3) Alkylation and C(4) Substitution of L-Phenylalanine-Based 
Scaffold 
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Scheme 2.18: Small Molecule from D-Phenylalanine-Based Scaffold 
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enantiomer began eluting at 22.0 minutes and streaked until approximately 27 minutes.  

The streaking of the peaks was less than ideal and led to overlap of the enantiomers; 

therefore, it was concluded that the (4R,5S) enantiomer was pure, yet the purity of 

enantiomer (4S,5R) could not be determined. 
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Figure 2.9: Separation of Enantiomers by Chiral HPLC Utilizing an Amylose 
Column 

Next, the separation was attempted utilizing a AD-H chiral column in 90:10 

hexane to methanol at a 2 mL/min flow rate. With this column and the higher flow rate, 

considerably less streaking was observed (Figure 2.10). The (4S,5R) enantiomer eluted 

at 7.4 minutes and only streaked until approximately 9 minutes. The (4R,5S) enantiomer 

began eluting at 7.2 minutes and had a slight tail ending at approximately 8 minutes. 

Despite the much sharper peaks, there was still overlapped observed between the 

5 10 15 20 25 30

0

25

50

75

100

 2
2.

02
4 

5 10 15 20 25 30

0

250

500  1
4.

43
8 

Time (min)

Time (min)

Ab
so

ra
ba

nc
e 

(m
AU

)
Ab

so
ra

ba
nc

e 
(m

AU
)

(4S,5R) Enantiomer 2.56

(4R,5S) Enantiomer 2.68



	  

	  
167 

enantiomers. However, the elution order of the enantiomers switched, which allowed us 

to conclude that the (4S,5R) enantiomer was also pure. Therefore, the stereoconvergent 

synthesis, utilizing the AgOTf-catalyzed reaction, led to each respective trans 

enantiomers in greater than 99% enantiomeric purity. 

 

Figure 2.10: Separation of Enantiomers by Chiral HPLC Utilizing an AD-H Column 

Time (min)
2.5 5.0 7.5 10.0 12.5 15.0 17.5

0

50

100

150

200

 7
.4

37
 

5 10 15 20 25

0

50

100

 7
.2

33
 

 Time (min)

Ab
so

ra
ba

nc
e 

(m
AU

)
Ab

so
ra

ba
nc

e 
(m

AU
)

(4S,5R) Enantiomer 2.56

(4R,5S) Enantiomer 2.68



	  

	  
168 

2.7.3 Discovery of Stereodivergent Synthesis 

2.7.3.1 Exploration of Alternative Protecting Groups 

Despite the formation of a 1:1 mixture of bromine intermediates 2.45 and 2.46, 

the silver salt-catalyzed cyclization reactions did not lead to a viable route to generate an 

ideal 1:1 mixture of oxazolidinone diastereomers for screening. To decrease the bulk 

and potentially increase the rate of cyclization of bromine intermediate 2.46, alternative 

protecting groups were explored (Figure 2.11). Although one Boc group is required for 

the formation of the oxazolidinone ring, a second unique protecting group can be added 

to the amine, as a single Boc group can be selectively added as previously described in 

the conversion of 2.44 to 2.7 (Scheme 2.12).  

 

 

Figure 2.11: Exploration of Alternative Protecting Groups for L-Phenylalanine 
Methyl Ester 

The first protecting group explored was methyl, which is the smallest protecting 

group feasible (Figure 2.11). The second protecting group explored was trifluoroacetate. 

In contrast to methyl, trifluoroacetate has similar electron withdrawing ability to Boc and 

can be easily removed after the cyclization reaction. Furthermore, trifluoroacetate is 

smaller than Boc, allowing us to more directly probe the role of protecting group size on 
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cyclization. Synthesis of 2.69 and 2.70 (Figure 2.11) was ongoing when an alternative 

cyclization method was discovered to generate a 1:1 mixture of oxazolidinone 

diastereomers.  

2.7.3.2 Cyclization of Bromine Diastereomers with Heat 

In this alternative method, crude bromine intermediates 2.45 and 2.46 were 

heated in DMF at 100 ºC for 24 hours (Scheme 2.19). The identity of the products as 

well as the diastereomeric ratio of 1:1 was confirmed by 1H-NMR. Furthermore, the 

coupling constants for the oxazolidinone ring protons were 4.9 and 9.1 Hz, which are 

appropriate for the trans (2.11) and cis orientation (2.47), respectively. Several 

chromatographic purifications were attempted to separate the diastereomers with 

various conditions; however, the purifications could not separate the products due to 

lack of separation and/or poor solubility of 2.47. After N(3) Boc removal of 2.11 and 2.47, 

the cis diastereomer 2.71 was largely insoluble in all chromatographic conditions tested. 

In addition, recrystalization of the diastereomers was not possible because 2.11, 2.47  

 

 

Scheme 2.19: Stereodivergent Synthesis of L-Phenylalanine-Based Scaffold 

N
O

OH3C
Boc

Br

H N
O

OH3C
Boc

Boc

Br

H

(2R,3R) (2R,3S)
0.050 M

1:1 Ratio of Diastereomers

DMF
100 ºC, 24 h

O N

O

R

O
CH3

O

O N

O

R

O
CH3

O

(4S,5R) (4S,5S)

2.45 2.46

1:1 Ratio of Diastereomers

Boc

2.11, R = Boc
2.50, R = H

2.47, R = Boc
2.71, R = H



	  

	  
170 

and the deprotection intermediates 2.50 and 2.71 were isolated as oils. On going work 

was focused on C(4) substitution of the crude oxazolidinone diastereomers, and 

exploring the solubility and diastereomer separation following diversification. Utilizing this 

synthesis, all four stereoisomers of the phenylalanine-based scaffold can be explored in 

a simple, inexpensive as well as diversity-oriented route. 

2.8 Synthesis of a Small Molecule Library Utilizing L-Histidine 
Methyl Ester 

2.8.1 Synthesis of Deprotected Scaffold 

2.8.1.1 Exploration of Bromination & Cyclization Conditions 

The last amino acid methyl ester explored was histidine, which was reported by 

Crich and Banjeree to be a hybrid of the tryptophan and phenylalanine stereochemical 

outcomes.291 In their synthesis, the researchers reported the formation of only the trans 

oxazolidinone diastereomer; however, they did isolate an unknown amount of the 

bromine intermediate proposed to cyclize to the cis oxazolidinone.  

To explore the stereochemical outcome, histidine methyl ester was first tri-Boc 

protected using a standard literature protocol291 to give an 80:20 mixture of regioisomers 

2.6 and 2.73 in quantitative yield (Scheme 2.20). The intermediates were then 

brominated with N-bromosuccinimide; however, the results were not reproducible with 

the same conditions, particularly with scales greater than 500 mg (1.1 mmol). The 

efficiency of the bromination reaction ranged from 20-100%, and when conversion was 

higher, a larger number of mostly unidentified side products were observed.  For the 



	  

	  
171 

expected products, there was typically a 1:1:1 ratio of (1R,2S) bromine intermediate 

2.74, (1R,2R) bromine intermediate 2.75, and the trans oxazolidinone 2.10. 

 

 

Scheme 2.20: Synthesis of 1:1:1 Ratio of L-Histidine Bromine Diastereomers and 
Trans Oxazolidinone 
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but the masses did not correspond to the expected intermediates. These results were 

consistent with 1H-NMR, where the aromatic protons were missing for the majority of the 

products. 

To date, only a few silver salts have been tested to cyclize bromine intermediates 

2.74 and 2.75 (Table 2.7). In contrast to the phenylalanine bromine intermediates, an 

AgOTf-catalyzed cyclization was not stereoconvergent, leading to a minimal amount (10-

20%) of the cis oxazolidinone. The Ag2O-catalyzed cyclization led to consumption of only 

bromine intermediate 2.74 and generation of the trans oxazolidinone. The last silver salt 

tested, AgSbF6, led to consumption of both bromine intermediates 2.74 and 2.75 in a 

stereoconvergent synthesis to the trans oxazolidinone; however, a 3:1 ratio of trans 

oxazolidinone regioisomers (proposed to be from reaction of tri-Boc regioisomers 2.74 

and 2.75) were observed by 1H-NMR. Finally, heating the bromine intermediates in DMF 

at 80 ºC for 24 hours was stereodivergent. However, since the bromination does not 

occur in a 1:1 ratio, the diastereomers must be purified and screened separately. To 

synthesize the trans oxazolidinone in a high yield for test reactions, the AgOTf-catalyzed 

cyclization was selected for use in future reactions.  

 

Table 2.7: Conditions for Cyclization of L-Histidine Bromine Intermediates 

Salt Solvent Time 
(h) 

Temp 
(ºC) 

Consumption 
of 2.74 & 2.75 

Stereoselectivity  Regioisomers 

AgOTf Acetone 2 45 Y Mixture N 
Ag2O Acetone 2 45 N Divergent N 
AgSbF6 Acetone 2 45 Y Convergent Y 
- DMF 24 80 Y Divergent N 
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2.8.1.2 Simultaneous Deprotection of N(3) and Imidazole Boc Groups 

After cyclization, a mixture of bis-Boc, mono-Boc, and deprotected 

oxazolidinones products were present, and therefore deprotection of the Boc groups was 

conducted to converge the products to the deprotected oxazolidinone(s) for isolation. 

First, the conditions used to deprotect the phenylalanine oxazolidinones were tested, 

which utilized 15% TFA in dichloroethane at room temperature for 10 minutes (Table 

2.8). By 1H-NMR, approximately 50% of the trans oxazolidinone was deprotected and 

the mixture of cis oxazolidinone protection states remained unchanged. Next, the same 

reaction conditions were tested except the time was extended from 10 minutes to 20 

minutes. By 1H-NMR, approximately 60% and 50% of the trans and cis oxazolidinones 

were fully deprotected, respectively. Increasing the time to 40 minutes, led to complete 

deprotection of both oxazolidinone scaffolds. Since the nature of solvent is known to be 

important, the successful deprotection conditions in dichloroethane were also tested in 

dichloromethane. By 1H-NMR, approximately 80% of both the trans and cis 

oxazolidinones were deprotected; however, the reaction was cleaner and less alkyl 

impurities were observed, and therefore, dichloromethane was utilized in future 

deprotection reactions.  

Table 2.8: Conditions for Deprotection of L-Histidine-Based Scaffold with 
Trifluoroacetic Acid 

Solvent Time (min) Conversion 
of trans (%)a 

Conversion 
of cis (%)a 

Dichloroethane 10  50 0 
Dichloroethane 20 60 50 
Dichloroethane 40 > 95 > 95 
DCM 40 80 80 

a Calculated by integration of alpha & beta oxazolidinone proton peaks in 1H-NMR 
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Due to the water solubility of the histidine oxazolidinone, a quench with NaHCO3 

and aqueous workup was not possible. Originally, reactions were quenched with DMF 

and concentrated; however, purification was difficult, and a red impurity persisted after 

chromatographic purification. The impurity was removed with activated carbon, yet the 

oxazolidinone absorbed onto the carbon as well. Due to the longer reaction times and 

stability of the histidine oxazolidinone, it was discovered that rotovapping off the TFA 

and dichloroethane without quenching led to fewer side products and less colored 

impurities in the reaction. 

2.8.1.3 Current Scaffold Synthesis & Purification 

Although optimization of the scaffold synthesis was still needed, the ultimate goal 

is to synthesize histidine-based small molecules, and therefore, the bromination, 

cyclization, and deprotection reactions in Scheme 2.21 were used to generate scaffold. 

After each step, only celite filtration was conducted due to the water solubility and the 

mixture of products generated at each step. After deprotection, purification of the  

 

 

Scheme 2.21: Current Synthesis of L-Histidine-Based Scaffold 
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oxazolidinone by chromatography purification was difficult: i) DCM:MeOH led to 

degradation of the oxazolidinone; ii) EtOAc:MeCN:MeOH:H2O led to successful 

purification from other polar products, although, significant alkyl impurities remained; and 

iii) EtOAc:MeCN:MeOH removed a lot of the alkyl impurities, yet separation from other 

polar products was lower. On going work is focused on testing mixtures of these 

chromatographic purification conditions as well as possible recrystallization. 

2.8.2 C(4) Diversification of Deprotected Scaffold 

With the purified scaffold in hand, C(4) substitution reactions were attempted with 

2-(aminoethyl)pyridine and impure oxazolidinone scaffold 2.77 (Scheme 2.22). After 4 

days at 45 to 50 ºC, the reaction was concentrated, and 1H-NMR showed that 

approximately 80% of the starting material was consumed. Despite multiple 

chromatographic purifications, the alkyl impurities present before the reaction could not 

be removed. The small molecule was still characterized by 1H-NMR, 13C-NMR, high 

resolution mass spectrometry, and HPLC, which revealed a purity of greater than 95%.  

 

 

Scheme 2.22: C(4) Diversification of L-Histidine-Based Scaffold 
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Furthermore, the approximately 15 mg of 2.78 will be used to test solubility as well as 

binding in preliminary screening assays. 

2.9 Screening of Amino Acid-Based 2-Oxazolidinones 

2.9.1 Differential Binding to RNA Hairpin and Bulge Motifs 

During the synthesis of the small molecule library, four of the phenylalanine small 

molecules were screened against selected secondary structures to ensure the ligands 

bound to RNA. These four small molecules had unique alkyl and aryl subunits and a 

variety of ring sizes, linker lengths, and heteroatoms (Figure 2.12). The ligands were 

screened as described in Section 2.3.2 against two of the RNA secondary structures: a 

four-nucleotide bulge motif and a five-nucleotide hairpin motif. Of the entire RNA 

secondary structure library, this bulge motif bound to the 5-chloromethyl-2-

oxazolidinones with the lowest dissociation constants. Furthermore, only one of the 5-

chloromethyl-2-oxazolidinones (2.3) bound to any hairpin motif with measurable affinity 

(Kd > 150 µM), and this one five-nucleotide hairpin was the second structure selected for 

screening.  

 

 

Figure 2.12: L-Phenylalanine-Based Small Molecules Screened Against Two RNA 
Secondary Structures 
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Similar to the 5-chloromethyl-2-oxazolidinones, low micromolar dissociation 

constants were observed for the four-nucleotide bulge motif (Kd = 14 - 22 µM), except for 

2.60 (Kd = 120 µM) (Table 2.9). The C(4) subunit of 2.60 contains a sulfur atom, where 

the larger electron density of the atom may prevent the oxazolidinone from binding in a 

similar mode. On the other hand, weaker dissociation constants (Kd = 48 - 120 µM) were 

reported for all four small molecules binding to the five-nucleotide hairpin. Although 2.51 

and 2.55 (Kd = 48 and 65 µM, respectively) bound two-fold tighter than 2.53 and 2.60 (Kd 

= 110 and 120 µM, respectively), an explanation for this differential binding was not 

evident.  

 

Table 2.9: Results of Screening L-Phenylalanine-Based Small Molecules Against 
Two RNA Secondary Structures 

Secondary Structure 2.51 (µM) 2.53 (µM) 2.55 (µM) 2.60 (µM) 
Bulge GAUA 14 ± 3 22 ± 17 22 ± 3 120 ± 20 
Hairpin CAGUG 65 ± 5 100 ± 20 48 ± 15 120 ± 10 

a Each dissociation constant is calculated from a biological singlet of three 
replicates, and the reported error is from the fit of the curve.  

   
The results of the preliminary screen confirmed that the phenylalanine-based 

oxazolidinones bind to RNA with measureable affinity; however, additional small 

molecule:RNA interactions were not screened because incorporation of the artificial 

nucleotide, benzylfuranyluridine, prevents us from drawing definitive conclusions about 

motif and sequence selectivity. As an alternative, graduate students Sarah Wicks and 

Aline Umuhire-Juru are currently pursuing fluorescent indicator displacement (FID) 

assays.182, 321-323 These competition-based assays utilize intercalative dyes whose 

fluorescence significantly increases or decreases when bound to a non-labeled RNA. 
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Upon small molecule binding, the dye is displaced and the change in fluorescence is a 

readout for binding. Most importantly, the native interaction between the small 

molecule:RNA is probed in the FID assays, allowing us to draw conclusions about small 

molecule binding and selectivity. Once these assays are established, the phenylalanine-

based small molecule library will be screened against the RNA secondary structure 

library using FID and non-labeled RNA constructs. 

2.9.2 Fluorescence-Based T-Box Riboswitch Assays 

In addition to assessing the secondary structure binding preferences, we wanted 

to evaluate the affinity and selectivity of our phenylalanine-based small molecule library 

compared to the RNA-targeted oxazolidinones synthesized by Hines, Bergmeier, and 

co-workers.116, 123, 137, 138, 324 All of their small molecules were screened against a single 

target, the antiteminator structure of the T-box riboswitch (Figure 2.13), utilizing two 

different assays. For a direct comparison, we pursued both of these screens for the 

phenylalanine-based ligands.  

One of their screens was a 2-aminopurine (2-AP) fluorescence-based assay.123 

In this assay, the antiterminator construct was labeled with 2-AP in the bulge motif at the 

A9 position. Since A9 through C12 are involved in extensive stacking and A9 projects 

into an aromatic lined pocket, the environment of A9 should significantly change upon 

ligand binding, increasing the sensitivity of the assay. However, 2-AP excitation (λ = 333 

nm) and emission (λ = 430 nm) interferes with most aromatic-containing small 

molecules, including the majority of the phenylalanine-based ligands. For two of the 

oxazolidinones with subunits that do not absorb at the 2-AP excitation wavelength (2.53) 
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Figure 2.13: Structure of T-Box Antiterminator Construct Used by Hines, 
Bergmeier, and Co-Workers 

and 2.57), the small molecule fluorescence at 500 µM and 150 µM, respectively, is equal 

to the fluorescence at 500 nM of the 2-AP labeled antiterminator. Due to the overlap in 

the emission and excitation spectra, the phenylalanine-based small molecules were not 

screened utilizing the 2-AP construct. 
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an acceptor fluorophore rhodamine (Figure 2.13). Upon small molecule binding, it is 
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and generating a readout for binding in the assay. Furthermore, the emission and 

excitation wavelengths for the assay are 490 nM and 585 nM, respectively, greatly 

reducing spectral overlap with small molecules.  
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FRET-labeled construct. A Kd of 7.0 ± 0.6 µM (R2 = 0.77) was obtained, which was 

comparable to the literature values (Kd of 8.5 ± 2.1 µM, R2 = 0.82).325 In the literature, the 

standard error for aminoglycosides was low; however, it was noted that the error ranged 

from 20-50% for most of the oxazolidinones.123, 137, 138 Also in contrast to 

aminoglycosides, the change in relative fluorescence was less than 20% for the majority 

of the oxazolidinone library (100 nM RNA and 10 µM small molecule), creating a narrow 

readout window. This observation was particularly concerning, since it was unclear if all 

small molecule binders would change the angle between the helices upon binding, 

generating concerns about false negatives in the assay. In addition, the change in angle 

is not known to affect the activity of the riboswitch, leading to concerns about the 

biological relevance of the readout.  

 

 

Figure 2.14: Neomycin B Screened Against the T-Box Antiterminator Structure 
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hairpin were replaced with a single C-G basepair for stability; and iv) the nucleotides in 

the bulge were changed from 5’-UGGUACC-3’ to 5’-UGGAACC-3’ to avoid a palindromic 

sequence.326, 327 Furthermore, the work comparing the activity of the modified to the 

native structure was conducted but unpublished, and the secondary structure was 

confirmed by only an RNase cleavage assay. Even with these changes to the construct, 

analyses utilizing secondary structure prediction programs revealed that there are 

multiple low energy structures (ΔG < 1 kcal/mol) for the modified sequence, which is 

expected, considering the antiterminator is an RNA switch. This observation could 

explain the high errors reported in the literature,123, 137, 138 as the equilibrium of binding is 

between multiple low energy structures and the small molecule.  

 After the literature search and select experiments, we no longer pursued 

screening of our oxazolidinones against the T-box riboswitch utilizing the 2-AP and 

FRET assays due to: i) small molecule interference in the 2-AP assay; ii) sensitivity 

issues with the FRET assay; and iii) concerns about the biological relevance of the 

antiterminator structure utilized as well as the readout of the FRET assay. Although not a 

direct comparison, additional and more robust assays for the T-box riboswitch can be 

explored328-330 as well as the affinity and selectivity of the library for other biologically-

relevant structures.  

2.9.3 Antimicrobial Activity Against Gram-Negative Bacteria  

In addition to assessing the affinity and selectivity, we also wanted to evaluate 

the antimicrobial activity of the phenylalanine-based library, as oxazolidinones are FDA- 
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approved antibiotics.263, 315 In collaboration with Dr. Pei Zhou in the Biochemistry 

Department at Duke, each small molecule was tested utilizing a disk assay against three 

gram-negative bacteria: Escherichia coli (W3110), Acetobater pasteurianus (PA01), and 

Staphylococcus aureus (SA113) (Figure 2.15). At 20 µg/filter disk, none of the 

phenylalanine-based small molecules showed activity against the bacterial strains. It is 

unknown if the small molecules made it onto the disk, penetrated the cell wall and/or 

membrane, or did not elicit a biologically response. In the future, the oxazolidinones will 

 

Figure 2.15: Antimicrobial Activity of L-Phenylalanine-Based Small Molecule 
Library 
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be tested against gram-positive bacteria, including Linezolid and Tedizolid active and 

resistant strains.263, 315   

2.10 Experimental Methods 

2.10.1 Synthetic Procedures 

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich, Arcos, 

Fischer, Merck, or Oakwood Chemical and were used without further purification. All 

solvents were ACS grade or better and used as is. Dry solvents were obtained using the 

PureSolvTM solvent purification system. All air- or moisture-sensitive reactions were 

conducted in oven-dried glassware under inert atmosphere using nitrogen. Thin Layer 

Chromatography was performed with alumina backed silica gel (60 Å) plates purchased 

from Sigma or Merck and visualized with 254 nm UV light. All chromatographic 

purifications were conducted via flash chromatography using ultra-pure silica gel (230-

400 mesh, 60 Å) purchased from Silicycle as the stationary phase. All 1H NMR spectra 

were recorded in CDCl3 unless otherwise noted, using a 400 MHz Varian Inova or 500 

MHz Varian Unity NMR spectrometer. Coupling constants are reported in units of hertz 

(Hz), and multiplicity is reported as: s = singlet, d = doublet, t = triplet, q = quartet, quin = 

quintet, bs = broad singlet, m = multiplet. Low-resolution electrospray ionization (LR-ESI) 

mass spectra were recorded on an Agilent MSD-trap. High-resolution electrospray 

ionization (HR-ESI) mass spectra were recorded on an Agilent LCMS time-of-flight 

(TOF) mass spectrometer. HPLC analyses were performed on Shimadzu LC system 

using a Phenomex-C18 reverse phase column using the eluent system described. All 
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small molecules tested in binding or biological assays are characterized by 1H-NMR, 

13C-NMR, HRMS, and greater than 95% pure by HPLC. 

2.10.2 Binding Assays Procedures 

The RNA secondary structure library was synthesized by solid-phase, allowing 

the selective incorporation of the benzofuranyluridine nucleoside.280 The purity of the 

RNAs were determined by running a 20% polyacrylamide gel electrophoresis (PAGE), 

staining with Diamond dye®, and imaging on Biorad ChemiDoc MP Imaging System. 

The T-box riboswitch constructs were purchased from Dharmacon, dissolved in 

Diethylpyrocarbonate (DEPC) treated water, and annealed by heating to 90 ºC for 9 

minutes and rapidly cooling on ice for 10-15 minutes. The RNA was used as is in the 

binding reactions. 

The oxazolidinone-based small molecules were dissolved in dimethylsulfoxide 

(DMSO) to make 100 mM stock solutions, and Neomycin was dissolved in DEPC-treated 

water to make a stock solution of 20 mM. Sixteen-point serial dilutions of the small 

molecules into binding buffer were performed in a 96 well plate, where the small 

molecule was diluted to 2 × the final concentration, and the DMSO concentration in each 

well for the oxazolidinone-based small molecules was 10%. The binding buffer for the 

RNA secondary structure assays was 10 mM NaH2PO4, 25 mM NaCl, 4 mM MgCl2, and 

0.5 mM EDTA at pH = 7.3, and the binding buffer for the T-Box riboswitch assays was 

50 mM NaH2PO4, 50 mM NaCl, 5 mM MgCl2, and 0.1 mM EDTA at pH = 6.5. The RNA 

stocks were also diluted into the appropriate binding buffer at 2 × the final 

concentrations. 
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The binding reactions were conducted in 384 well plates, where 10 µL of the 

small molecule solution and 10 µL of the RNA were added. The final concentrations of 

small molecules are listed in the text, the final concentration of RNA was 200 nM for the 

RNA secondary structures and 500 nM for 2-AP and FRET T-Box, and the final 

concentration of DMSO was 5% for the oxazolidinone-based binding reactions.  The 

plates were shaken on an orbital shaker for 10 minutes at 100 RPM, followed by 

centrifugation at 3220 x g for one minute. After incubation for 15 minutes in the dark, the 

plate is scanned at the appropriate excitation and emission (BFU RNA secondary 

structures, λ = 322 and 455 nm; 2-AP T-box, λ = 333 and 430 nM; FRET T-box, λ = 490 

and 585 nM) with 50 flashes per read. The plates were also read at 30 and 60 minutes, 

but there were not significant changes in fluorescence over longer incubation times.  

Each titration was conducted as a biological singlet in an experimental triplicate. 

The small molecule concentration was plotted against the raw fluorescence data, and 

the data was fit to a one-site binding equation in GraphPad Prism V.7.04. The reported 

errors were for the fit of the curve, and all fits had an R2 greater than 0.950 except for 

neomycin and the FRET T-box.  Additional biological replicates were not conducted as 

other assays were sought to confirm the binding preferences of the oxazolidinone library.  

2.10.3 Antimicrobial Assay Procedure 

Small molecule stocks were prepared in DMSO at 10 mg/mL, and then each 

small molecule was further diluted for testing at 20 µg per filter disk. The agar plates 

were prepared with Escherichia coli (W3110), Acetobater pasteurianus (PA01), and 

Staphylococcus aureus (SA113). After the discs were soaked in the small molecule 
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solutions, they were transferred to the agar plates, incubated for 24 hours at 37 ºC, and 

analyzed.  

2.11 Compound Characterization  

5-(((Pyridin-2-ylmethyl)amino)methyl)oxazolidin-2-one (2.2) 

5-(Chloromethyl)oxazolidin-2-one (121 mg, 0.889 mmol, 1.0 equiv) was added to a 

microwave vial and dissolved in acetonitrile (10 mL). Sodium iodide (1.35 g, 9.00 mmol, 

10 equiv) was added to the solution, and the reaction mixture was heated in the 

microwave at 135 ºC for 30 minutes. Additional sodium iodide (812 mg, 5.41 mmol, 6.1 

equiv) was added to the solution, and the reaction mixture was heated again in the 

microwave at 125 ºC for 30 minutes. The solution was concentrated, filtered through a 

bed of celite with DCM, and then the solvent was removed under vacuum. The crude 

product was carried through without additional purification. Rf = 0.59 (90:10 

DCM:MeOH). The resulting residue was dissolved in acetonitrile (10 mL) and transferred 

to a microwave vial. After adding 2-(aminomethyl)pyridine (460 µL, 4.48 mmol, 5.0 

equiv), the reaction mixture was heated in the microwave at 135 ºC for 30 minutes. The 

solvent was removed under vacuum, and the crude product was purified three times by 

silica gel flash chromatography (2 × 70:10:10:10 EtOAc:MeCN:MeOH:H2O and 

70:15:10:5 EtOAc:MeCN:MeOH:H2O) to give an white solid (51.0 mg, 28%). Rf = 0.31 

(70:10:10:10 EtOAc:MeCN:MeOH:H2O); 1H NMR (400 MHz, MeOD): δ 3.18-3.23 (m, 

2H), 3.38-3.43 (m, 1H), 3.49-3.54 (m, 1H), 4.06-4.10 (m, 1H), 4.49-4.71 (dd, 2H, J = 

70.6, 16.5 Hz), 7.25-7.29 (m, 1H), 7.42 (d, 1H, J = 7.92 Hz), 7.76-7.80 (m, 1H), 8.42-

8.44 (m, 1H); 13C NMR (500 MHz, MeOD): δ 46.4, 51.8, 52.2, 61.1, 121.9, 122.6, 137.8, 
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148.4, 157.0, 158.0; HRMS-ESI (m/z) Calcd for C10H13N3O2 ([M + H]+): 208.1081; found: 

208.1080 (± 0.4 ppm); HPLC (254 nm) 0-20% MeOH in H2O, 18.0 min: t = 9.40 min, 

purity = > 99%. 

 

5-(((2-(Pyridin-2-yl)ethyl)amino)methyl)oxazolidin-2-one (2.3) 

5-(Chloromethyl)oxazolidin-2-one (277 mg, 2.04 mmol, 1.0 equiv) was added to a 

microwave vial and dissolved in acetonitrile (10 mL). Sodium iodide (3.00 g, 20.0 mmol, 

9.8 equiv) was added to the solution, and the reaction mixture was heated in the 

microwave at 145 ºC for 30 minutes. Additional sodium iodide (1.80 g, 12.0 mmol, 5.8 

equiv) was added to the solution, and the reaction mixture was heated again in the 

microwave at 145 ºC for 30 minutes. The solution was concentrated, filtered through a 

bed of celite with DCM, and then the solvent was removed under vacuum. The crude 

product was carried through without additional purification. Rf = 0.59 (90:10 

DCM:MeOH). The resulting residue was dissolved in acetonitrile (20 mL) and split into 

two microwave vials. After adding 2-(aminoethyl)pyridine (600 µL, 5.02 mmol, 5.0 equiv), 

the reaction mixture was heated in the microwave at 135 ºC for one hour. The solvent 

was removed under vacuum, and the crude product was purified three times by silica gel 

flash chromatography (70:15:10:5 EtOAc:MeCN:MeOH:H2O and 2 × 60:20:20 

EtOAc:MeCN:MeOH) to give an white solid (98.0 mg, 44%). Rf = 0.16 (60:20:20 

EtOAc:MeCN:MeOH); 1H NMR (400 MHz, MeOD): δ 2.92-3.05 (m, 2H), 3.08-3.19 (m, 

2H), 3.28-3.38 (m, 2H), 3.53-3.66 (m, 2H), 3.98-4.03 (m, 1H), 7.24 (ddd, 1H, J = 7.5, 5.0, 

1.0 Hz), 7.35 (d, 1H, J = 8.3 Hz), 7.73 (td, 1H J = 7.7, 1.8 Hz), 8.42 (ddd, 1H, J = 5.0, 

1.7, 0.8 Hz); 13C NMR (500 MHz, MeOD): δ 35.7, 46.2, 51.9, 61.0, 61.1, 122.0. 124.2, 
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137.6, 148.5, 156.8, 159.3; HRMS-ESI (m/z) Calcd for C11H15N3O2 ([M + H]+): 222.1237; 

found: 222.1238 (± 0.3 ppm); HPLC (254 nm) 2-20% MeCN in H2O, 18.0 min: t = 7.23 

min, purity = > 99%. 

 

5-(((3-(1H-indol-3-yl)propyl)amino)methyl)oxazolidin-2-one (2.4) 

5-(Chloromethyl)oxazolidin-2-one (136 mg, 1.00 mmol, 1.0 equiv) was added to a 

microwave vial and dissolved in acetonitrile (5.0 mL). Sodium iodide (1.50 g, 10.0 mmol, 

10 equiv) was added to the solution, and the reaction mixture was heated in the 

microwave at 135 ºC for 30 minutes. Additional sodium iodide (900 mg, 6.00 mmol, 6.0 

equiv) was added to the solution, and the reaction mixture was heated again in the 

microwave at 135 ºC for 30 minutes. The solution was concentrated, filtered through a 

bed of celite with DCM, and then the solvent was removed under vacuum. The crude 

product was carried through without additional purification. Rf = 0.59 (90:10 

DCM:MeOH); The resulting residue was dissolved in acetonitrile (10 mL) and transferred 

to a microwave vial. After adding tryptamine (800 mg, 5.00 mmol, 5.0 equiv), the 

reaction mixture was heated in the microwave at 135 ºC for one hour. The solvent was 

removed under vacuum, and the crude product was purified three times by silica gel 

flash chromatography (85:6:6:3 EtOAc:MeCN:MeOH:H2O and 2 × 70:15:15 

EtOAc:MeCN:MeOH) to give an off-white solid (41.8 mg, 16%). Rf = 0.44 (70:10:10:10 

EtOAc:MeCN:MeOH:H2O); 1H NMR (500 MHz, DMF): δ 2.98 (t, 2H, J = 7.8 Hz), 3.11-

3.15 (m, 1H), 3.23 (ddd, 1H, J = 11.5, 6.3, 1.4 Hz) 3.35-3.39 (m, 1H), 3.46 (ddd, 1H J = 

11.5, 4.0, 1.6 Hz), 3.51-3.64 (m, 3H), 4.05 (bs, 1H), 5.30 (bs, 1H), 6.09 (bs, 1H) 7.03 (t, 

1H, J = 7.4 Hz), 7.11 (t, 1H, J = 7.5 Hz), 7.26 (d, 1H, J = 2.2 Hz), 7.42 (d, 1H, J = 8.0), 
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7.69 (d, 1H, J = 7.8 Hz), 10.9 (bs, 1H); 13C NMR (500 MHz, DMF): δ 24.0, 47.2, 48.6, 

52.7, 61.9, 111.7, 112.7, 118.6, 118.8, 121.2, 123.0, 128.1, 137.2, 155.5; HRMS-ESI 

(m/z) Calcd for C14H17N3O2 ([M + H]+): 260.1394; found: 260.1394 (± 0.0 ppm); HPLC 

(254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t = 7.42 min, purity = 96.9%. 

 

Tert-butyl (S)-3-(2-((N,N-di-tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)-

1H-indole-1-carboxylate (2.5) 

L-tryptophan methyl ester HCl (1.01 g, 3.97 mmol, 1.0 equiv) and Na2CO3 (0.998 g, 9.41 

mmol, 2.4 equiv) were added to a 2:1 solution of THF:H2O (12 mL). After cooling the 

solution to 0 °C, di-tert-butyl dicarbonate (1.31 g, 5.99 mmol, 1.5 equiv) was added, and 

the mixture was stirred at room temperature for four hours. The reaction was diluted with 

EtOAc and washed 2 × NH4Cl and 2 × brine. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

carried through without additional purification. Rf = 0.30 (75:25:1 hexanes:EtOAc:MeOH). 

The resulting residue was dissolved in dry acetonitrile (12 mL). 4-dimethylaminopyridine 

(498 mg, 4.08 mmol, 1.0 equiv) and di-tert-butyl dicarbonate (4.11 g, 18.9 mmol, 4.8 

equiv) were added. After 14 hours of stirring, the reaction mixture was diluted with 

EtOAc and washed 2 × NH4Cl and 2 × brine. The mixture was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

purified by silica gel flash chromatography (90:10 hexanes:EtOAc) to give a clear oil 

(1.96 g, greater than 95% over two steps). Rf = 0.72 (75:25:1 hexanes:EtOAc:MeOH); 1H 

NMR (500 MHz, CDCl3): δ 1.33 (s, 18H), 1.65 (s, 9H), 3.38 (dd, 1H, J = 14.9, 10.2 Hz), 
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3.53 (dd, 1H, J = 15.0, 4.8 Hz), 3.77 (s, 3H), 5.22 (dd, 1H, J = 10.2, 4.8 Hz), 7.22 (t, 1H, 

J = 7.4 Hz), 7.30 (t, 1H, J = 7.6 Hz), 7.40 (s, 1H), 7.53 (d, 1H, J = 7.6 Hz), 8.12 (bs, 1H); 

13C NMR (500 MHz, CDCl3): δ 25.8, 27.9, 28.4, 52.5, 58.4, 83.1, 83.6, 115.4, 116.7, 

119.1, 122.7, 124.5, 124.6, 130.7, 135.7, 149.8, 152.0, 171.0; HRMS-ESI (m/z) Calcd for 

C27H38N2O8 ([M + Na]+): 541.2520; found: 541.2523 (± 0.4 ppm); HPLC (254 nm) 95% 

MeCN in H2O, 18.0 min: t = 6.24 min, purity = 98.1%. 

 

Tert-butyl (S)-4-(2-((N,N-di-tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)-

1H-imidazole-1-carboxylate (2.6) 

L-histidine methyl ester HCl (1.50 g, 7.71 mmol, 1.0 equiv) and Na2CO3 (1.32 g, 12.5 

mmol, 1.6 equiv) were added to a 2:1 solution of THF:H2O (18 mL). After cooling the 

solution to 0 °C, di-tert-butyl dicarbonate (4.50 g, 20.6 mmol, 2.1 equiv) was added, and 

the mixture was stirred at room temperature for four hours. The reaction was diluted with 

EtOAc and washed 2 × NaHCO3. The solution was dried with Na2SO4, filtered, and then 

the solvent was removed under vacuum. The crude product was carried through without 

additional purification. Rf = 0.48 and 0.26 (49.5:49.5:1 hexanes:EtOAc:MeOH). The 

resulting residue was dissolved in dry acetonitrile (18 mL). 4-Dimethylaminopyridine (627 

mg, 5.16 mmol, 1.0 equiv) and di-tert-butyl dicarbonate (3.40 g, 15.6 mmol, 2.7 equiv) 

were added. After 14 hours of stirring, the reaction mixture was diluted with EtOAc and 

washed 2 × NaHCO3. The mixture was dried with Na2SO4, filtered, and then the solvent 

was removed under vacuum. The crude product was purified by silica gel flash 

chromatography (gradient from 75:25 to 50:50 petroleum ether:EtOAc) to give a clear oil 
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(2.52 g, greater than 95% over two steps). Rf = 0.61 (49.5:49.5:1 

hexanes:EtOAc:MeOH); 1H NMR (400 MHz, CDCl3): δ 1.38 (s, 18H), 1.52 (s, 9H), 3.07 

(dd, 1H, J = 15.1, 9.8 Hz), 3.34 (dd, 1H, J = 15.1, 5.0 Hz), 3.66 (s, 3H), 5.22 (dd, 1H, J = 

8.7, 4.8 Hz), 7.04 (s, 1H), 7.90 (1H); 13C NMR (400 MHz, CDCl3): δ 27.8, 29.1, 52.2, 

57.5, 82.9, 85.2, 114.3, 136.5, 139.8, 146.9, 151.7, 170.7; HRMS-ESI (m/z) Calcd for C-

22H35N3O8 ([M + H]+): 470.2497; found: 470.2495 (± 0.5 ppm); HPLC (254 nm) 60% 

MeCN in H2O with 0.1% TFA, 18.0 min: t = 9.63 min, purity = > 99%, composition = 

80.2%. Regioisomer 2.73 observed by 1H NMR (400 MHz, CDCl3): δ 1.33 (s, 18H), 1.55 

(s, 9H), 3.07 (dd, 1H), 3.34 (dd, 1H), 3.67 (s, 3H), 5.34 (dd, 1H, J = 11.2, 4.4 Hz), 6.64 

(s, 1H), 7.91 (1H); 13C NMR (400 MHz, CDCl3): δ 26.0, 27.8, 53.4, 56.2, 83.0, 85.5, 

127.8, 131.4, 138.4, 147.6, 151.8, 170.4; HPLC (254 nm) 60% MeCN in H2O with 0.1% 

TFA, 18.0 min: t = 12.14 min, purity = > 99%, composition = 19.8% 

 

N,N-di-tert-butoxycarbonyl-L-phenylalanine methyl ester (2.7) 

L-phenylalanine methyl ester HCl (656 mg, 3.05 mmol, 1.0 equiv) and Na2CO3 (1.31 g, 

12.3 mmol, 4.0 equiv) were added to a 2:1 solution of THF:H2O (10 mL). After cooling 

the solution to 0 °C, di-tert-butyl dicarbonate (1.07 g, 4.92 mmol, 1.5 equiv) was added, 

and the mixture was stirred at room temperature for four hours. The reaction was diluted 

with EtOAc and washed 2 × NH4Cl and 2 × brine. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

carried through without additional purification. Rf = 0.35 (80:20 hexanes:EtOAc). The 

resulting residue was dissolved in dry acetonitrile (10 mL). 4-Dimethylaminopyridine (376 
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mg, 3.08 mmol, 1.0 equiv) and di-tert-butyl dicarbonate (1.87 g, 8.60 mmol, 2.8 equiv) 

were added. After 14 hours of stirring, the reaction mixture was diluted with EtOAc and 

washed 2 × NH4Cl and 2 × brine. The mixture was dried with Na2SO4, filtered, and then 

the solvent was removed under vacuum. The crude product was purified by silica gel 

flash chromatography (92:8 pet ether:EtOAc) to give a clear oil (1.02 g, 88% over two 

steps). Rf = 0.48 (80:20 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 1.36 (s, 18 H), 

3.19 (dd, 1H, J = 14.0, 10.4 Hz), 3.41 (dd, 1H, J = 14.0, 4.9 Hz), 3.73 (s, 3H), 5.13 (dd, 

1H, J = 10.3, 5.0 Hz), 7.15-6.26 (m, 5H); 13C NMR (400 MHz, CDCl3): δ 27.8, 36.2, 52.2, 

59.4, 82.9, 126.5, 128.3, 129.5, 137.6, 151.6, 170.9; HRMS-ESI (m/z) Calcd for C-

20H29NO6 ([M + Na]+): 402.1887; found: 402.1893 (± 1.4 ppm); HPLC (254 nm) 95% 

MeCN in H2O, 18.0 min: t = 4.47 min, purity = 98.6%. 

 

3-(Tert-butyl) 4-methyl (4S,5R)-5-(1-(tert-butoxycarbonyl)-1H-indol-3-yl)-2-

oxooxazolidine-3,4-dicarboxylate (2.9) 

To a solution of 2.5 (1.96 g, 3.78 mmol, 1.0 equiv) in carbon tetrachloride (38 mL) under 

nitrogen with 4 Å molecular sieves was added N-bromosuccinimide (824 mg, 4.66 mmol, 

1.2 equiv) and azobisisobutyronitrile (87.0 mg, 0.530 mmol, 0.10 equiv). The solution 

was heated to 70 °C with a 120 W incandescent lamp. After 90 minutes, the solution was 

diluted with EtOAc and washed 2 × NH4Cl and 2 × brine. The solution was dried with 

Na2SO4, filtered, and then the solvent was removed under vacuum. The crude product 

was purified by silica gel flash chromatography (gradient from 90:10 to 85:15 

hexanes:EtOAc) to yield a colorless oil (670 mg, 39%). Rf = 0.35 (75:25:1 

hexanes:EtOAc:MeOH); 1H NMR (400 MHz, CDCl3): δ 1.48 (s, 9H), 1.65 (s, 9H), 3.90 (s, 
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3H), 4.82 (d, 1H, J = 3.8 Hz), 5.65 (d, 1H, J = 3.7 Hz), 7.29 (t, 1H, J = 7.5 Hz), 7.38 (t, 

1H, J = 7.7 Hz), 7.57 (d, 1H, J = 7.8 Hz), 7.67 (s, 1H), 8.19 (d, 1H, J = 8.2 Hz); 13C NMR 

(500 MHz, CDCl3): δ 27.8, 28.1, 53.3, 61.8, 71.6, 84.7, 85.0, 115.8, 116.5, 118.8, 123.3, 

123.6, 125.4, 126.5, 136.0, 148.5, 149.1, 150.6, 169.0; HRMS-ESI (m/z) Calcd for C-

23H28N2O8 ([M + Na]+): 483.1738; found: 483.1737 (± 0.1 ppm); HPLC (254 nm) 85% 

MeCN in H2O, 18.0 min: t = 7.78 min, purity = 96.0%. After column purification, side 

product 2.19 observed by LRMS-ESI (m/z) Calcd for C27H38N2O9 ([M + K]+): 555.2; 

found: 555.1. Side product 2.20 observed by LRMS-ESI (m/z) Calcd for C27H38N2O9 ([M 

+ Na]+): 557.3; found: 557.3. Side product 2.21 observed by LRMS-ESI (m/z) Calcd for 

C27H38N2O9 ([M + H]+): 419.2; found: 419.2.  

 

Tert-butyl (S)-4-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)-1H-

imidazole-1-carboxylate (2.10) 

A solution of 2.6 (776 mg, 1.65 mmol, 1.0 equiv) in carbon tetrachloride (33 mL) was 

stirred under nitrogen with 4 Å molecular sieves for 30 minutes. The solution was heated 

to 70 °C with a 120 W incandescent lamp, and once at temperature, N-

bromosuccinimide (352 mg, 1.99 mmol, 1.2 equiv) was added. After 60 minutes, the 

solution was cooled to room temperature, diluted with EtOAc, and washed 2 × brine. The 

solution was dried with Na2SO4, filtered, and then the solvent was removed under 

vacuum. The crude product was purified twice by silica gel flash chromatography 

(gradient from 70:30 to 30:70 hexanes:EtOAc and gradient from 80:20 to 60:40 

hexanes:EtOAc) to yield a white solid (79.7 mg, 19%). Rf = 0.44 (60:40 hexanes:EtOAc); 

1H NMR (400 MHz, CDCl3): δ 1.46 (s, 9H), 1.59 (s, 9H), 3.82 (s, 3H), 4.99 (dd, 1H, J = 
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4.0, 0.8 Hz), 6.01 (d, 1H, J = 4.0 Hz), 7.45 (s, 1H), 8.07 (s, 1H); HRMS-ESI (m/z)  (m/z) 

Calcd for C18H25N3O8 ([M + H]+): 412.1714; found: 412.1713 (± 0.3 ppm). Bromine 

diastereomer (1R,2R) 2.75 was isolated (154 mg, 17%); Rf = 0.52 (60:40 

hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 1.51 (s, 18H), 1.56 (s, 9H), 3.60 (s, 3H), 

5.78 (d, 1H, J = 10.3 Hz), 6.01 (d, 1H, J = 10.2 Hz), 7.36 (s, 1H), 7.99 (s, 1H); LRMS-ESI 

(m/z) Calcd for C22H34BrN3O8 ([M + H]+): 548.2 and 550.2; found: 548.2 and 550.2. 

Bromine diastereomer (1R,2S) 2.74 was observed in crude 1H NMR spectrum but was 

not isolated in multiple chromatography purifications. 

 

Methyl N-(tert-butoxycarbonyl)-1-methyl-L-tryptophanate (2.25) 

L-tryptophan methyl ester HCl (101 mg, 0.398 mmol, 1.0 equiv) and Na2CO3 (148 mg, 

1.40 mmol, 3.5 equiv) were added to a 2:1 solution of THF:H2O (1.2 mL). After cooling 

the solution to 0 °C, di-tert-butyl dicarbonate (195 mg, 0.894 mmol, 2.2 equiv) was 

added, and the mixture was stirred at room temperature for four hours. The reaction was 

diluted with EtOAc and washed 2 × NH4Cl and 2 × brine. The solution was dried with 

Na2SO4, filtered, and then the solvent was removed under vacuum. The crude product 

was carried through without additional purification. Rf = 0.37 (70:30 hexanes:EtOAc). 

The resulting residue was dissolved in acetonitrile (1.2 mL) and methyliodide (30.0 µL, 

0.482 mmol, 1.2 equiv) and Na2CO3 (181 mg, 1.71 mmol, 4.3 equiv) were added. The 

solution was allowed to stir at room temperature for three days, 45 ºC for one day, and 

55 ºC for three days with additional methyliodide (30.0 µL, 0.482 mmol, 1.2 equiv). The 

reaction was cooled to room temperature and potassium tert-butoxide (70.9 mg, 0.633, 



	  

	  
195 

1.6 equiv) and methyliodide (50.0 µL, 0.803 mmol, 2.0 equiv) were added in two 

aliquots, 24 hours apart. After stirring for a total of 72 hours at room temperature, the 

reaction was diluted with EtOAc and washed 2 × NH4Cl and 2 × brine. The solution was 

dried with Na2SO4, filtered, and then the solvent was removed under vacuum. The crude 

product was purified by silica gel flash chromatography (gradient from 80:20 to 70:30 

hexanes:EtOAc) to give an white solid (18.8 mg, 14%). Rf = 0.20 (70:30 

hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 1.43 (s, 9H), 3.28 (d, 2H, J = 5.0 Hz), 

3.69 (s, 3H), 3.75 (s, 3H), 4.63 (dd, 1H, J = 13.1, 5.2 Hz), 5.06 (d, 1H, J = 8.2 Hz), 6.85 

(s, 1H), 7.11 (t, 1H, J = 7.4 Hz), 7.23 (t, 1H, J = 7.6 Hz), 7.28 (d, 1H, J = 8.2 Hz), 7.53 (d, 

1H, J = 7.9 Hz); LRMS-ESI (m/z) Calcd for C18H24N2O4 ([M + K]+): 371.2; found: 371.3. 

 

Methyl N,N-(di-tert-butoxycarbonyl)-1-methyl-L-tryptophanate (2.26) 

To a solution of 2.25 (18.8 mg, 0.0566 mmol, 1.0 equiv) in dry acetonitrile (0.50 mL) was 

added 4-dimethylaminopyridine (7.40 mg, 0.0607 mmol, 1.1 equiv) and di-tert-butyl 

dicarbonate (65.2 mg, 0.299 mmol, 5.3 equiv). After 24 hours of stirring, the reaction 

mixture was diluted with EtOAc and washed 2 × NH4Cl and 2 × brine. The mixture was 

dried with Na2SO4, filtered, and then the solvent was removed under vacuum. The crude 

product was purified by silica gel flash chromatography (80:20 hexanes:EtOAc) to give a 

clear oil (23.0 mg, 94%). Rf = 0.32 (80:20 hexanes:EtOAc).; 1H NMR (400 MHz, CDCl3): 

δ 1.28 (s, 18H), 3.36 (dd, 2H, J = 14.9, 10.2 Hz), 3.59 (dd, 2H, J = 14.9, 4.7 Hz), 3.71 (s, 

3H), 3.76 (s, 3H), 5.15 (dd, 1H, J = 10.1, 4.6 Hz), 6.87 (s, 1H), 7.09 (td, 1H, J = 7.4, 1.0 
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Hz), 7.19 (td, 1H, J = 7.5, 1.0 Hz), 7.25 (d, 1H), 7.57 (d, 1H, J = 7.9 Hz); LRMS-ESI 

(m/z) Calcd for C23H32N2O6 ([M + Na]+): 455.2; found: 455.4. 

 

3-(Tert-butyl) 4-methyl (4S,5R)-5-(1-methyl-1H-indol-3-yl)-2-oxooxazolidine-3,4-

dicarboxylate (2.27) 

To a solution of 2.26 (23.0 mg, 0.0532 mmol, 1.0 equiv) in carbon tetrachloride (1.0 mL) 

under nitrogen with 4 Å molecular sieves was added N-bromosuccinimide (11.7 mg, 

0.0661 mmol, 1.2 equiv) and azobisisobutyronitrile (~ 0.1 equiv). The solution was 

heated to 70 °C with a 120 W incandescent lamp. After 60 minutes, additional 

azobisisobutyronitrile (~ 0.1 equiv) was added, and allowed to stir at 70 ºC for 60 

minutes. The solution was then cooled, quenched with Na2S2O3, diluted with EtOAc, and 

washed 2 × NH4Cl and 2 × brine. The solution was dried with Na2SO4, filtered, and then 

the solvent was removed under vacuum. The expected product 2.27 was not observed 

by crude 1H-NMR. The major side product 2.28 was purified by silica gel flash 

chromatography (82:18 hexanes:EtOAc) to yield a white solid (13.1 mg, 48%). Rf = 0.60 

(69:30:1 hexanes:EtOAc:MeOH); 1H NMR (400 MHz, CDCl3): δ 1.22 (s, 18H), 3.45-3.56 

(m, 2H), 3.70 (s, 3H), 3.76 (s, 3H), 5.15 (dd, 1H, J = 10.0, 4.6 Hz), 7.06 (m, 1H), 7.16 (td, 

1H, J = 7.6, 1.0 Hz), 7.21 (dd, 1H, J = 8.1, 0.8 Hz), 7.48 (dd, 1H, J = 7.9, 1.0 Hz); LRMS-

ESI (m/z) Calcd for C23H31BrN2O6 ([M + Na]+): 533.1 and 535.1; found: 533.1 and 535.1. 

 

Methyl (tert-butoxycarbonyl)-L-tryptophanate (2.29) 

L-tryptophan methyl ester HCl (75.6 mg, 0.298 mmol, 1.0 equiv) and Na2CO3 (109 mg, 

1.02 mmol, 3.4 equiv) were added to a 2:1 solution of THF:H2O (1.0 mL). After cooling 
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the solution to 0 °C, di-tert-butyl dicarbonate (136 mg, 0.624 mmol, 2.1 equiv) was 

added, and the mixture was stirred at room temperature for four hours. The reaction was 

diluted with EtOAc and washed 2 × NH4Cl, 2 × H2O and 2 × brine. The solution was 

dried with Na2SO4, filtered, and then the solvent was removed under vacuum. The crude 

product was purified by silica gel flash chromatography (50:50 hexanes:EtOAc) to give 

an white solid (90.1 mg, greater than 95%). Rf = 0.60 (49.5:49.5:1 

hexanes:EtOAc:MeOH); 1H NMR (400 MHz, CDCl3): δ 1.42 (s, 9H), 3.23-3.32 (m, 2H), 

3.96 (s, 3H), 4.64 (dd, 1H, J = 13.4, 5.4 Hz), 5.11 (bd, 1H, J = 7.7 Hz), 6.95 (s, 1H), 7.10 

(td, 1H, J = 7.4, 1.0 Hz), 7.17 (td, 1H, J = 7.5, 1.0 Hz), 7.31 (d, 1H, J = 7.8 Hz), 7.54 (d, 

1H, J = 7.8 Hz), 8.38 (bs). LRMS-ESI (m/z) Calcd for C17H22N2O4 ([M + Na]+): 341.2; 

found: 341.1. 

 

Methyl N-(tert-butoxycarbonyl)-1-tosyl-L-tryptophanate (2.30) 

To a solution of 2.29 (90.0 mg, 0.283 mmol, 1.0 equiv) in chloroform (1.4 mL) was added 

p-toulenesulfonylchloride (72.5 mg, 0.380 mmol, 1.4 equiv) and sodium hydroxide (65.8 

mg, 1.64 mmol, 5.8 equiv). The solution was heated for 24 hours at 60 ºC. The reaction 

was diluted with EtOAc and washed 2 × NH4Cl, 2 × H2O and 2 × brine. The solution was 

dried with Na2SO4, filtered, and then the solvent was removed under vacuum.The crude 

product was purified by silica gel flash chromatography (80:20 hexanes:EtOAc) to give 

an yellow solid (58.9 mg, 44%). Rf = 0.27 (70:30 hexanes:EtOAc); 1H NMR (400 MHz, 

CDCl3): δ 1.37 (s, 9H), 2.26 (s, 3H), 3.15 (ddd, 2H, J = 32.5, 14.6, 5.2 Hz), 3.56 (s, 3H), 

4.56 (dd, 1H, J = 12.2, 5.6 Hz), 5.01 (d, 1H, J = 7.6 Hz), 6.95 (s, 1H), 7.14-7.17 (m, 3H), 
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7.24 (t, 1H, J = 7.7 Hz), 7.29 (s, 1H), 7.38 (d, 1H, J = 7.8 Hz), 7.65 (d, 2H, J = 8.3 Hz), 

8.38 (d, 1H, J = 8.2 Hz). LRMS-ESI (m/z) Calcd for C24H28N2O6S ([M + Na]+): 495.2; 

found: 495.1. 

 

Methyl N,N-(di-tert-butoxycarbonyl)-1-tosyl-L-tryptophanate (2.31) 

To a solution of 2.30 (58.9 mg, 0.125 mmol, 1.0 equiv) in dry acetonitrile (1.0 mL) was 

added 4-dimethylaminopyridine (16.2 mg, 0.133 mmol, 1.1 equiv) and di-tert-butyl 

dicarbonate (42.5 mg, 0.424 mmol, 3.4 equiv). After 14 hours of stirring, the reaction 

mixture was diluted with EtOAc and washed 2 × NH4Cl, 2 × H2O, and 2 × brine. The 

mixture was dried with Na2SO4, filtered, and then the solvent was removed under 

vacuum. The crude product was purified by silica gel flash chromatography (80:20 

hexanes:EtOAc) to give a clear oil (52.0 mg, 73%). Rf = 0.55 (70:30 hexanes:EtOAc); 1H 

NMR (400 MHz, CDCl3): δ 1.22 (s, 18H), 2.25 (s, 3H), 3.28 (dd, 1H, J = 15.0, 10.2 Hz), 

3.42 (dd, 1H, J = 15.4, 5.4 Hz), 3.69 (s, 3H), 4.11 (dd, 1H, J = 10.2, 4.9 Hz), 7.11-7.16 

(m, 3H), 7.24 (t, 1H), 7.33 (s, 1H), 7.41 (d, 1H, J = 7.4 Hz), 7.66 (d, 2H, J = 8.4 Hz), 7.84 

(d, 1H, J = 8.2 Hz). LRMS-ESI (m/z) Calcd for C29H36N2O8S ([M + Na]+): 595.2; found: 

595.2. 

 

3-(Tert-butyl) 4-methyl (4S,5R)-2-oxo-5-(1-tosyl-1H-indol-3-yl)oxazolidine-3,4-

dicarboxylate (2.32) 

To a solution of 2.31 (52.0 mg, 0.0909 mmol, 1.0 equiv) in carbon tetrachloride (1.8 mL) 

under nitrogen with 4 Å molecular sieves was added N-bromosuccinimide (20.5 mg, 



	  

	  
199 

0.116 mmol, 1.3 equiv) and azobisisobutyronitrile (~ 0.1 equiv). The solution was heated 

to 70 °C with a 120 W incandescent lamp. After two hours, the solution was then cooled, 

quenched with Na2S2O3, diluted with EtOAc, and washed 2 × NH4Cl and 2 × brine. The 

solution was dried with Na2SO4, filtered, and then the solvent was removed under 

vacuum. The crude product was purified twice by silica gel flash chromatography (2 ×  

80:20 hexanes:EtOAc) to yield a white solid (2.7 mg, 6%). Rf = 0.30 (69:30:1 

hexanes:EtOAc:MeOH); 1H NMR (400 MHz, CDCl3): δ 1.55 (s, 9H), 2.36 (s, 3H), 3.91 (s, 

3H), 4.79 (d, 1H, J = 4.0 Hz), 5.61 (d, 1H, J = 4.1 Hz), 7.21-7.32 (m), 7.40 (d, 1H, J = 8.6 

Hz), 7.56 (d, 1H, J = 8.5 Hz), 7.68 (s, 1H), 7.80 (d, 2H, J = 8.4 Hz), 8.02 (d, 1H, J = 7.4 

Hz). HRMS-ESI (m/z) Calcd for C25H26N2O8S ([M + Na]+): 537.1302; found: 537.1293 (± 

1.7 ppm); After column chromatography, side product 2.33 observed by LRMS-ESI (m/z) 

Calcd for C29H34N2O8S ([M - 2 Boc + H]+): 371.1; found: 371.1. Side product 2.34 also 

observed by LRMS-ESI (m/z) Calcd for C29H35BrN2O8S ([M - 2 Boc + H]+): 451.0 and 

453.0; found: 451.0 and 453.0. 

 

Methyl (4S,5R)-5-(1-(tert-butoxycarbonyl)-1H-indol-3-yl)-2-oxooxazolidine-4-

carboxylate (2.37) 

A solution of 2.9 (670 mg, 1.46 mmol, 1 equiv) in dry dichloroethane (20 mL) was 

allowed to stir under nitrogen with 4 Å molecular sieves for 30 minutes. Trifluoroacetic 

acid (2.0 mL) was added. After 20 minutes, the reaction was quenched dropwise with 

saturated NaHCO3 and allowed to stir for an additional 30 minutes. The mixture was 

diluted with EtOAc and washed 2 × NaHCO3. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 
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purified by silica gel medium-pressure chromatography (60:40 hexanes:EtOAc) to yield 

an colorless oil (207 mg, 39%). Rf = 0.13 (69:30:1 hexanes:EtOAc:MeOH); 1H NMR (400 

MHz, CDCl3): δ 1.66 (s, 9H), 3.88 (s, 3H), 4.50 (d, 1H, J = 4.6 Hz), 6.88 (bs, 1H), 5.92 

(d, 1H, J = 4.6 Hz), 7.28 (t, 1H), 7.36 (t, 1H, J = 7.7 Hz), 7.61 (d, 1H, J = 7.8 Hz), 7.70 (s, 

1H), 8.17 (d, 1H, J = 8.1 Hz); 13C NMR (500 MHz, CDCl3): δ 28.1, 53.2, 59.3, 74.7, 84.4, 

115.6, 117.3, 119.1, 123.2, 124.1, 125.2, 126.9, 136.0, 149.3, 158.5, 170.3; HRMS-ESI 

(m/z) Calcd for C18H20N2O6 ([M + H]+): 361.1394; found: 361.1391 (± 0.9 ppm); HPLC 

(254 nm) 60% MeCN in H2O, 18.0 min: t = 8.61 min, purity = 98.7%. 

 

Tert-butyl 3-((4S,5R)-2-oxo-4-((2-(pyridin-2-yl)ethyl)carbamoyl)oxazolidin-5-yl)-1H-

indole-1-carboxylate (2.38) 

To a solution of 2.37 (113 mg, 0.315 mmol, 1.0 equiv) in THF (1.5 mL) was added 2-

(aminoethyl)pyridine (56.0 µL, 0.473 mmol, 1.5 equiv) and N,N-diisopropylethylamine 

(113 µL, 0.945 mmol, 3.0 equiv). The mixture was stirred at 45 ºC for 48 hours, and then 

the solvent was removed under vacuum. The crude product was purified by silica gel 

flash chromatography (96:4 DCM:MeOH) to yield a white solid (108 mg, 76%). Rf = 0.16 

(95:5 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 1.65 (s, 9H), 2.95-2.99 (td, 2H, J = 

6.9, 2.5 Hz), 3.52-3.65 (m, 2H), 4.40 (d, 1H, J = 5.8 Hz), 5.65 (dd, 1H, J = 3.8, 0.7 Hz), 

7.19-7.27 (m, 3H), 7.33 (td, 1H, J = 7.8, 1.3 Hz), 7.57 (d, 1H, J = 7.8 Hz), 7.67 (td, 1H, J 

= 7.7, 1.8 Hz), 7.73 (s, 1H), 8.13 (d, 1H, J = 8.3 Hz), 8.40 (ddd, 1H, J = 5.0, 1.8, 0.9 Hz). 

13C NMR (500 MHz, MeOD): δ 27.2, 36.8, 39.3, 60.6, 76.1, 84.5, 115.4, 117.7, 119.3, 

122.1, 123.1, 124.0, 124.7, 125.0, 127.5, 136.3, 137.5,148.7, 149.5, 158.9, 159.8, 170.9; 

HRMS-ESI (m/z) Calcd for C24H26N4O5 ([M + H]+): 451.1976; found: 451.1975 (± 0.3 
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ppm). HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t = 9.99 min, 

purity = > 99%. 

 

(4S,5R)-5-(1H-indol-3-yl)-2-oxo-N-(2-(pyridin-2-yl)ethyl)oxazolidine-4-carboxamide 

(2.39) 

A solution of 2.38 (66.1 mg, 0.147 mmol, 1 equiv) in dry DCM (3.0 mL) was allowed to 

stir under nitrogen with 4 Å molecular sieves for 60 minutes. ZnBr2 was then added (260 

mg, 1.15 mmol, 7.9 equiv), which had been heated to 120 ºC under vacuum overnight. 

After stirring for 24 hours, the solution was quenched by adding 4 mL H2O. The mixture 

was diluted further with H2O and extracted 3 × with EtOAc. The crude product was 

purified twice by silica gel flash chromatography (93:7 DCM:MeOH and 94:2:2:2 

EtOAc:MeCN:MeOH:H2O) to give a yellow solid (12.9 mg, 25%). Rf = 0.30 (94:2:2:2 

EtOAc:MeCN:MeOH:H2O); 1H NMR (400 MHz, MeOD): δ 2.88-3.00 (m, 2H), 3.48-3.64 

(m, 2H), 4.48 (d, 1H, J = 6.3 Hz), 5.64 (d, 1H, J = 6.3 Hz), 7.05 (t, 1H, J = 7.5 Hz), 7.13-

7.22 (m, 3H), 7.33 (s, 1H), 7.39 (d, 1H, J = 8.2 Hz), 7.55 (d, 1H, J = 8.0 Hz), 7.63 (td, 1H, 

J = 7.7, 1.8 Hz), 8.39 (d, 1H, J = 4.9 Hz); HRMS-ESI (m/z) Calcd for C19H19N4O3 ([M + 

H]+): 351.1452; found: 351.1444 (± 2.2 ppm). 

 

Methyl (4S,5R)-5-(1-(tert-butoxycarbonyl)-1H-indol-3-yl)-2-oxo-3-

phenyloxazolidine-4-carboxylate (2.41)  

To a solution of 2.37 (71.8 mg, 0.199 mmol, 1.0 equiv) in dry acetonitrile (1.0 mL) under 

nitrogen with 4 Å molecular sieves was added cesium fluoride (48.0 mg, 0.453 mmol, 2.3 

equiv) and iodobenzene (20.0 µL, 0.178 mmol, 0.90 equiv). The flask was evacuated 
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and refilled with nitrogen five times. Dimethylethylenediamine (3.00 µL, 0.0278 mmol, 

0.14 equiv) and CuI (5.40 mg, 0.0284 mmol, 0.14 equiv) were added. The flask was 

again evacuated and refilled with nitrogen five times, and the reaction was heated to 45 

°C. After 24 hours, the reaction was quenched with saturated NaHCO3, diluted with 

EtOAc, and washed 2 × NaHCO3 and 2 × brine. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

purified by silica gel flash chromatography (80:20 hexanes:EtOAc) to yield a white solid 

(28.6 mg, 33%). Rf = 0.36 (80:20 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 1.66 (s, 

9H), 3.84 (s, 3H), 4.99 (d, 1H, J = 3.9 Hz), 5.80 (dd, 1H, J = 4.0, 0.6 Hz), 7.17 (t, 1H, J = 

7.4 Hz), 7.28 (t, 1H, J = 7.2 Hz), 7.34-7.40 (m, 3H), 7.45-7.47 (m, 2H), 7.59 (d, 1H, J = 

7.8 Hz), 7.73 (s, 1H), 8.20 (d, 1H, J = 8.3 Hz). LRMS-ESI (m/z) Calcd for C24H25N2O6 ([M 

+ H]+): 437.2; found: 437.2. 

 

Tert-butyl 3-((4S,5R)-4-((3-(1H-imidazol-1-yl)propyl)carbamoyl)-2-oxo-3-

phenyloxazolidin-5-yl)-1H-indole-1-carboxylate (2.42) 

To a solution of 2.41 (40.0 mg, 0.0917 mmol, 1.0 equiv) in dry THF (1.0 mL) was added 

N,N-diisopropylethylamine (80.0 µL, 0.459 mmol, 5.0 equiv) and 1-(3-

aminopropyl)imidazole (13.1 µL, 0.110 mmol, 1.2 equiv). The solution was stirred with 

increasing temperature (35 to 65 ºC) for three days. Additional N,N-

diisopropylethylamine (80 µL, 0.459 mmol, 5.0 equiv) and 1-(3-aminopropyl)imidazole 

(10.9 µL, 0.0917 mmol, 1.0 equiv) were added to the solution and stirred for two days at 

65 ºC. The solvent was removed under vacuum, and the crude product was purified 

twice by silica gel flash chromatography (2 × 93.5:6.5 DCM:MeOH) to yield a white solid 
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(20.5 mg, 42%). Rf = 0.46 (93:7 DCM:MeOH); 1H NMR (400 MHz, CDCl3): δ 1.64 (s, 

9H), 1.79-1.98 (m, 2H), 3.09-3.20 (m, 1H), 3.30-3.42 (m, 1H), 3.59-3.75 (m, 2H), 4.96 (d, 

1H, J = 4.8 Hz), 5.82 (d, 1H, J = 5.2 Hz), 6.73 (s, 1H), 6.94 (s, 1H), 7.17 (s, 1H), 7.19-

7.28 (m, 2H), 7.33-7.42 (m, 3H), 7.53 (d, 2H, J = 8.0 Hz), 7.65 (d, 1H, J = 8.0 Hz), 7.73 

(s, 1H), 8.16 (d, 1H, J = 8.4 Hz). LRMS-ESI (m/z) Calcd for C29H32N5O5 ([M + H]+): 

530.2; found: 530.3. 

 

(4S,5R)-N-(3-(1H-imidazol-1-yl)propyl)-5-(1H-indol-3-yl)-2-oxo-3-phenyloxazolidine-

4-carboxamide (2.43) 

A solution of 2.42 (20.5 mg, 0.0388 mmol, 1.0 equiv) in chloroform (1.0 mL) was allowed 

to stir under nitrogen with 4 Å molecular sieves for 30 minutes at 0 ºC. Trifluoroacetic 

acid (300 µL) was added drop-wise and allowed to stir for 45 minutes. Additional 

trifluoroacetic acid (100 µL) was added drop-wise, and after one hour, the solution was 

quenched with DMF (500 µL). The solvent was removed under vacuum, and the residue 

was rinsed 3 × with ethyl ether. The remaining residue was insoluable in column 

chromatography conditions (90:10 DCM:Et3N), and therefore the residue was dissolved 

in NaHCO3 and washed 3 × DCM to yield a white solid (< 5 mg). Rf = 0.20 (89:10:1 

DCM:MeOH:NH4OH); LRMS-ESI (m/z) Calcd for C24H23N5O3 ([M + H]+): 430.2; found: 

430.2. 

 

Methyl (2R,3R)-3-bromo-2-((N,N-di-tert-butoxycarbonyl)amino)-3-

phenylpropanoate (2.45) and methyl (2R,3S)-3-bromo-2-((N,N-di-tert-

butoxycarbonyl)amino)-3-phenylpropanoate (2.46) 
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A solution of 2.7 (1.07 g, 2.82 mmol, 1.0 equiv) in carbon tetrachloride (28 mL) was 

stirred under nitrogen with 4 Å molecular sieves for 15 minutes. To the solution, N-

bromosuccinimide (650 mg, 3.65 mmol, 1.0 equiv) and azobisisobutyronitrile (73.8 mg, 

0.450 mmol, 0.16 equiv) were added. The solution was heated to 70 °C with a 120 W 

incandescent lamp. Immediately after the color change from colorless to yellow back to 

colorless, the solution was cooled to room temperature, filtered through a bed of celite 

with EtOAc, and then the solvent was removed under vacuum to yield an off-white solid. 

Rf = 0.82 (70:30 hexanes:EtOAc);1H NMR (400 MHz, CDCl3) revealed a 1:1 mixture of 

products. 2.45: δ 1.53 (s, 18 H), 3.75 (s, 3H), 5.56 (d, 1H, J = 9.0 Hz), 5.68 (d, 1H), 7.21-

7.32 (m, 4H), 7.48 (d, 1H, J = 8.4 Hz); 2.46: δ 1.33 (s, 18 H), 3.54 (s, 3H), 5.62 (d, 1H, J 

= 10.3 Hz), 5.71 (d, 1H), 7.21-7.32 (m, 4H), 7.48 (d, 1H, J = 8.4 Hz); LRMS-ESI (m/z) 

Calcd for C20H28BrNO6 ([M + Na]+): 480.1 and 482.1; found: 480.1 and 482.1. 

 

Methyl (4R,5S)-2-oxo-5-phenyloxazolidine-4-carboxylate (2.50) 

A solution of 2.7 (1.02 g, 2.68 mmol, 1.0 equiv) in carbon tetrachloride (53 mL) was 

stirred under nitrogen with 4 Å molecular sieves for 60 minutes. To the solution N-

bromosuccinimide (477 mg, 2.69 mmol, 1.0 equiv) and azobisisobutyronitrile (55.0 mg, 

0.340 mmol, 0.1 equiv) were added. The solution was heated to 70 °C with a 120 W 

incandescent lamp. After 90 minutes, the solution was cooled to room temperature, 

filtered through a bed of celite with DCM, and then the solvent was removed under 

vacuum. The resulting mixture of products were dissolved in acetone (26 mL) under 

nitrogen with 4 Å molecular sieves for 60 minutes. To the solution, silver 

trifluoromethanesulfonate (846 mg, 3.30 mmol, 1.2 equiv) was added, and the mixture 
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was heated to 45 ºC. After two hours, the solution was cooled to room temperature, 

filtered through a bed of celite with EtOAc, and then the solvent was removed under 

vacuum. The resulting mixture of products were dissolved in dichloroethane (26 mL) 

under nitrogen with 4 Å molecular sieves for 60 minutes. Trifluoroacetic acid (4.0 mL) 

was added. After 10 minutes, the reaction was quenched dropwise with saturated 

NaHCO3 and allowed to stir for an additional 60 minutes. The mixture was diluted with 

EtOAc and washed 2 × NaHCO3 and 2 × brine. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

purified by silica gel flash chromatography (65:35 hexanes:EtOAc) to give a white solid 

(194 mg, 33% over three steps). Rf = 0.27 (50:50 hexanes:EtOAc); 1H NMR (400 MHz, 

CDCl3): δ 3.86 (s, 3H), 4.28 (d, 1H, J = 4.9 Hz), 5.66 (d, 1H, J = 4.9 Hz), 5.89 (bs, 1H), 

7.39-7.42 (m, 5H). 13C NMR (400 MHz, CDCl3): δ 53.3, 61.2, 79.3, 125.3, 129.0, 138.0, 

157.8, 170.0; HRMS-ESI (m/z) Calcd for C11H11NO4 ([M + H]+): 222.0761; found: 

222.0760 (± 0.2 ppm); HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t 

= 9.99 min, purity = 97.4%. 

 

Methyl (4R,5S)-2-oxo-5-phenyloxazolidine-4-carboxylate (2.50) and methyl (4R,5R)-

2-oxo-5-phenyloxazolidine-4-carboxylate (2.71) 

A solution of 2.7 (1.14 g, 3.00 mmol, 1.0 equiv) in carbon tetrachloride (30 mL) was 

stirred under nitrogen with 4 Å molecular sieves for 60 minutes. To the solution N-

bromosuccinimide (651 mg, 3.66 mmol, 1.0 equiv) and azobisisobutyronitrile (50.0 mg, 

0.305 mmol, 0.10 equiv) were added. The solution was heated to 70 °C with a 120 W 

incandescent lamp. After the color change from colorless to orange back to colorless, 
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the solution was cooled to room temperature, filtered through a bed of celite with DCM, 

and then the solvent was removed under vacuum. The resulting mixture of products 

were dissolved in DMF (30 mL) under nitrogen with 4 Å molecular sieves. The solution 

was heated to 100 ºC and stirred for 24 hours. The solution was cooled to room 

temperature and then the solvent was removed under vacuum. The resulting mixture of 

products were was dissolved in dichloroethane (30 mL) under nitrogen with 4 Å 

molecular sieves. Trifluoroacetic acid (4.5 mL) was added. After 10 minutes, the reaction 

was quenched dropwise with saturated NaHCO3. The mixture was diluted with EtOAc 

and washed 2 × NaHCO3 and 2 × brine. The solution was dried with Na2SO4, filtered, 

and then the solvent was removed under vacuum. A 1:1 mixture of diasteromers 2.50 

and 2.71 were observed by crude 1H NMR. Trans diastereomer 2.50: Rf = 0.71 (50:50 

hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 3.83 (s, 3H), 4.27 (d, 1H, J = 4.9 Hz), 

5.62 (d, 1H, J = 4.9), 6.33 (bs, 1H), 7.32-7.43 (m, 5H). Cis diastereomer 2.71: Rf = 0.61 

(50:50 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 3.18 (s, 3H), 4.64 (d, 1H, J = 9.1 

Hz), 5.80 (d, 1H, J = 9.1 Hz), 6.40 (bs, 1H), 7.32-7.43 (m, 5H). Attempts to separate 2.50 

and 2.71 by silica gel flash chromatography were unsuccessful.  

 

(4S,5R)-2-oxo-N-(3-(2-oxopyrrolidin-1-yl)propyl)-5-phenyloxazolidine-4-

carboxamide (2.51) 

To a solution of 2.50 (25.3 mg, 0.114 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added 1-(3-aminopopyl)-2-pyrrolidinone (20.0 µL, 0.142 mmol, 1.2 equiv) and N,N-

diisopropylethylamine (70.0 µL, 0.400 mmol, 3.5 equiv). The solution was allowed to stir 

at 45 ºC for 48 hours, and then the solvent was removed under vacuum. The crude 
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product was purified by silica gel flash chromatography (94:6 DCM:MeOH) to give a 

white semi-solid (31.3 mg, 83%). Rf = 0.21 (95:5 DCM:MeOH); 1H NMR (400 MHz, 

MeOD): δ 2.48-2.51 (m, 6H), 3.32-3.46 (m, 2H), 3.65-3.67 (t, 4H, J = 4.6 Hz), 4.19 (d, 

1H, J = 5.7 Hz),  5.49 (d, 1H, J = 5.7 Hz), 7.36-7.44 (m, 5H); 13C NMR (500 MHz, 

MeOD): δ 36.1, 53.5, 57.2, 63.0, 66.6, 81.3, 125.7, 128.9, 129.0, 138.8, 159.9, 170.9; 

HRMS-ESI (m/z) Calcd for C16H21N3O4 ([M + H]+): 320.1605; found: 320.1609 (± 1.2 

ppm); HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t = 6.07 min, 

purity = 95.9%. 

 

(4S,5R)-2-oxo-5-phenyl-N-(2-(piperidin-1-yl)ethyl)oxazolidine-4-carboxamide (2.52) 

To a solution of 2.50 (78.4 mg, 0.354 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added 1-(2-aminoethyl)piperidine (100 µL, 0.708 mmol, 2.0 equiv) and N,N-

diisopropylethylamine (200 µL, 1.11 mmol, 3.1 equiv). The solution was allowed to stir at 

45 ºC for 48 hours, and then the solvent was removed under vacuum. The crude product 

was purified twice by silica gel flash chromatography (gradient from 94:6 to 90:10 

DCM:MeOH and from 92:8 to 90:10 DCM:MeOH) to give a colorless oil (83.0 mg, 74%). 

Rf = 0.28 (94:6 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 1.48 (d, 2H, J = 5.3 Hz), 

1.58-1.64 (m, 4H), 2.54-2.57 (m, 6H), 4.19 (d, 1H, J = 5.6 Hz), 5.49 (d, 1H, J =5.6 Hz), 

7.35-7.44 (m, 5H); 13C NMR (500 MHz, MeOD): δ 23.7, 25.2, 36.1, 54.2, 57.4, 63.0, 

81.2, 125.7, 128.9, 129.0, 138.9, 159.8, 171.0; HRMS-ESI (m/z) Calcd for C17H23N3O3 

([M + H]+): 318.1812; found: 318.1813 (± 0.3 ppm); HPLC (254 nm) 10-90% MeCN in 

H2O with 0.1% TFA, 18.0 min: t = 6.45 min, purity = 96.8%. 

 



	  

	  
208 

(4S,5R)-N-(2-morpholinoethyl)-2-oxo-5-phenyloxazolidine-4-carboxamide (2.53) 

To a solution of 2.50 (35.7 mg, 0.161 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added 4-(2-aminoethyl)morpholine (~2 equiv) and N,N-diisopropylethylamine (100 µL, 

0.571 mmol, 3.5 equiv). The solution was allowed to stir at 45 ºC for 48 hours, and then 

the solvent was removed under vacuum. The crude product was purified by silica gel 

flash chromatography (93.5:6.5 DCM:MeOH) to give a colorless oil (45.2 mg, 88%). Rf = 

0.21 (92:8 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 1.70 (quin, 2H, J = 6.9 Hz), 1.98 

(quin, 2H, J = 7.6 Hz), 2.31 (t, 2H, J = 8.1 Hz), 3.12-3.21 (m, 2H), 3.39 (t, 2H, J = 7.1 

Hz), 4.12 (d, 1H, J = 5.6 Hz), 5.45 (d, 1H, J = 5.6 Hz); 7.33-7.38 (m, 5H); 13C NMR (500 

MHz, MeOD): δ 16.1, 24.9, 29.3, 35.1, 38.2, 45.8, 61.6, 79.7, 124.2, 127.4, 127.5, 137.4, 

158.4, 169.4, 175.2. HRMS-ESI (m/z) Calcd for C17H21N3O4 ([M + H]+): 312.1343; found: 

312.1343 (± 0.0 ppm); HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t 

= 6.97 min, purity = > 99%. 

 

(4S,5R)-2-oxo-5-phenyl-N-(pyridin-2-ylmethyl)oxazolidine-4-carboxamide (2.54) 

To a solution of 2.50 (32.7 mg, 0.147 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added 2-(aminomethyl)pyridine (35.0 µL, 0.293 mmol, 2.0 equiv) and N,N-

diisopropylethylamine (53.0 µL, 0.303 mmol, 2.1 equiv). The solution was allowed to stir 

at room temperature for 24 hours and then at 45 ºC for an additional 24 hours. After 48 

total hours, the solvent was removed under vacuum. The crude product was purified by 

silica gel flash chromatography (95:5 DCM:MeOH) to give a white solid (30.4 mg, 70%). 

Rf = 0.27 (95:5 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 4.28 (d, 1H, J = 5.7 Hz), 

4.54 (AB q, 2H, J = 15.8 Hz), 5.55 (d, 1H, J = 5.6 Hz), 7.29 (t, 1H, J = 6.3 Hz), 7.35-7.41 
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(m, 6H), 7.78 (td, 1H, J = 7.7, 1.9 Hz), 8.46 (d, 1H, J = 4.7 Hz). 13C NMR (500 MHz, 

MeOD): δ 44.4, 63.0, 81.2, 122.0, 122.8, 125.7, 128.9, 129.0, 137.7, 138.8, 148.7, 

157.3, 159.9, 171.1; HRMS-ESI (m/z) Calcd for C16H15N3O3 ([M + H]+): 298.1186; found: 

298.1189 (± 1.0 ppm); HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t 

= 6.15 min, purity = > 99%. 

 

(4S,5R)-2-oxo-5-phenyl-N-(2-(pyridin-2-yl)ethyl)oxazolidine-4-carboxamide (2.55) 

To a solution of 2.50 (38.0 mg, 0.172 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added 2-(aminoethyl)pyridine (50.0 µL, 0.418 mmol, 2.4 equiv) and N,N-

diisopropylethylamine (100 µL, 0.571 mmol, 3.2 equiv). The solution was allowed to stir 

at 45 ºC for four days, and then the solvent was removed under vacuum. The crude 

product was purified twice by silica gel flash chromatography (94.5:5.5 DCM:MeOH and 

95:5 DCM:MeOH) to give a white solid (22.4 mg, 42%). Rf = 0.24 (95:5 DCM:MeOH); 1H 

NMR (400 MHz, MeOD): δ 2.94-3.05 (m, 2H), 3.54-3.67 (m, 2H), 4.11 (d, 1H, J = 5.6 

Hz), 5.36 (d, 1H, J = 5.6 Hz), 7.24-7.28 (m, 1H), 7.31-7.42 (m, 6H), 7.74 (td, 1H, J = 7.7, 

1.8 Hz), 8.44 (ddd, 1H, J = 5.0, 1.7, 0.8 Hz); 13C NMR (500 MHz, MeOD): δ 36.8, 39.3, 

62.9, 81.2, 122.1, 124.0, 125.6, 128.9, 129.0, 137.6, 138.8, 148.7, 158.9, 159.9, 170.9; 

HRMS-ESI (m/z) Calcd for C17H17N3O4 ([M + H]+): 312.1343; found: 312.1343 (± 0.0 

ppm); HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t = 6.87 min, 

purity = > 99%.  

 

(4S,5R)-2-oxo-N-phenethyl-5-phenyloxazolidine-4-carboxamide (2.56) 
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To a solution of 2.50 (58.6 mg, 0.265, 1.0 equiv) in anhydrous THF (1.5 mL) was added 

2-(aminoethyl)benzene (67.0 µL, 0.531 mmol, 2.0 equiv) and N,N-diisopropylethylamine 

(160 µL, 0.913 mmol, 3.4 equiv). The solution was allowed to stir at 45 ºC for 72 hours, 

and then the solvent was removed under vacuum. The crude product was purified twice 

by silica gel flash chromatography (gradient from 99:1 to 95:5 DCM:MeOH and from 

60:40 to 45:55 hexanes:EtOAc) to give a white solid (54.6 mg, 59%). Rf = 0.34 (98:2 

DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 2.78-2.89 (m, 2H), 3.41-3.58 (m, 2H), 4.12 

(d, 1H, J = 5.6 Hz), 5.28 (d, 1H, J = 5.6 Hz), 7.17-7.23 (m, 3H), 7.26-7.31 (m, 4H), 7.36-

7.42 (m, 3H); 13C NMR (500 MHz, MeOD): δ 35.1, 40.7, 63.0, 81.3, 125.6, 126.3, 128.4, 

128.8, 128.9, 129.0, 138.8, 139.0, 159.9, 170.9; HRMS-ESI (m/z) Calcd for C18H18N2O3 

([M + H]+): 311.1390; found: 311.1394 (± 1.1 ppm); HPLC (254 nm) 10-90% MeCN in 

H2O with 0.1% TFA, 18.0 min: t = 9.25 min, purity = > 99% 

 

(4S,5R)-N-(3-(1H-imidazol-1-yl)propyl)-2-oxo-5-phenyloxazolidine-4-carboxamide 

(2.57) 

To a solution of 2.50 (22.3 mg, 0.101 mmol, 1.0 equiv) in anhydrous THF (1.0 mL) was 

added 1-(3-aminopropyl)imidazole (18.0 µL, 0.152 mmol, 1.5 equiv) and N,N-

diisopropylethylamine (53.0 µL, 0.303 mmol, 3.0 equiv). The solution was allowed to stir 

at room temperature for 48 hours, and then the solvent was removed under vacuum. 

The crude product was purified twice by silica gel flash chromatography (2 × 90:10 

DCM:MeOH) to give a white solid (22.0 mg, 70%). Rf = 0.28 (90:10 DCM:MeOH); 1H 

NMR (400 MHz, MeOD): δ 2.01 (quin, 2H, J = 6.8 Hz), 3.25 (t, 2H, J = 6.8 Hz), 4.06 (t, 

2H, J = 7.0 Hz), 4.19 (d, 1H, J = 5.6 Hz), 5.49 (d, 1H, J = 5.6 Hz), 6.97 (s, 1H), 7.15 (s, 
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1H), 7.37-7.46 (m, 5H), 7.67 (s, 1H); 13C NMR (500 MHz, MeOD): δ 30.6, 36.6, 44.3, 

63.0, 81.3, 119.5, 125.7, 128.0, 128.9, 129.1, 137.4, 138.8, 159.9, 171.1; HRMS-ESI 

(m/z) Calcd for C16H18N4O3 ([M + H]+): 315.1452; found: 315.1446 (± 1.9 ppm); HPLC 

(254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t = 6.12 min, purity = 97.1%.  

 

(4S,5R)-N-(2-(1H-indol-3-yl)ethyl)-2-oxo-5-phenyloxazolidine-4-carboxamide (2.58) 

To a solution of 2.50 (34.2 mg, 0.155 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added tryptamine (30.5 mg, 0.190 mmol, 1.2 equiv) and N,N-diisopropylethylamine (150 

µL, 0.856 mmol, 5.5 equiv). The solution was allowed to stir at room temperature for 24 

hours and then at 45 ºC for an additional 48 hours. After 72 total hours, the solvent was 

removed under vacuum. The crude product was purified by silica gel flash 

chromatography (97:3 DCM:MeOH) to give a white solid (41.7 mg, 82%). Rf = 0.40 (95:5 

DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 2.91-3.04 (m, 2H), 3.43-3.54 (m, 1H), 3.58-

3.65 (m, 1H), 4.07 (d, 1H, J = 5.7 Hz), 5.21 (d, 1H, J = 5.7 Hz), 6.99 (t, 1H, J = 7.4 Hz), 

7.05-7.09 (m, 2H), 7.16-7.18 (m, 2H), 7.30-7.34 (m, 4H), 7.55 (d, 1H, J = 7.4 Hz); 13C 

NMR (500 MHz, MeOD): δ 24.8, 40.1, 63.0, 81.3, 111.2, 111.7, 118.1, 118.6, 121.3, 

122.4, 127.7, 128.8, 128.9, 137.0, 138.7, 160.0, 170.8; HRMS-ESI (m/z) Calcd for C-

20H19N3O3 ([M + H]+): 350.1499; found: 350.1500 (± 0.2 ppm); HPLC (254 nm) 10-90% 

MeCN in H2O with 0.1% TFA, 18.0 min: t = 9.12 min, purity = 98.7%. 

 

(4S,5R)-N-(1-benzylpiperidin-4-yl)-2-oxo-5-phenyloxazolidine-4-carboxamide (2.59) 

To a solution of 2.50 (46.6 mg, 0.211 mmol, 1.0 equiv) in anhydrous THF (2.0 mL) was 

added 4-amino-1-benzylpiperidine (135 µL, 0.661 mmol, 3.1 equiv) and N,N-
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diisopropylethylamine (125 µL, 0.713 mmol, 3.4 equiv). The solution was allowed to stir 

at 45 ºC for ten days, and then the solvent was removed under vacuum. The crude 

product was purified twice by silica gel flash chromatography (93:7 DCM:MeOH and 

gradient from 95:5 to 94:6 DCM:MeOH) to give a colorless oil (17.7 mg, 22%). Rf = 0.24 

(93:7 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 1.56 (q, 2H, J = 11.9 Hz), 1.88 (d, 2H, 

J = 12.6 Hz), 2.20 (t, 2H, J = 11.1 Hz), 2.92 (d, 2H, J = 11.6 Hz), 3.58 (s, 2H), 3.71-3.78 

(m, 1H), 4.16 (d, 1H, J = 5.8 Hz), 5.46 (d, 1H, J = 5.8 Hz), 7.25-7.44 (m, 10H); 13C NMR 

(500 MHz, MeOD): δ 29.2, 45.5, 50.5, 61.6, 61.5, 79.8, 124.1, 126.0, 126.7, 127.4, 

127.5, 128.2, 135.1, 137.1, 158.4, 168.6; HRMS-ESI (m/z) Calcd for C22H25N3O3 ([M + 

H]+): 380.1969; found: 380.1965 (± 0.9 ppm); HPLC (254 nm) 10-90% MeCN in H2O with 

0.1% TFA, 18.0 min: t = 6.99 min, purity = 97.9%. 

 

(4S,5R)-2-oxo-5-phenyl-N-(2-(thiophen-2-yl)ethyl)oxazolidine-4-carboxamide (2.60) 

To a solution of 2.50 (37.8 mg, 0.171 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) was 

added thiophene-2-ethylamine (55.0 µL, 0.468 mmol, 2.7 equiv) and N,N-

diisopropylethylamine (100 µL, 0.571 mmol, 3.2 equiv). The solution was allowed to stir 

at 45 ºC for five days, and then the solvent was removed under vacuum. The crude 

product was purified three times by silica gel flash chromatography (96.5:3.5 

DCM:MeOH, 97:3 DCM:MeOH, and a gradient from 99:1 to 97:3 DCM:MeOH) to give a 

colorless oil (28.7 mg, 53%). Rf = 0.38 (95:5 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 

3.00-3.13 (m, 2H), 3.44-3.61 (m, 2H), 4.14 (d, 1H, J = 5.6 Hz), 5.36 (d, 1H, J = 5.6 Hz), 

(dd, 1H, J = 2.6, 1.1 Hz), 6.94 (dd, 1H, J = 5.1, 3.4 Hz), (dd, 1H, J = 5.1, 1.2 Hz), 7.32-

7.44 (m, 5H); 13C NMR (500 MHz, MeOD): δ 29.1, 40.9, 63.0, 81.3, 123.7, 125.4, 125.6, 
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126.8, 128.9, 129.0, 138.8, 141.1, 159.9, 171.0; HRMS-ESI (m/z) Calcd for C16H16N2O3S 

([M + H]+): 317.0954; found: 317.0953 (± 0.3 ppm); HPLC (254 nm) 10-90% MeCN in 

H2O with 0.1% TFA, 18.0 min: t = 9.01 min, purity = > 99%. 

 

Methyl (4S,5R)-2-oxo-3,5-diphenyloxazolidine-4-carboxylate (2.61) 

To a solution of 2.50 (41.3 mg, 0.187 mmol, 1.0 equiv) in dry acetonitrile (2.0 mL) under 

nitrogen with 4 Å molecular sieves was added cesium fluoride (87.2 mg, 0.823 mmol, 4.4 

equiv) and iodobenzene (25.0 µL, 0.223 mmol, 1.2 equiv). The flask was evacuated and 

refilled with nitrogen five times. Dimethylethylenediamine (7.00 µL, 0.0649 mmol, 0.35 

equiv) and CuI (10.4 mg, 0.0547 mmol, 0.29 equiv) were added. The flask was again 

evacuated and refilled with nitrogen five times, and the reaction was heated to 60 °C. 

After 24 hours, the reaction was quenched with saturated NaHCO3, diluted with EtOAc, 

and washed 2 × NaHCO3 and 2 × brine. The solution was dried with Na2SO4, filtered, and 

then the solvent was removed under vacuum. The crude product was purified by silica 

gel flash chromatography (80:20 hexanes:EtOAc) to yield a white solid (14.5 mg, 26%). 

Rf = 0.30 (80:20 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 3.81 (s, 3H), 4.77 (d, 

1H, J = 4.2 Hz), 5.53 (d, 1H, J = 4.1 Hz), 7.16 (t, 1H, J = 7.7 Hz), 7.33-7.49 (m, 10H). 

LRMS-ESI (m/z) Calcd for C17H15NO4 ([M + Na]+): 320.1; found: 320.1. Cis stereoisomer 

of 2.61 observed by 1H NMR (400 MHz, CDCl3): 3.21 (s, 3H), 5.05 (d, 1H, J = 8.8 Hz), 

5.87 (d, 1H, J = 8.8 Hz), 7.16 (t, 1H, J = 7.7 Hz), 7.33-7.49 (m, 10H). 

 

(4S,5R)-N-(3-(1H-imidazol-1-yl)propyl)-2-oxo-3,5-diphenyloxazolidine-4-

carboxamide (2.62) 
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To a solution of 2.61 (14.5 mg, 0.0488 mmol, 1.0 equiv) in anhydrous THF (1.0 mL) was 

added 1-(3-aminopropyl)imidazole (7.50 µL, 0.0630 mmol, 1.3 equiv) and N,N-

diisopropylethylamine (50.0 µL, 0.285 mmol, 5.8 equiv). The solution was allowed to stir 

at room temperature for 48 hours, and then the temperature was increased to 45 ºC, 60 

ºC, and 70 ºC in 24 hour increments. At 70 ºC, additional 1-(3-aminopropyl)imidazole 

(10.0 µL, 0.0840, 1.7 equiv) and N,N-diisopropylethylamine (50.0 µL, 0.285 mmol, 5.8 

equiv) were added, the reaction was stirred for an additional 48 hours, and the solvent 

was removed under vacuum. Rf = 0.38 (90:10 DCM:MeOH); HRMS-ESI (m/z) Calcd for 

C22H22N4O3 ([M + H]+): 391.1765; found: 391.1757 (± 1.9 ppm). 

 

Methyl (4S,5R)-3-benzyl-2-oxo-5-phenyloxazolidine-4-carboxylate (2.63) 

To a solution of 2.50 (48.1 mg, 0.218 mmol, 1.0 equiv) in 2.1 mL of anhydrous THF was 

added benzylbromide (38.6 µL, 0.327 mmol, 1.5 equiv) and 40% by weight KF on 

alumina (418 mg, 2.62 mmol, 12 equiv). The solution was allowed to stir at room 

temperature for 24 hours and then 35 ºC for 36 hours. The solution was filtered through 

a bed of celite using EtOAc, and then the solvent was removed under vacuum. The 

crude product was purified by silica gel flash chromatography (70:30 hexanes:EtOAc) to 

give a clear oil (3.9 mg, 6%). Rf = 0.52 (70:30 hexanes:EtOAc); 1H NMR (400 MHz, 

CDCl3): δ 3.75 (s, 3H), 3.94 (d, 1H, J = 4.9 Hz), 4.26 (d, 1H, J = 15.0 Hz), 4.93 (d, 1H, J 

= 15.1 Hz), 5.46 (d, 1H, J = 5.0 Hz), 7.15-7.19 (m, 2H), 7.23-7.29 (m), 7.31-7.35 (m, 3H); 

LRMS-ESI (m/z) Calcd for C18H17NO4 ([M + H]+): 311.1; found: 312.2. 
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(4S,5R)-N-(3-(1H-imidazol-1-yl)propyl)-3-benzyl-2-oxo-5-phenyloxazolidine-4-

carboxamide (2.64) 

To a solution of 2.63 (3.90 mg, 0.0125 mmol, 1.0 equiv) in anhydrous THF (0.50 mL) 

was added 1-(3-aminopropyl)imidazole (3.50 µL, 0.0294 mmol, 2.4 equiv) and N,N-

diisopropylethylamine (4.50 µL, 0.0256 mmol, 2.0 equiv). The reaction mixture was 

stirred at room temperature for six days, and then the solvent was removed under 

vacuum. Rf = 0.44 (90:10 DCM:MeOH); HRMS-ESI (m/z) Calcd for C23H24N4O3 ([M + 

H]+): 405.1921; found: 405.1914 (± 1.8 ppm). 

 

N,N-di-tert-Butoxycarbonyl-D-phenylalanine methyl ester (2.66) 

D-phenylalanine methyl ester HCl (599 mg, 2.78 mmol, 1.0 equiv) and Na2CO3 (1.30 g, 

12.3 mmol, 4.4 equiv) were added to a 2:1 solution of THF:H2O (9.0 mL). After cooling 

the solution to 0 °C, di-tert-butyl dicarbonate (1.35 g, 6.19 mmol, 2.2 equiv) was added, 

and the mixture was stirred at room temperature for four hours. The reaction was diluted 

with EtOAc and washed 2 × NH4Cl and 2 × brine. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

carried through without additional purification. Rf = 0.35 (80:20 hexanes:EtOAc). The 

resulting residue was dissolved in dry acetonitrile (9.0 mL). 4-Dimethylaminopyridine 

(351 mg, 2.88 mmol, 1.0 equiv) and di-tert-butyl dicarbonate (1.86 g, 8.54 mmol, 3.1 

equiv) were added. After 14 hours of stirring, the reaction mixture was diluted with 

EtOAc and washed 2 × NH4Cl and 2 × brine. The mixture was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 
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purified by silica gel flash chromatography (92:8 pet ether:EtOAc) to give a clear oil (965 

mg, 91% over two steps). Rf = 0.46 (80:20 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): 

δ 1.36 (s, 18H), 3.19 (dd, 1H, J = 14.0, 10.4 Hz), 3.40 (dd, 1H, J = 14.0, 5.0 Hz), 3.72 (s, 

3H), 5.13 (dd, 1H, J = 10.4, 5.0 Hz), 7.14-7.26 (m, 5H); 13C NMR (500 MHz, CDCl3): δ 

28.1, 26.5, 52.5, 59.7, 83.2, 126.8, 128.6, 129.8, 137.9, 151.9, 171.1; HRMS-ESI (m/z) 

Calcd for C20H29NO6 ([M + Na]+): 402.1884; found: 402.1884 (± 0.8 ppm); HPLC (254 

nm) 95% MeCN in H2O, 18.0 min: t = 4.43 min, purity = 98.8%. 

 

Methyl (4R,5S)-2-oxo-5-phenyloxazolidine-4-carboxylate (2.67) 

A solution of 2.66 (965 mg, 2.55 mmol, 1.0 equiv) in carbon tetrachloride (51 mL) was 

stirred under nitrogen with 4 Å molecular sieves for 30 minutes. To the solution N-

bromosuccinimide (458 mg, 2.59 mmol, 1.0 equiv) and azobisisobutyronitrile (54.0 mg, 

0.329 mmol, 0.10 equiv) were added. The solution was heated to 70 °C with a 120 W 

incandescent lamp. After 45 minutes, the solution was cooled to room temperature, 

filtered through a bed of celite with DCM, and then the solvent was removed under 

vacuum. The resulting mixture of products was dissolved in acetone (25 mL) under 

nitrogen with 4 Å molecular sieves for 60 minutes. To the solution, silver 

trifluoromethanesulfonate (790 mg, 3.07 mmol, 1.2 equiv) was added, and the mixture 

was heated to 45 ºC. After two hours, the solution was cooled to room temperature, 

filtered through a bed of celite with EtOAc, and then the solvent was removed under 

vacuum. The resulting residue was dissolved in dichloroethane (25 mL) under nitrogen 

with 4 Å molecular sieves for 45 minutes. Trifluoroacetic acid (3.8 mL) was added. After 

10 minutes, the reaction was quenched dropwise with saturated NaHCO3 and allowed to 
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stir for an additional 30 minutes. The mixture was diluted with EtOAc and washed 2 × 

NaHCO3 and 2 × brine. The solution was dried with Na2SO4, filtered, and then the 

solvent was removed under vacuum. The crude product was purified by silica gel flash 

chromatography (65:35 hexanes:EtOAc) to give a clear oil (201 mg, 36% over three 

steps). Rf = 0.27 (50:50 hexanes:EtOAc); 1H NMR (400 MHz, CDCl3): δ 3.84 (s, 3H), 

4.29 (d, 1H, J = 5.0 Hz), 5.63 (d, 1H, J = 5.0 Hz), 6.63 (bs, 1H), 7.36-7.40 (m, 5H); 13C 

NMR (500 MHz, CDCl3): δ 53.5, 61.6, 79.7, 125.6, 129.3, 129.4, 138.3, 158.6, 170.4; 

HRMS-ESI (m/z) Calcd for C11H11NO4 ([M + H]+): 220.0761; found: 220.0760 (± 0.5 

ppm); HPLC (254 nm) 10-90% MeCN in H2O with 0.1% TFA, 18.0 min: t = 10.0 min, 

purity = 98.1%. 

 

(4R,5S)-2-oxo-N-phenethyl-5-phenyloxazolidine-4-carboxamide (2.68) 

To a solution of 2.67 (92.7 mg, 0.419, 1.0 equiv) in anhydrous THF (2.0 mL) was added 

2-(aminoethyl)benzene (106 µL, 0.839 mmol, 2.0 equiv) and N,N-diisopropylethylamine 

(250 µL, 1.43 mmol, 3.4 equiv). The solution was allowed to stir at 45 ºC for 48 hours, 

and then the solvent was removed under vacuum. The crude product was purified by 

silica gel flash chromatography (gradient from 99:1 to 95:5 DCM:MeOH) to give a white 

semi-solid (111 mg, 85%). Rf = 0.38 (98:2 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 

2.76-2.87 (m, 2H), 3.40-3.56 (m, 2H), 4.10 (d, 1H, J = 5.6 Hz), 5.27 (d, 1H, J = 5.6 Hz), 

7.16-7.40 (m, 10H); 13C NMR (500 MHz, MeOD): δ 35.1, 40.7, 62.9, 81.3, 125.6, 126.35, 

128.4, 128.8, 128.9, 129.0, 138.8, 139.0, 159.9, 170.8; HRMS-ESI (m/z) Calcd for C-

18H18N2O3 ([M + H]+): 311.1390; found: 311.1389 (± 0.3 ppm); HPLC (254 nm) 10-90% 

MeCN in H2O with 0.1% TFA, 18.0 min: t = 9.22 min, purity = > 99%. 
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Methyl (4S,5S)-5-(1H-imidazol-4-yl)-2-oxooxazolidine-4-carboxylate (2.77) 

A solution of 2.76 (2.10 g, 4.46 mmol, 1.0 equiv) in carbon tetrachloride (65 mL) was 

stirred under nitrogen with 4 Å molecular sieves for 60 minutes. The solution was heated 

to 70 °C with a 120 W incandescent lamp, and once at temperature, N-

bromosuccinimide (804 mg, 4.54 mmol, 1.0 equiv) was added. After 90 minutes, the 

solution was cooled to room temperature, filtered through a bed of celite with EtOAc, and 

then the solvent was removed under vacuum. The resulting mixture of products were 

dissolvd in acetone (44 mL) under nitrogen with 4 Å molecular sieves for 30 minutes. 

The solution was heated to 45 ºC and silver trifluoromethanesulfonate (1.30 g, 5.07 

mmol, 1.1 equiv) was added. After two hours, the solution was cooled to room 

temperature, filtered through a bed of celite with EtOAc, and then the solvent was 

removed under vacuum. The resulting mixture of products were dissolved in DCM (60 

mL) under nitrogen with 4 Å molecular sieves for 60 minutes. Trifluoroacetic acid (7.2 

mL) was added. After 80 minutes, the solvent was removed under vacuum. The crude 

product was purified three times by silica gel flash chromatography (gradient from 90:5:5 

to 70:15:15 EtOAc:MeCN:MeOH, 96:2:2:2 EtOAc:MeCN:MeOH:H2O, and gradient from 

90:5:5 to 80:10:10 EtOAc:MeCN:MeOH) to give a white solid (40.1 mg, 4.3% over three 

steps). Rf = 0.23 (80:10:10 EtOAc:MeCN:MeOH); 1H NMR (400 MHz, MeOD): δ 3.77 (s, 

3H), 4.66 (dd, 1H, J = 5.6, 1.0 Hz), 5.65 (d, 1H, J = 5.6 Hz), 7.33 (s, 1H), 7.84 (s, 1H); 

HRMS-ESI (m/z) Calcd for C8H9N3O4 ([M + H]+): 212.0666; found: 212.0668 (± 0.8 ppm). 
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(4S,5S)-5-(1H-imidazol-4-yl)-2-oxo-N-(2-(pyridin-2-yl)ethyl)oxazolidine-4-

carboxamide (2.78) 

To a solution of 2.77 (86.6 mg, 0.410 mmol, 1.0 equiv) in anhydrous THF (4.0 mL) was 

added 2-(aminoethyl)pyridine (85.0 µL, 0.710 mmol, 1.7 equiv) and N,N-

diisopropylethylamine (250 µL, 1.42 mmol, 3.5 equiv). The solution was allowed to stir at 

45 ºC for 24 hours and then 50 ºC for 72 hours. The solvent was removed under 

vacuum, and the crude product was purified three times by silica gel flash 

chromatography (gradient from 70:10:10:10 EtOAc:MeCN:MeOH:H2O to 40:20:20:20 

EtOAc:MeCN:MeOH:H2O and 2 ×  gradient from 85:5:5:5 EtOAc:MeCN:MeOH:H2O to 

70:10:10:10 EtOAc:MeCN:MeOH:H2O) to give a white solid (16.6 mg, 13%). Rf = 0.27 

(70:10:10:10 EtOAc:MeCN:MeOH:H2O); 1H NMR (400 MHz, MeOD): δ 2.91-3.02 (m, 

2H), 3.48-3.62 (m, 2H), 4.45 (d, 1H, J = 6.3 Hz), 5.38 (d, 1H, J = 6.2 Hz), 7.23-7.28 (m, 

3H), 7.71-7.74 (m, 2H), 8.43 (dt, 1H, J = 5.0, 0.8 Hz); 13C NMR (500 MHz, MeOD): δ 

36.9, 39.3, 60.5, 75.8, 122.1, 124.0, 136.8, 136.9, 137.6, 148.7, 158.9, 159.8, 170.8; 

HRMS-ESI (m/z) Calcd for C14H15N5O3 ([M + H]+): 302.1248; found: 302.1247 (± 0.3 

ppm); HPLC (254 nm) 10-90% MeOH in H2O with 0.1% TFA, 18.0 min: t = 7.10 min, 

purity = 95.4%.  
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3. Discovery of Key Physicochemical, Structural, and 
Spatial Properties of RNA-Targeted Bioactive Ligands 

 

Morgan, B.S., Forte, J.E., Culver, R.N., Zhang, Y. & Hargrove, A.E. “Discovery 

of Key Physicochemical, Structural, and Spatial Properties of RNA-Targeted Bioactive 

Ligands.” Angewandte Chemie, International Edition in English 56, 13498-13502 (2017). 

Copyright 2017 by Wiley-VCH Veriag GmbH & Co. KGaA, Weinheim. Reproduced with 

permission of Wiley-VCH Veriag GmbH & Co. KGaA, Weinheim via the Copyright 

Clearance Center: https://onlinelibrary.wiley.com/doi/10.1002/anie.201707641 

 

3.1 Overview 

While myriad non-coding RNAs are known to be essential in cellular processes 

and misregulated in diseases, the development of RNA-targeted small molecule probes 

has met with limited success. To elucidate guiding principles for selective small 

molecule:RNA recognition, we analyzed cheminformatic and shape-based descriptors 

for 104 RNA-targeted ligands with demonstrated biological activity (RNA-targeted 

BIoactive ligaNd Database, R-BIND). We then compared R-BIND to both FDA-approved 

small molecule drugs and RNA ligands without reported bioactivity. Several striking 

trends emerged for bioactive RNA ligands, including: i) compliance to medicinal 

chemistry rules; ii) distinctive structural features; and iii) enrichment in “rod-like” over 

other shapes. This work provides unique insights that directly facilitate the selection and 
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synthesis of RNA-targeted libraries with the goal of efficiently identifying selective small 

molecule ligands for therapeutically relevant RNAs. 

This chapter includes data collected in collaboration with members of the 

Hargrove lab as well as the Beratan labs: 

1. Rebecca Culver (Undergraduate, Hargrove Lab) wrote scripts to perform 

Boltzmann Averaging and cell-based partitioning calculations as well as 

performed the Kolmogorov-Smirnov (KS) statistical test for the principal 

moments of inertia calculations. 

2. Jordan Forte (Research Scientist, Hargrove Lab) assisted with compiling the 

RNA-targeted Bioactive ligaNd Database (R-BIND) and performed the Mann 

Whtiney U statistical test for the cheminformatic calculations. 

3. Yuqi Zhang (Graduate Student, Beratan Lab) devised and performed the 

nearest neighbor analysis.   

3.2 Introduction 

The identification of regulatory RNAs, including those that may have therapeutic 

relevance, has exploded in recent years.149, 331-333 Indeed, functional non-coding RNAs 

have been implicated in diseases ranging from bacterial334 and viral infections147, 335 to 

metastatic cancer.239, 336 At the same time, methods for the molecular characterization of 

these RNAs are more difficult and/or lacking compared to those for proteins.151, 154, 244 

Chemical probes, for example, have greatly progressed the study of many protein 

classes and related diseases155 but have been challenging to develop for non-ribosomal 
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RNAs. Slow progress in this field has been attributed, in part, to a lack of guiding 

principles for achieving specific small molecule:RNA interactions.200, 284, 337 

Previous attempts to quantify distinct properties of RNA ligands have been 

notable but limited. For example, a cheminformatic analysis by Aboul-ela et al. in 2009 

identified small differences between RNA-binding ligands and other libraries, including 

FDA-approved drugs.284, 338 In studies targeting r(CUG)-repeat sequences in 2015, 

Disney et al. tested a drug-like, RNA-biased library of bis-benzimidazoles and similar 

core structures and found that bioactive molecules had statistically significant differences 

in topological polar surface area (tPSA) as well as hydrogen bond acceptors (HBA) and 

donors (HBD).187 Inspired by this previous work and the recent surge in discoveries of 

biologically active RNA-targeting ligands,167, 232, 254 we proposed to more broadly analyze 

the key guiding principles for specific RNA-targeting. In this chapter, we report the 

discovery of distinct physicochemical, structural, and spatial properties of RNA-targeted 

bioactive ligands, which are expected to facilitate the rapid discovery of RNA-targeted 

chemical probes and subsequent evaluation of the therapeutic potential of non-

ribosomal RNAs. 

3.3 Curation of R-BIND Library 

First, we gathered reports from reviews100, 130, 167, 200, 232, 253, 254 and recent primary 

literature that described organic small molecule probes for non-ribosomal RNAs with 

evidence of both in vitro binding and target engagement in cell culture or animal models 

(Section 3.6.1.1). To focus on small organic molecules, peptides and oligonucleotides 

were omitted.169, 170 Aminoglycosides were excluded due to known promiscuous RNA-
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binding behavior.100, 167, 168 Molecules satisfying the selection criteria and highlighted in 

the conclusion of each report were included in the RNA-targeted BIoactive ligaNd 

Database (R-BIND). While compiling R-BIND, we identified two strategies utilized to 

target RNA in biological systems: monovalent small molecules (SM) and multivalent 

ligands (MV) (Figure 3.1). We generally classified MV ligands as those with the presence 

of an alkyl, aryl, or peptide-like linker between two or more binding moieties and a 

molecular weight greater than 500 amu (Section 3.6.1.1). 

 

 

Figure 3.1: Represenative Examples of R-BIND Library Members. Molecules are 
classified as A) monovalent small molecules (SM, n = 67)162 and B) multivalent ligands 

(MV, n = 37).165 
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3.4 Analysis of Physicochemical & Structural Properties 

To analyze the physicochemical properties of these and other ligands, we 

adapted a list of 20 cheminformatic parameters from Tan and co-workers (Section 3.6.2 

Table 3.7).339 Before analysis, all molecules were unbiasedly adjusted to their major 

protomeric and tautomeric structures (pH = 7.4) using ChemAxon (Section 3.6.2). In our 

first analysis, we compared R-BIND (SM) and R-BIND (MV) sub-libraries to identify 

similarities and/or differences between the design strategies (Table 3.1, Section 3.7  

 

Table 3.1: Statistical Comparison of R-BIND (SM) and (MV) Descriptors 

Type Parameter 

Means 

Fold ∆ P 
R-BIND 

(SM) 
R-BIND 

(MV) 
Lipinski’s Rules MW 350 1095 -2.13 < 0.001 

HBA 3.81 12.62 -2.32 < 0.001 
HBD 2.43 10.27 -3.22 < 0.001 
LogP 1.02 1.75 -0.71 0.323 

Veber’s Rules RotB 4.18 27.16 -5.50 < 0.001 
tPSA 79 320 -3.04 < 0.001 

Oral Availability LogD -0.11 -1.94 -16.17 0.134 
Structure N 4.33 16.92 -2.91 < 0.001 

O 1.61 5.43 -2.37 < 0.001 
Rings 3.67 7.97 -1.17 < 0.001 
ArRings 2.96 6.89 -1.33 < 0.001 
HetRings 2.16 4.00 -0.85 < 0.001 
SysRings 2.36 5.30 -1.25 < 0.001 
SysRR 1.88 1.68 0.10 0.723 

Molecular 
Complexity 

Fsp3 0.27 0.40 -0.48 < 0.001 
nStereo 0.31 2.03 -5.47 < 0.001 

Molecular 
Recognition 

ASA 574 1575 -1.74 < 0.001 
relPSA 0.18 0.22 -0.23 0.005 
TC 0.93 3.27 -2.53 < 0.001 
VWSA 505 1645 -2.26 < 0.001 

  

     
 P < 0.05;        P < 0.001 
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Figure 3.6). Since both the SM and MV ligands had non-normal parameter distributions, 

we used an independent two-group Mann-Whitney U test for all statistical comparisons. 

In line with the increased molecular weight of R-BIND (MV) compared to R-BIND (SM), 

many parameter distributions in the initial analysis displayed highly significant 

differences (P < 0.001). The exceptions were LogP (n-octanol/water partition coefficient) 

and LogD (n-octanol/water distribution coefficient), suggesting a common lipophilicity for 

RNA-binding and/or bioavailability, as well as ring complexity (SysRR).  

Next, the parameter values for each library member were scaled by molecular 

weight, and the Mann-Whitney U test was repeated (Table 3.2). Three parameters with 

previously observed differences were no longer statistically significant: HBA, oxygen 

atoms (O), and total charge (TC). Interestingly, a closer look at TC revealed that both 

ligand classes have approximately one positive charge for every 250-350 amu, 

suggesting an important but restricted role for ionic interactions in RNA recognition. 

Many of the significant differences between the two libraries can be attributed to the 

presence of alkyl or peptide-like linkers in R-BIND (MV), such as the dramatic increase  

in rotatable bonds (RotB). These analyses confirmed that, even when scaled by 

molecular weight, R-BIND (SM) and R-BIND (MV) represent two unique classes of RNA- 

binding ligands and thus distinct targeting strategies.  

To identify distinctive properties of bioactive RNA ligands, we compared R-BIND 

to two additional libraries. First, we compiled all RNA-binding small molecules from the 

Nucleic Acid Ligand Database (NALDB)340 and filtered the library analogously to R-BIND 

(Section 3.6.1.2). Small molecules present in R-BIND were removed from NALDB (SM)  

and (MV) to represent RNA-binding ligands without reported bioactivity. In addition, the 
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Table 3.2: Statistical Comparison of R-BIND (SM) and (MV) Descriptors Scaled by 
Molecular Weight 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    a Logarithmic and fractional descriptors were not scaled 

    
 

and (MV) to represent RNA-binding ligands without reported bioactivity. In addition, the 

FDA-approved chemical entities list was downloaded from DrugBank341 and filtered to 

accurately compare organic small molecules (Section 3.6.1.3). The FDA library 

represented both “drug-like” space and “protein-targeted” space as ~90% of FDA-

approved drugs target proteins.342  

As a preliminary comparison, principal component analysis (PCA) was used to 

reduce the dimensionality of the data and visualize the relative relationships between the 

     
 P < 0.05;        P < 0.001 

Type Parameter 

Meansa 

Fold ∆ P 

R-
BIND 
(SM) 

R-BIND 
(MV) 

Lipinski’s Rules MW  --  --  --  --  
HBA 0.0116 0.0125 0.0802 0.115 
HBD 0.0077 0.0115 0.4918 0.002 
LogP --  -- -- -- 

Veber’s Rules RotB 0.0113 0.0250 1.2113 < 0.001 
tPSA 0.2473 0.3332 0.3470 < 0.001 

Oral Availability LogD --  -- -- -- 
Structure N 0.0132 0.0170 0.2886 0.004 

O 0.0046 0.0044 0.0345 0.611 
Rings 0.0106 0.0069 0.3431 < 0.001 
ArRings 0.0085 0.0061 0.2836 < 0.001 
HetRings 0.0063 0.0034 0.4541 < 0.001 
SysRings 0.0067 0.0047 0.3009 < 0.001 
SysRR --  -- -- -- 

Molecular 
Complexity 

Fsp3 --  -- -- -- 
nStereo 0.0008 0.0018 1.1442 0.002 

Molecular 
Recognition 

ASA 1.6559 1.4690 0.1129 < 0.001 
relPSA --  -- -- -- 
TC 0.0027 0.0038 0.4229 0.093 
VWSA 1.4341 1.4948 0.0423 0.011 
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libraries.339 PCA defines orthogonal axes, i.e. principal components (PCs), that represent 

the maximum variance in the data in an unbiased manner, prior to defining which data 

points are in which groups. In this analysis, the first three PCs described 67% of the 

variance within the data (Section 3.7 Table 3.10). Generally, PC 1 was heavily 

influenced by molecular weight and related parameters, PC 2 by solubility and polarity-

related parameters, and PC 3 by differences in aromatic rings and sp3-hybridized 

carbons (Section 3.7 Table 3.11). Most small molecules clustered near the origin while 

the larger and multivalent molecules extended along the positive PC 1 axis (Figure 3.2, 

Section 3.7 Figure 3.7). In comparison, the NALDB (SM) and R-BIND (SM) occupied a 

similar region, though R-BIND (SM) occupied a smaller subset of FDA chemical space 

along PC 1 and PC 3. To assist in determining the overlap between the libraries, we 

performed nearest neighbor clustering analysis (Table 3.3, Section 3.7 Table 3.12). 

Using 95% of the variance (PC 1-10), notable overlap was observed between the SM 

libraries with 13% of R-BIND (SM) ligands and 19% of NALDB (SM) ligands falling within 

the other library’s cluster. Further, 31% of R-BIND (SM) and 9% of the FDA library 

overlapped with the other library’s cluster, suggesting that bioactive RNA-binding ligands 

can possess drug-like properties. 

To determine the properties responsible for these similarities and differences, we 

again used a Mann-Whitney U test to compare the parameter distributions. For the 

comparison of R-BIND (SM) and FDA, we included only FDA molecules within the 

molecular weight range of R-BIND (SM) to account for the presence of larger and 

potentially multivalent molecules within the FDA library (Table 3.4, Section 3.7 Table 

3.13, Section 3.7 Figure 3.9). Interestingly, 4/7 medicinal chemistry properties (molecular  
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Figure 3.2: Principal Component Analysis Plots Based on the Cheminformatic 
Parameters Calculated for the R-BIND, NALDB, and FDA Libraries. A) PCA plot of 
PC 1 versus PC 2. B) PCA plot of PC 1 versus PC 3. C) PCA plot of PC 2 versus PC 3. 
D) PCA plot of PC 1-3. The principal component and subsequent percent contribution is 

indicated on each axis. Outliers were removed here for clarity. Full plots and loading 
plots can be seen in Section 3.7 Figure 3.7 and Figure 3.8. 

weight,  (MW), HBA, RotB, tPSA) did not show significant differences (P > 0.05) while 

statistically significant increases were observed for water solubility (LogP, LogD) and 

HBD in R-BIND (SM). Among the molecular recognition properties, highly significant 

differences (P < 0.001) were observed with increased TC and a higher yet narrower  
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Table 3.3: Nearest Neighbor Quantification of Principal Component Analysis in 
Three Dimensions (67% of Variance) 

 Library Cluster 

FDA 
R-BIND 

(SM) 
R-BIND 

(MV) 
NALDB 

(SM) 
NALDB 

(MV) 
FDA molecules in… 1192 250 6 440 1 
R-BIND (SM) molecules in… 36 42 0 21 2 
R-BIND (MV) molecules in… 1 0 21 0 0 
NALDB (SM) molecules in… 98 33 2 104 0 
NALDB (MV) molecules in… 1 1 1 0 27 

 

range of accessible surface area (ASA). Further, there were statistically significant 

differences in the molecular complexity of the molecules, where R-BIND (SM) contained 

fewer sp3-hybridized carbons (Fsp3) and stereocenters (nStereo) compared to the FDA 

library. We cannot determine, however, the extent to which these differences can be 

attributed to reduced complexity in synthetic and commercial screening libraries, from 

which many R-BIND (SM) ligands were discovered.343, 344 

Strikingly, the differences in distribution of 8/9 structural parameters were found 

to be highly statistically significant between R-BIND (SM) and FDA libraries (Table 3.4, 

Figure 3.3). These differences included atom counts where concurrently higher N count 

and lower O count were observed for R-BIND (SM). While the differences in ring count 

were modest, the ring types were different, and R-BIND (SM) had more aromatic rings 

(ArRings) and heteroatom-containing rings (HetRings). Collectively, these observations 

signify that monovalent biologically active RNA-binding ligands can possess “drug-like”  

properties but that these properties have thus far been achieved through distinct 

chemical architectures relative to FDA-approved drugs. 
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Table 3.4: Statistical Comparison of R-BIND (SM) and FDA Descriptors with 
Molecular Weight Restriction (140, 590 MW, n = 1532) 

Type Parameter 

Means 
Fold 

∆ P 
R-BIND 

(SM) FDA 
Lipinski’s Rules MW 350 335 0.04 0.055 

HBA 3.81 3.78 0.01 0.752 
HBD 2.43 1.70 0.30 < 0.001 
LogP 1.02 2.01 0.97 0.002 

Veber’s Rules RotB 4.18 5.03 0.20 0.067 
tPSA 79 76 0.05 0.111 

Oral Availability LogD -0.11 0.89 8.85 0.010 
Structure N 4.33 2.20 0.49 < 0.001 

O 1.61 3.06 0.90 < 0.001 
Rings 3.67 2.69 0.27 < 0.001 
ArRings 2.96 1.50 0.49 < 0.001 
HetRings 2.16 1.12 0.48 < 0.001 
SysRings 2.36 1.82 0.23 < 0.001 
SysRR 1.88 1.59 0.15 0.001 

Molecular 
Complexity 

Fsp3 0.27 0.45 0.66 < 0.001 
nStereo 0.31 1.84 4.86 < 0.001 

Molecular 
Recognition 

ASA 574 525 0.09 < 0.001 
relPSA 0.18 0.17 0.08 0.499 
TC 0.93 0.16 0.83 < 0.001 
VWSA 505 486 0.04 0.109 

          

To compare differences between RNA-binding ligands with and without reported 

bioactivity, the Mann Whitney U test was repeated to compare the distributions of R-

BIND (SM) and NALDB (SM) (Table 3.5, Section 3.7 Figure 3.10). All medicinal 

chemistry and molecular recognition properties were found to not have statistically 

significant differences with the exception of relative polar surface area (relPSA). In 

contrast, all of the structural parameter distribution differences were found to be 

statistically significant except SysRR and Fsp3 (Table 3.5, Figure 3.3). Repeating the  

     
 P < 0.05;        P < 0.001 
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Figure 3.3: Box and Whisker Plots for Eight Structural Parameters Identified as 
Statistically Different Between R-BIND (SM), FDA and NALDB (SM) Libraries. The 
whiskers represent the 10-90th percentile of data, the boxes contain the middle 50% of 

the data, and the black lines and plus signs denote the medians and means, 
respectively. Statistically significant differences determined by the Mann Whitney U test 

are indicated as *P < 0.05 and **P < 0.001. 

analysis using the same molecular weight restriction as the FDA library (140-590 amu) 

yielded similar statistical results (Section 3.7 Table 3.14). These comparisons further our 

hypothesis that the structural composition of small molecules is crucial for the specific 

recognition of RNA in biological systems. 
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Table 3.5: Statistical Comparison of R-BIND (SM) and NALDB (SM) Descriptors 
with Molecular Weight Restriction (n = 173) 

Type Parameter 

Means 
Fold 

∆ P 
R-BIND 

(SM) 
NALDB 

(SM) 
Lipinski’s Rules MW 350 339 0.03 0.102 

HBA 3.81 4.48 -0.18 0.100 
HBD 2.43 2.61 -0.07 0.626 
LogP 1.02 0.66 0.35 0.242 

Veber’s Rules RotB 4.18 4.84 -0.16 0.696 
tPSA 79 92 -0.16 0.189 

Oral Availability LogD -0.11 -0.64 -4.70 0.148 
Structure N 4.33 3.79 0.12 0.012 

O 1.61 2.82 -0.75 < 0.001 
Rings 3.67 3.31 0.10 0.044 
ArRings 2.96 2.64 0.11 0.045 
HetRings 2.16 1.79 0.17 0.010 
SysRings 2.36 1.84 0.22 < 0.001 
SysRR 1.88 2.05 -0.09 0.493 

Molecular 
Complexity 

Fsp3 0.27 0.28 -0.06 0.731 
nStereo 0.31 0.73 -1.34 0.039 

Molecular 
Recognition 

ASA 574 559 0.03 0.303 
relPSA 0.18 0.23 -0.28 0.028 
TC 0.93 0.75 0.19 0.454 
VWSA 505 486 0.04 0.168 

      

3.5 Analysis of Spatial Properties 

As shape is known to be a critical component of RNA:protein recognition,345-347 

we also analyzed the spatial properties of R-BIND (SM), FDA, and NALDB (SM) using 

calculated principal moments of inertia (PMI) (Section 3.6.6).348 The normalized PMI 

coordinates are plotted on a triangular graph where the vertices represent prototypical 

ligand shapes: rod, disc, and sphere (Figure 3.4A). Upon visual inspection, the libraries 

populate distinct regions within the triangular plot (Figure 3.4A, Section 3.7 Figure 3.11). 

These observations are supported by the library averages (Section 3.7 Table 3.15) and  

     
 P < 0.05;        P < 0.001 
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Figure 3.4: Principal Moments of Inertia Calculations for R-BIND (SM), FDA, and 
NALDB (SM) Libraries. A) Normalized principal moments of inertia ratios for R-BIND 

(SM), NALDB (SM) and FDA libraries (140-590 amu). Each point represents the 
Boltzmann average of a molecule using conformations within 3 kcal/mol of the lowest 
energy conformer. Larger circles outlined in black represent the library averages. B) 

Cumulative distance distributions from the rod vertex to members of each library. 

cumulative fraction graphs (Figure 3.4B, Section 3.7 Figure 3.12). The Kolmogorov-

Smirnov (KS) statistical test and cell-based partitioning were used to quantitatively 

compare the library distributions (Section 3.6.6.2). The KS test confirmed that the shape 

distributions of R-BIND (SM) are statistically different from both the FDA and NALDB 

(SM) libraries, containing more rod-like and less disc- and sphere-like character (Section 

3.7 Table 3.16). Upon partitioning the libraries into four sub-triangles, 72% of R-BIND 

(SM) populated the “rod” triangle compared to 56% and 52% for the FDA and NALDB 

(SM) libraries, respectively (Table 3.6). Further partitioning into 16 sub-triangles showed 

that molecules in R-BIND (SM) largely populate the sub-triangles farthest from the 

sphere vertex (Section 3.7 Table 3.17). While many libraries are enriched in rod-like 

molecules,349  the differences of R-BIND (SM) compared to the FDA and NALDB (SM) 

libraries suggest that flat, rod-like small molecules may represent a particularly privileged 

shape for the recognition of RNA in biological systems. 
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Table 3.6: Small Molecule Counts for Each Library in Four Triangle Partitions 

Library Rod Hybrid Sphere Disc Total 
R-BIND (SM) 48 5 0 14 67 
NALDB (SM) 82 20 1 44 147 
FDA 857 369 33 273 1532 

3.6 Experimental Methods 

3.6.1 Library Curation 

3.6.1.1 R-BIND Library 

The RNA-targeted BIoactive ligaNd Database (R-BIND) is inclusive of organic 

small molecule probes that were reported in the literature through December 2016. The 

ligands were included if they satisfied the following criteria: i) highlighted by the author in 

the conclusion; ii) had activity in cell culture and/or animal models; iii) had evidence of 

binding to the target in vitro; and iv) had a molecular weight less than 2,000 amu. Three 

ligands (R-BIND (SM) 0034, R-BIND (SM) 0037, and R-BIND (MV) 0034) were not 

reported to bind to the target in vitro; however, binding was reported for similar ligands in 

the same reference. The molecular weight cutoff was chosen because the majority of 

FDA-approved chemical entities (> 99.5%) are less than 2,000 amu. The database (n = 

104) was divided into two sub-libraries: monovalent small molecules (R-BIND (SM), n = 

67) and multivalent ligands (R-BIND (MV), n = 37).  

In general, the MV sub-library was segregated from the SM sub-library based on 

the presence of an alkyl, aryl, or peptide-like linker between multiple binding moieties 

and a molecular weight of greater than 500 amu. There were three exceptions to the 

molecular weight cutoff based on author descriptions: R-BIND (SM) 0025 (590 amu), R-

BIND (MV) 0005 (496 amu), and R-BIND (MV) 0007 (496 amu). R-BIND 0025 was 



	  

	  
235 

identified by Inforna to bind a 1 X 1 internal loop. R-BIND (MV) 0005 and 0007 were 

described as containing three binding moieties in the publication. 

Small molecules targeting ribosomal RNA (rRNA) were excluded from R-BIND. 

rRNA is decidedly unique compared to other RNAs as it is both an active catalyst and 

highly abundant.100 rRNA constitutes 80-85% of cellular RNA by mass, followed by tRNA 

(10-13%), mRNA (3-5%), and other non-coding RNAs (< 2%).237 It has been proposed 

that these disparities could lead to distinct specificity requirements and thus distinct 

small molecule properties. Important differences between ribosomal and non-ribosomal 

RNA targeting small molecules have been reported.284, 337  

3.6.1.2 NALDB Library 

RNA-binding molecules from the Nucleic Acid Ligand Database (NALDB)340 were 

collected in January 2017 from the following website sections: Double-stranded RNA 

binding ligands, G-quadruplex RNA binding ligands, nucleic acid aptamer binding 

ligands, and nucleic acid special structure binding ligands. DNA ligands were removed 

from the latter two subsets. If the binding detail was ambiguous or not listed, the 

reported reference(s) were checked for evidence of RNA-binding and “no binding” 

entries were removed (32). Molecule SMILES were checked for accuracy and duplicate 

ligands were removed if present. Additionally, NALDB entries were excluded if they 

contained any of the following: less than 3 carbon atoms (2), greater than 2000 amu 

(17), bound to DNA/RNA hybrid structures (6), contained a metal complex (1), or were 

already present in the R-BIND (16). The final NALDB library contained a total of 307 

members.  
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To accurately compare the NALDB and R-BIND, the library was filtered to 

remove aminoglycosides (n = 71), which were identified by the presence of glycosidic 

linkages and/or the designations within the references from the NALDB website. Non-

aminoglycoside molecules that were reported to bind to the ribosome (n = 19) were also 

removed.  

The remaining 216 molecules were divided into the following categories, which 

were used for analysis: monovalent small molecules (NALDB (SM), n = 173), and 

multivalent ligands (NALDB (MV), n = 44). Multivalent (MV) ligands were differentiated 

from the remaining small molecules (SM) by the presence of multiple or repeating 

binding moieties and are generally characterized by a molecular weight of greater than 

500 amu. There were 25 ligands classified as SM with a molecular weight greater than 

500 amu. These small molecules are g-quadruplex binding ligands (n = 16), larger 

natural products (n = 1) or dyes (n = 3), or identified in the NALDB listed reference as 

single RNA module or monomer (n = 5). There were 3 ligands classified as MV with a 

molecular weight less than 500 amu. The references listed in the NALDB for these 

ligands used the term two units or dimer.  

We also removed small molecules with reported biological activity from the 

NALDB libraries by comparing to R-BIND. It cannot be determined whether the 

remaining molecules were tested in cell culture and/or animal models and were 

unsuccessful or if the experiments were not conducted. Furthermore, some of the 

NALDB (SM) and (MV) libraries were tested for binding to aptamers or secondary 

structures, which often cannot be directly tested in cell culture or animal models. We 
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emphasize that these libraries serve only as a benchmark for comparison of reported 

and not reported biological activity.  

3.6.1.3 FDA Library 

FDA-approved chemical entities were downloaded from DrugBank on January 

9th, 2017.341 Molecules were excluded if they contained any of the following: less than 3 

carbon atoms (83), metal complexes (26), duplicates within the library (16), 

polymers/oligomers (5), contrast/imaging agents or dyes (4), excipients (4), sanitizers (1) 

and/or greater than 2000 amu (8).  Additionally, drug cocktails were separated into 

individual molecules and counter cations and anions were removed to yield a final library 

count of 1765 molecules.  

3.6.2 Cheminformatic Calculations 

The 20 cheminformatic parameters were adapted from Tan and co-workers, who 

successfully utilized the descriptors to differentiate natural products, synthetic drugs, 

natural product-like libraries, and drug-like libraries.350 Two parameters were proposed to 

be natural product specific: number of stereocenters/molecular weight (nStereoMW) and 

size of largest ring (RngLg). The parameters were replaced with number of heteroatom-

containing rings (HetRings) and total charge (TC), which are known to be important for 

RNA recognition.100, 167, 253, 284 In addition, the two descriptors calculated in VCC, n-

Octanol/water partition coefficient alt (ALOGPs) and Tetko’s logS aqueous solubility 

(ALOGpS), were replaced with ChemAxon descriptors: n-Octanol/water partition 

coefficient (LogP) and accessible surface area (ASA). The final list of descriptors is 

described in Table 3.7.  
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Table 3.7: List of Cheminformatic Descriptors 

Type Parameter Description 
Chemical Terms Evaluator 
Expression 

Lipinski’s 
Rules 

MW Molecular Weight mass() 
HBA Number of Hydrogen Bond 

Acceptors acceptorCount() 

HBD Number of Hydrogen Bond 
Donors donorCount() 

LogP n-Octanol/Water Partition 
Coefficient logPKLOP() 

Veber’s 
Rules 

RotB Number of Rotatable Bonds rotatableBondCount() 
tPSA Topological Polar Surface 

Area PSA() 

Oral 
Availability 

LogD n-Octanol/Water Distribution 
Coefficient logD(‘7.4’) 

Structural N  Number of Nitrogen Atoms atomCount(‘7’) 
O Number of Oxygen Atoms atomCount(‘8’) 
Rings Number of Rings ringCount() 
ArRings Number of Aromatic Rings aromaticRingCount() 
HetRings Number of Heteroatom-

containing Rings heteroRingCount() 

SysRings Number of Ring Systems ringSystemCount() 
SysRR Ring Complexity ringCount()/ringSystemCount() 

Molecular 
Complexity 

Fsp3 Fraction of sp3 Hybridized 
Carbons 

count(filter(‘atno()==6&&connect
ions()==4’))/atomCount(‘6’) 

nStereo Number of Stereocenters chiralCenterCount() 
Molecular 
Recognition 

ASA Accessible Surface Area ASA() 
relPSA Relative Polar Surface Area PSA()/vanDerWaalsSurfaceAre

a() 
TC Total Charge totalCharge() 
VWSA Van der Waals Surface Area vanDerWaalsSurfaceArea() 

 

SMILES strings for all molecules were batch processed. Using the ChemAxon 

Calculator Plugins, all structures were corrected to their major protonation and 

tautomeric states (pH = 7.4), and then the cheminformatic descriptors were evaluated 

using the ChemAxon Chemical Terms Evaluator (Marvin 16.4.11.0, 2016, 

http://www.chemaxon.com).350 Input expressions are listed in in Table 3.7. 
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The R-BIND SM was tautomer and protonation checked using a second program 

for added rigor: Molecular Operating Environment (MOE, v2017.12) software 

package.351 In general, MOE generated similar structures to ChemAxon. Of the 67 small 

molecules, 41 of the ligands were identical, 10 ligands had an alternate protonation 

state, 9 ligands had an alternate tautomer, 2 ligands had alternate protonation and 

tautomer states, and 6 ligands had different resonance structures. Possible resonance 

structures were not accounted for in calculations.  

The 20 cheminformatic parameters were re-calculated in ChemAxon utilizing the 

SMILES codes generated by MOE (Table 3.8).351 The majority of the averages were only 

marginally different, including total charge (TC = 0.90 and 0.93 for MOE and ChemAxon, 

respectively). Similarly, the medicinal chemistry properties had negligible changes in 

average except for LogP (1.52 and 1.02 for MOE and ChemAxon, respectively) and 

LogD (0.33 and -0.11 for MOE and ChemAxon, respectively). The differences were 

largely attributed to two classes of compounds, benzimidazoles and quinazolines. This 

variation can be attributed to differences in the dominant tautomeric states chosen by 

the two programs and the strong dependence of solubility calculations on the tautomeric 

state used.352  

3.6.3 Mann Whitney U Test 

All cheminformatic statistical comparisons between libraries were performed in R 

statistical software (v3.3.1, 2016) using an independent two-group Mann-Whitney U 

Test. Extended tables and figures are in Section 3.7 Table 3.13, Table 3.14, Figure 3.6, 

Figure 3.9, Figure 3.10. 
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Table 3.8: Average Cheminformatic Values for R-BIND (SM) Calculated Using 
Tautomers Generated in Either ChemAxon or Molecular Operating Environment 

Parameter ChemAxon MOE Difference 
MW 350 350 0.03 
HBA 3.81 3.88 -0.07 
HBD 2.43 2.40 0.03 
LogP 1.02 1.52 -0.50 
RotB 4.18 4.19 -0.01 
tPSA 79 79 0.07 
LogD -0.11 0.33 -0.44 
N 4.33 4.33 0.00 
O 1.61 1.61 0.00 
Rings 3.67 3.67 0.00 
ArRings 2.96 2.97 -0.01 
HetRings 2.16 2.16 0.00 
SysRings 2.36 2.36 0.00 
SysRR 1.88 1.88 0.00 
Fsp3 0.27 0.27 0.00 
nStereo 0.31 0.37 -0.06 
ASA 574 577 -2.35 
relPSA 0.18 0.18 0.00 
TC 0.93 0.90 0.03 
VWSA 505 507 -1.91 

For box and whisker plots, the whiskers represent the 10-90th percentile of data, 

the boxes contain the middle 50% of the data, and the black lines and plus signs denote 

the medians and means, respectively. Statistically significant differences determined by 

the Mann Whitney U test are indicated as *P < 0.05 and **P < 0.001. Abbreviations are 

defined in Table 3.7. 

3.6.4 Principal Component Analysis 

Each cheminformatic parameter was normalized to the average and standard 

deviation of the R-BIND, NALDB, and FDA libraries as defined in Equation (1): 



	  

	  
241 

𝑥!,!"#$ = !!!!
!

    (1) 

where 𝑥! is the parameter value for a given molecule, and 𝑥 and 𝑠 represent the mean 

and standard deviation of a parameter, respectively, for the combined libraries. Principal 

component analysis (PCA) was performed on the normalized data using the Microsoft 

Excel add-in, XLSTAT (v18.07.40123, 2017, Addinsoft). The analysis was run as a 

Spearman PCA, and the factor scores were used for visualization and nearest neighbor 

clustering analysis.  

3.6.5 Nearest Neighbor Clustering Analysis 

The nearest neighbor (NN) clustering analysis is an analog to the k nearest 

neighbor (k-NN) classification algorithm. Due to the limited number of data points in each 

dataset, we applied a 1-NN algorithm to study overlap. The algorithm follows the 

procedure described: (1) For each dataset, the multi-dimensional distances in space are 

calculated for each pair of data points; (2) The average nearest neighbor distance for 

this dataset is calculated; (3) Each point is mapped as a multi-dimensional sphere with a 

radius of the averaged nearest neighbor distance; (4) Data points from other datasets 

are mapped to the same space and overlaps are counted for the populated regions 

generated in step (3). 

To count the overlap within a dataset (i.e. FDA molecules in FDA), a data point is 

considered to be within the cluster if it overlapped with regions populated by other data 

points in the same dataset. To count overlap between datasets (i.e. FDA molecules in R-

BIND (SM)), a data point is considered to be within another library’s cluster if it 

overlapped with the NN defined cluster.  



	  

	  
242 

3.6.6 Principal Moments of Inertia Calculations 

Ligands in the NALDB (MV) and R-BIND (MV) libraries were excluded from this 

analysis to avoid potential bias in modeling larger molecular weight ligands.349 Similarly, 

calculations were performed on the molecular weight restricted NALDB (SM) and FDA 

libraries (140-590 amu) to avoid modeling bias and to compare analogous libraries. 

Low energy conformations of each molecule, using the protonation- and 

tautomer-corrected SMILES strings (Section 3.6.2), were calculated using the 

Conformation Search algorithm in the Molecular Operating Environment (MOE, 

v2017.12) software package.351 The Conformation Search function was performed using 

the stochastic method with the MMFF94 force field and generalized Born solvation 

model.  The input for each parameter is listed in Table 3.9, and the following options 

were checked: calculate force field partial charges and hydrogens. 

 

Table 3.9: Parameters for Conformation Search in Molecular Operating 
Enviroment 

Parameter Input 
Rejection limit 100 
Iteration limit 10000 
RMS gradient 0.005 
MM iteration limit 500 
RMSD limit 0.15 
Energy window 3 
Conformation limit 10000 

 

The 3 kcal/mol energy window was selected to survey biologically-relevant 

conformation space353, 354 and to obtain a representative population of conformers at 

equilibrium (> 99%) as described by Equation (2).  
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!!
!!
=   𝑒!!"/!"  (2) 

where N1/N0 is the ratio of the number of molecules in the relative energy states, ΔE is 

the energy difference between N0 and N1 (3 kcal/mol), R is the ideal gas constant 

(0.00198588 kcal/K mol), and T is the temperature (298 K). 

After the conformational search was complete, the normalized principal moment 

of inertia descriptors, npr1 (𝐼!/𝐼!) and npr2 (𝐼!/𝐼!), were computed for each conformer in 

MOE. The Boltzmann weighted average for npr1 and npr2 of each molecule was 

calculated by using Equation (3).  

𝐴!   = 𝐴𝑒
− E𝑖
kBT𝑖

𝑒
− E𝑖
kBT𝑖

  (3) 

where A is the calculated npr1 or npr2 value of the conformation, Ei is the relative energy 

of the conformation (kcal/mol), kB is the Boltzmann constant (0.001986 kcal/(mol*K)), 

and T is the temperature (298 K). The resulting coordinates were plotted on a triangular 

graph where the vertices represent rod- (0,1), sphere- (1,1), or disc-like (0.5, 0.5) shape. 

3.6.6.1 Cumulative Distribution 

The Euclidean distance of each small molecule coordinate from the rod (0,1), 

sphere (1,1), and disc (0.5, 0.5) vertices was calculated. The distances for each library 

were ordered from smallest to largest, and the cumulative frequency for each distance 

was calculated.  The cumulative distribution graphs were generated using GraphPad 

Prism (version 7.02 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com). 
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3.6.6.2 Kolmogorov-Smirnov Test 

The rod, disc, and sphere distributions for each library were compared using a 

two-sided, two-sample, non-parametric Kolmogorov-Smirnov test. The test was run in R 

statistical software (v3.3.1, 2016) using R Commander (Rcmdr, v2.3-2, 2017).  

3.6.6.3 Cell-Based Partitioning  

Cell-based partitioning was performed in Python (Python Language Reference 

v2.7, http://www.python.org). The principal moments of inertia triangle was defined by 

three lines: y = 1; y = -x + 1; and y = x. The triangle was then partitioned into four or 

sixteen isosceles triangles of equal size by defining the slopes and area of each sub-

triangle. The Boltzmann weighted average coordinate of each small molecule was 

rounded to three significant figures, and if the coordinate fell within a partition, the script 

returned the identity of the triangle in which the value was located.  

 

 

Figure 3.5: Principal Moments of Inertia Triangle Partitions. The identity and 
locations are listed for A) four and B) sixteen triangle partitions. 
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3.7 Additional Tables & Figures  

Table 3.10: Eigenvalues of Each Principal Component 

  
Principal Component 

1 2 3 4 5 6 7 8 9 10 
Eigenvalue 6.708 4.106 2.533 1.702 1.584 0.746 0.645 0.499 0.309 0.251 
Variability (%) 33.54 20.53 12.67 8.51 7.92 3.73 3.23 2.50 1.54 1.26 
Cumulative % 33.54 54.07 66.73 75.24 83.16 86.89 90.12 92.61 94.16 95.41 
  

  
Principal Component 

 11  12 13 14  15  16  17 18  19  20 
Eigenvalue 0.209 0.154 0.131 0.103 0.094 0.079 0.054 0.045 0.028 0.020 
Variability (%) 1.04 0.77 0.65 0.52 0.47 0.40 0.27 0.23 0.14 0.10 
Cumulative % 96.46 97.23 97.88 98.40 98.87 99.26 99.54 99.76 99.90 100.0 

 

Table 3.11: Percent Contributions of Each Parameter for Each Principal 
Component 

  
Principal Component 

1 2 3 4 5 6 7 8 9 10 
MW 12.15 1.501 1.293 0.204 0.253 0.238 0.923 0.166 0.571 7.266 
HBA 9.121 4.958 0.056 0.256 4.433 0.226 0.010 4.026 5.503 0.887 
HBD 3.963 4.044 0.014 0.490 12.21 25.21 16.03 0.107 3.481 0.624 
LogP 0.019 16.84 1.360 2.293 3.433 5.903 5.877 6.022 0.307 3.285 
RotB 6.053 0.224 3.553 17.26 4.119 0.023 6.067 0.042 1.836 18.46 
tPSA 7.919 8.991 0.041 0.666 0.936 3.253 0.457 1.552 1.509 0.085 
LogD 0.096 15.92 0.858 0.686 4.613 3.139 11.15 16.14 2.755 0.392 
N 4.725 0.611 13.92 0.024 6.039 1.320 0.054 22.12 9.869 0.165 
O 6.266 4.418 5.717 0.252 7.225 0.095 0.548 3.897 19.02 2.574 
Rings 7.346 4.532 0.457 12.70 1.206 0.185 0.343 2.075 0.000 7.526 
ArRings 3.729 4.335 16.39 0.277 0.102 1.474 0.853 6.212 1.031 10.32 
HetRings 6.269 0.089 6.000 7.795 0.001 20.17 0.456 6.241 6.947 13.37 
SysRings 7.024 2.804 3.173 1.566 0.134 12.47 18.67 8.266 0.017 6.654 
SysRR 0.940 1.637 0.024 37.20 1.822 10.70 14.68 0.851 0.429 0.420 
Fsp3 0.098 0.848 24.79 2.267 5.095 10.84 0.001 13.30 0.037 1.687 
nStereo 2.657 0.806 14.85 9.727 0.072 0.450 13.72 6.601 11.01 20.14 
ASA 10.33 3.040 0.945 4.197 0.482 0.065 6.322 0.019 0.059 0.221 
relPSA 0.616 19.13 2.572 0.292 1.783 2.206 1.507 0.411 0.464 0.051 
TC 0.033 2.339 0.041 1.592 45.40 1.967 0.285 1.925 34.08 0.221 
VWSA 10.65 2.921 3.942 0.256 0.644 0.078 2.046 0.020 1.070 5.661 
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Table 3.12: Nearest Neighbor Quantification of Principal Component Analysis in 
Ten Dimensions (95% of Variance) 

 
 

Library Cluster 
FDA R-BIND 

(SM) 
R-BIND 

(MV) 
NALDB 

(SM) 
NALDB 

(MV) 
FDA molecules in… 1021 167 0 157 0 
R-BIND (SM) molecules in… 11 36 0 9 0 
R-BIND (MV) molecules in… 0 0 27 0 0 
NALDB (SM) molecules in… 54 33 0 96 0 
NALDB (MV) molecules in… 0 0 1 0 28 

 

 

Table 3.13: Statistical Comparison of R-BIND (SM) and FDA Descriptors without 
Molecular Weight Restriction (n = 1765) 

Type Parameter 

Means 
Fold 

∆ P 
R-BIND 

(SM) FDA 
Lipinski’s Rules MW 350 381 0.09 0.407 

HBA 3.81 4.49 0.18 0.519 
HBD 2.43 2.18 0.11 0.001 
LogP 1.02 1.78 0.74 0.008 

Veber’s Rules RotB 4.18 5.84 0.40 0.017 
tPSA 79 93 0.17 0.658 

Oral Availability LogD -0.11 0.60 6.33 0.036 
Structure N 4.33 2.52 0.42 < 0.001 

O 1.61 3.84 1.38 < 0.001 
Rings 3.67 2.84 0.23 < 0.001 
ArRings 2.96 1.55 0.48 < 0.001 
HetRings 2.16 1.25 0.42 < 0.001 
SysRings 2.36 1.92 0.18 0.001 
SysRR 1.88 1.57 0.16 < 0.001 

Molecular 
Complexity 

Fsp3 0.27 0.46 0.70 < 0.001 
nStereo 0.31 2.45 6.81 < 0.001 

Molecular 
Recognition 

ASA 574 566 0.01 0.013 
relPSA 0.18 0.18 0.03 0.991 
TC 0.93 0.16 0.82 < 0.001 
VWSA 505 546 0.08 0.508 

        

     
 P < 0.05;        P < 0.001 
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Table 3.14: Statistical Comparison of R-BIND (SM) and NALDB (SM) Descriptors 
without Molecular Weight Restriction (140-590 MW, n =152) 

Type Parameter 

Means 
Fold 

∆ P 
R-BIND 

(SM) 
NALDB 

(SM) 
Lipinski’s Rules MW 350 336 0.04 0.081 

HBA 3.81 4.55 -0.20 0.081 
HBD 2.43 2.57 -0.06 0.762 
LogP 1.02 0.57 0.44 0.189 

Veber’s Rules RotB 4.18 4.93 -0.18 0.364 
tPSA 79 93 -0.17 0.177 

Oral Availability LogD -0.11 -0.71 -5.31 0.119 
Structure N 4.33 3.72 0.14 0.006 

O 1.61 2.89 -0.80 < 0.001 
Rings 3.67 3.26 0.11 0.038 
ArRings 2.96 2.61 0.12 0.041 
HetRings 2.16 1.72 0.21 0.005 
SysRings 2.36 1.84 0.22 0.002 
SysRR 1.88 2.00 -0.07 0.421 

Molecular 
Complexity 

Fsp3 0.27 0.30 -0.11 0.431 
nStereo 0.31 0.74 -1.35 0.026 

Molecular 
Recognition 

ASA 574 557 0.03 0.281 
relPSA 0.18 0.23 -0.24 0.036 
TC 0.93 0.67 0.27 0.300 
VWSA 505 480 0.05 0.143 

                    

 

Table 3.15: Average Normalized Principal Moment of Inertia for Each Library 

Library I1/I3 I2/I3 
R-BIND (SM) 0.23 0.84 
NALDB (SM) 0.29 0.80 
FDA 0.32 0.84 

 

 

     
 P < 0.05;        P < 0.001 
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Table 3.16: Statistical Comparisons of Distributions from the Rod, Disc, and 
Sphere Vertices for Each Pair of Libraries 

 P values 
Shape R-BIND (SM) / FDA R-BIND (SM) / NALDB (SM) FDA / NALDB (SM)  
Rod < 0.001  0.009 0.442 
Disc < 0.001 0.016  0.025 
Sphere < 0.001 0.007 < 0.001 

 

Table 3.17: Small Molecule Counts for Each Library in the Sixteen Triangle 
Partitions 

Library 
 Rod Hybrid Sphere Disk 

 
1a 1b 1c 1d 2a 2b 2c 2d 3a 3b 3c 3d 4a 4b 4c 4d 

R-BIND (SM) 26 8 0 14 0 4 0 1 0 0 0 0 7 1 1 5  
NALDB (SM) 30 19 3 30 3 12 5 0 0 1 0 0 18 12 3 11 

 FDA  240 308 57 252 45 188 87 49 14 8 1 10 111 75 35 52  
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Figure 3.6: Box-Whisker Plots of the 20 Cheminformatic Parameters for the R-
BIND (SM) and (MV) Ligands 
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Figure 3.7: Extended Principal Component Analysis Plots Based on the 
Cheminformatic Parameters Calculated for the R-BIND, NALDB, and FDA 

Libraries. A) PCA plot of PC 1 versus PC 2. B) PCA plot of PC 1 versus PC 3. C) PCA 
plot of PC 2 versus PC 3. D) PCA plot of PC 1-3. The principal component and 

subsequent percent contribution is indicated on each axis. 
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Figure 3.8: Loading Plots for the First Three Principal Components. A) Loading plot 
of PC 1 versus PC 2. B) Loading plot of PC 1 versus PC 3. C) Loading plot of PC 2 

versus PC 3. The magnitude and direction of the vector indicates the contribution of that 
parameter to the component. The percent contribution of each principal component is 

indicated. 

A) B)

C)
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Figure 3.9: Box-Whisker Plots of the 20 Cheminformatic Parameters for the R-
BIND (SM) and FDA (140-590 MW Cutoff) Ligands 
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Figure 3.10: Box-Whisker Plots of the 20 Cheminformatic Parameters for the R-
BIND (SM) and NALDB (SM) Ligands (without MW Cutoff) 
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Figure 3.11: Triangle Plots of Normalized Principal Moments of Inertia. Plots are for 
the A) R-BIND (SM), B) NALDB (SM) (140-590 amu) and C) FDA libraries (140-590 
amu). The four sub-triangles represent the general shapes of rod, hybrid, disc, and 
sphere. Each colored dot represents the Boltzmann average of a molecule using 

conformations within 3 kcal/mol of the lowest energy conformer. The black dot 
represents the average shape of the library. 
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Figure 3.12: Cumulative Distribution of the Distance Plots from Disc and Sphere 
Vertices. Plots are from the A) disc and B) sphere vertices for R-BIND (SM), NALDB 

(SM), and FDA libraries (140-590 amu). Cumulative distribution of the distance from the 
rod vertex is in Figure 3.4B. 
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4. Biology-Oriented Synthesis of Oxazolidinone-Based 
Small Molecule Library 

4.1 Overview 

Despite the discovery of many therapeutically relevant RNAs, there are no FDA-

approved drugs that target RNA, excluding selected antimicrobials, which recognize the 

most abundant RNA—the ribosome. Currently, most RNA-based, small molecule 

screens utilize commercially available libraries, which lead to low hit rates for RNA and 

the identification of ligands with limited efficacy in biological systems. Therefore, the goal 

of this work is to utilize the privileged physicochemical, structural, and spatial properties 

identified from the RNA-targeted BIoactive ligaNd Database (R-BIND) to design and 

synthesize a biology-oriented, RNA-biased small molecule library. In this design 

strategy, the REtrosynthetic Combinatorial Analysis Procedure was used to fragment R-

BIND into building blocks, which inspired the selection and purchase of a subunit library. 

Using these subunits, a theoretical library of small molecules was generated based on a 

designed oxazolidinone scaffold, an RNA-privileged core with known biological activity. 

Lastly, small molecules were selected as R-BIND-like utilizing a nearest neighbor 

algorithm, which measures similarity of the theoretical oxazolidinones to R-BIND ligands 

based on the identified bioactive guiding principles. These R-BIND-like oxazolidinones 

were compared to other RNA-targeted oxazolidinones, RNA-focused libraries, and 

commercially available screening libraries, revealing that these small molecules occupy 

a low populated region of RNA-privileged chemical space. The novel scaffold was then 

synthesized in three-steps and derivatized with the subunit library by orthogonal 
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substitution reactions or amide couplings. The methodology developed in this work can 

be applied to additional RNA-privileged scaffolds to synthesize biology-oriented, RNA-

targeted libraries for the discovery of novel RNA-based chemical probes and 

therapeutics. 

This chapter includes data collected in collaboration with members of the 

Hargrove lab as well as the Beratan labs: 

1. Barbara Blachut (Undergraduate, Hargrove Lab) performed the initial C(4) 

Finkelstein reactions and began modification as well as optimization of the 

scaffold synthesis.  

2. Jordan Forte (Research Scientist, Hargrove Lab) optimized the C(4) 

Finkelstein reaction as well as scaffold synthesis, developed the C(5) amine 

and amide methodology, and assisted with the computational design. 

3. Diane Karloff (Undergraduate, Hargrove Lab) developed and optimized the 

C(4) amide methodology. 

4. Dr. Yuqi Zhang (Former Graduate Student, Beratan Lab) devised and 

performed the initial nearest neighbor analysis.   

4.2 Introduction 

To date, the majority of RNA-based, small molecule screens have utilized 

commercially available libraries, which typically lead to low hit rates for RNA 119, 159, 162, 

182, 228 and the identification of leads with limited use in biological systems.100, 251-255 It is 

proposed that current screening libraries are biased with protein-binding chemotypes, 

leading to efforts to design RNA-focused libraries.187, 219, 256, 257 Typically, these libraries 



	  

	  
258 

are built using prior knowledge of a small molecule that binds to a particular RNA target 

and/or secondary structure. The chemotype is then expanded into a library by chemical 

similarity search,187, 220, 227 pharamacophore modeling,355 or diversity-oriented 

synthesis.173, 219, 356, 357 Screens that utilize focused libraries typically report higher hit 

rates (Section 1.2.4.1) with fewer small molecules (Section 1.2.4.2), greatly increasing 

the efficiency of RNA small molecule discovery.  

In Chapter Three, physicochemical, structural, and spatial guiding principals were 

identified for the RNA-targeted BIoactive ligaNd Database (R-BIND), which distinguished 

RNA bioactives from in vitro binding RNA ligands as well as protein bioactives.166 The 

discovery of these RNA-privileged properties provides many novel strategies for 

generating RNA-focused libraries through rational design and/or selection. One strategy 

in particular is biology-oriented synthesis (BIOS), which utilizes biologically relevant 

chemical space and bioactive chemotypes to synthesize small molecule libraries with 

biology-focused diversity.358, 359 Screens that use BIOS libraries typically report higher hit 

rates as well as enrichment in biological activity of the lead small molecules. This 

strategy has been applied to successfully identify ligands for several targets, pathways, 

and biological processes, including microtubule polymerization,360 G-coupled protein 

receptors,361 Wnt-pathway,362 and phosphatases.363  

Beyond the benzimidazole core,187 few bioactive, RNA-privileged chemotypes 

have been identified and extensively explored for RNA.187 An exception is the 2-

oxazolidinone scaffold,181 which is an essential component of two FDA-approved drugs 

that target the RNA of the ribosome (Figure 4.1).263, 267-269 In addition, the 2-

oxazolidinone core was utilized by Hines, Bergmeier and co-workers in a diversity-  
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Figure 4.1: FDA-Approved Drugs Based on the 2-Oxazolidinone Core 

oriented synthesis to target the antiterminator structure of the T-box riboswitch (Scheme 

4.1).116, 123, 137, 138, 324 This synthesis utilized 3-butene-1,2 diol, which through three steps 

leads to a bicyclic oxazolidinone-aziridine scaffold 4.4. The scaffold was then decorated 

in a predetermined order of substitution with three different types of subunits: C(4) with 

primary and secondary amines (4.5), N(3) with alkyl and aryl halides (4.6), and C(5) with 

acyl chlorides (4.7). This scheme led to a library of 89 oxazolidinone-based small 

molecules, where ligands with µM dissociation constants and greater than ten-fold 

selectivity against a mutant T-box structure were identified. The bioactivity, RNA-binding, 

and synthetic accessibility as well as tunability of the 2-oxazolidinone core makes this 

scaffold an ideal starting point to explore bioactive RNA-privileged chemical space. 

In this chapter, oxazolidinone-based small molecules were designed based on 

the R-BIND library, representing the first RNA-targeted library biased to bioactive 

chemical space. This strategy included the novel design of an RNA-biased subunit 

library based on the building blocks of R-BIND and unique selection method that 

measured the similarity of ligands to R-BIND small molecules in 20-dimensional 

bioactive chemical space. We compared the R-BIND-like oxazolidinones to the Hines, 
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Scheme 4.1: Hines, Bergmeier, and Co-workers 2-Oxazolidinone Diversity-
Oriented Synthesis 

Bergmeier, and co-workers oxazolidinone library, additional RNA-focused libraries, and 

commercially available screening libraries, which revealed that the designed 

oxazolidinones occupy a region of sparsely populated chemical space with a unique 

architecture. Lastly, we adapted the Hines, Bergmeier and co-workers synthesis to 

generate three novel oxazolidinone scaffolds that were efficiently and selectively 

decorated at the C(4) and C(5) positions. The tools described in this chapter can be 

applied to other bioactive, RNA-binding scaffolds, leading to additional biology-oriented 

syntheses that access other regions of bioactive, RNA-privileged chemical space.  
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4.3 Design Strategy 

There were three major considerations in designing an R-BIND-like, 

oxazolidinone-based small molecule library: i) orthogonal, diversity-oriented 

oxazolidinone scaffold; ii) commercially available subunit library; and iii) method to select 

small molecules for synthesis. In each of these steps, the guiding principles elucidated 

for the R-BIND (SM) library166 were utilized as the criteria for the design. Furthermore, 

the strategy focused on the synthesis of trans C(4), C(5) bis-substituted oxazolidinones 

as they are well-studied116, 137, 138 and were found to be the most selective in the Hines, 

Bergmeier, and co-workers T-box riboswitch screen.123  

4.3.1 Oxazolidinone Scaffold 

To begin, the structural properties of 2-oxazolidinone were considered and 

utilized to design a scaffold for diversity-oriented synthesis. Structurally, 2-oxazolidinone 

contains one nitrogen, two oxygen, two sp3-hybridized carbon, and one sp2-hybridized 

carbon atoms. On average, small molecules in R-BIND (SM) contain 4.5 nitrogen atoms, 

1.7 oxygen atoms, and have an sp3-hybridized carbon fraction of 0.28 (Section 4.6 Table 

4.4). As a result, the scaffold as well as substitution reactions should limit the number of 

additional oxygen and sp3-hybridized carbon atoms and increase the number of nitrogen 

and sp2-hybridized carbon atoms.  

In addition to increasing the nitrogen atom count, an amine-based subunit library 

would lead to a wide variety of potential substitution reactions and be commercially 

available and inexpensive.283 Amines can efficiently displace orthogonal leaving groups, 

which can be incorporated at the C(4) and C(5) positions of an oxazolidinone scaffold. 
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Furthermore, the leavings groups can connect to the oxazolidinone core by methylene 

linkers to increase sN2 reaction efficiency, control the stereochemical outcomes, and 

minimize additional sp3-hybridized carbon atoms (Figure 4.2). In addition to substitution 

reactions, the linkers would increase library diversity by allowing oxidation to carboxylic 

acids and coupling of the amines to generate amides at both positions (Figure 4.2). 

Hydroxyl and chloro functional groups were selected, as both require either acidic 

conditions or activation prior to displacement, resulting in selective substitution reactions. 

Additionally, the synthetic route utilized by Bergmeier and co-workers could be adapted 

to synthesize 4.12, using several reported metal-catalyzed cyclization reactions (Figure 

4.2).364-366 

 

 

Figure 4.2: Designed Diversity-Oriented Oxazolidinone Scaffolds 
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chemically accessible bonds to form building blocks (Figure 4.3).367 Of the 75 small 

molecules, 21 did not fragment, where the majority were large fused ring systems or 

smaller ring systems connected by sp2 nitrogen to sp3 carbon bonds. Only ring-based 

fragments were considered for subunit design, which included 80 single-ring building 

blocks and 27 multi-ring building blocks (Section 4.6 Table 4.5). To simply the analysis, 

the multi-ring building blocks were manually split into single ring systems, most of which 

were connected by an sp3 nitrogen to sp2 carbon bond. In total, there were 137 total 

single ring building blocks, 27 of which were unique.  

	  

 

Figure 4.3: Chemically Accessible Bonds Cleaved in the Retrosynthetic 
Combinatorial Analysis Procedure 

Most of the rings were aromatic, nitrogen-rich heterocycles, although a few 

oxygen- and sulfur-based as well as alkyl rings were also present (Section 4.6 Table 

4.5). The most common building blocks were benzene (n = 47, 34%), piperizine (n = 13, 

9%), and benzimidazole (n = 9, 7%). The substituents on the benzene rings were also 

quantified for incorporation into the subunit library (Section 4.6 Table 4.6).  The majority 
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of the substituents were amine and hydroxyl function groups as well as alkyl chains, but 

the list also included less abundant groups, for instance halogens, amidines, and 

guanidiniums.  

These building blocks as well as substituents were directly used as inspiration for 

the subunit library (Figure 4.4). All of the rings that were present in the RECAP analysis 

three or more times were utilized except for imidazoline due to price ($300/g).  Several 

of the rings that were represented twice in the RECAP analysis were also included and 

prioritized based on affordability (Section 4.6 Table 4.5). Except for piperidine and 

piperazine, reactive amines were added to each of the building blocks as nucleophiles to 

generate the amine-based subunit library. To reduce the number of sp3-hybridized 

carbons,166  the majority of the subunits were anilines, although three primary amines 

were incorporated with methylene linkers. To add greater diversity in size, shape, and 

ring count, two-ring subunits were also included, which were inspired by the multi-ring 

building blocks. Lastly, select substituents were added to benzene rings that were 

unlikely to compete as nucleophilies or electrophilies in substitution reactions. The 

resulting 25-member subunit library of primary and secondary amines as well as anilines 

represented the most common building blocks observed in bioactive, RNA-targeted 

small molecules. 

4.3.3 Selection of R-BIND-like Small Molecules 

Utilizing the four scaffolds and 25 subunits, a theoretical library of 2500 

oxazolidinone-based small molecules was generated. A k-nearest neighbor algorithm368, 

369 was utilized to measure the similarity of each theoretical oxazolidinone to each R-	  
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Figure 4.4: R-BIND Inspired, Amine-Based Subunit Library 

BIND small molecule based on the cheminformatic parameters. In this method, the R-

BIND (SM) library is plotted in 20-dimensional chemical space defined by the 

cheminformatic parameters utilized to distinguish the bioactive, RNA-targeted small 

molecules.166 The Euclidean distance369 of each R-BIND (SM) to all of its neighbors is 
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calculated, and the smallest nearest neighbor distance for each R-BIND (SM) is 

averaged. This average distance (d = 2.1923) is then used to select theoretical 

oxazolidinone-based that are R-BIND-like by plotting the oxazolidinone library in R-BIND 

(SM) chemical space and selecting oxazolidinone:R-BIND (SM) pairs within the average 

distance (Figure 4.5).  

 

 

Figure 4.5: Two-Dimensional Representation of the Nearest Neighbor Selection 
Method 

Using this method, 234 nearest neighbor (NN) oxazolidinone:R-BIND(SM) pairs 

were identified, which included three R-BIND (SM) ligands and 224 unique 

oxazolidinones (Figure 4.6). Most of the nearest neighbors (n = 167) were for R-BIND 

(SM) 0002, Ribocil-(B).159 Ribocil-(B) was identified by Merck to selectively target the 

FMN riboswitch in cell culture and was also shown to have antimicrobial activity in 

mouse models. The other two R-BIND (SM) ligands were amino acid-modified 

nucleobase conjugates rationally designed to target TAR RNA with anti-HIV activity in 

cell culture.356 Structural analysis of these ligands revealed several commonalities with 

the theoretical oxazolidinone library. For instance, these R-BIND (SM) ligands have at 

least one stereocenter, one positive charge, and a higher than average nitrogen count 
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(Section 4.6 Table 4.7). Furthermore, R-BIND (SM) 0002 and 0058 have a higher than 

average fraction of sp3-hybridized carbons, and R-BIND (SM) 0058 and 0059 have two 

oxygen atoms.  

 

 

Figure 4.6: R-BIND (SM) Ligands Identified as Similar to the R-BIND-like 
Oxazolidinone Library Utilizing the Nearest Neighbor Algorithm 

In addition to the nearest neighbor analysis, principal moments of inertia (PMI)348, 

349 calculations were performed to select oxazolidinones with a similar shape to the 

ligands in the R-BIND (SM) library. Following the protocol reported for the R-BIND (SM) 

calculations,166 low energy conformations for the theoretical oxazolidinones were 

generated, the normalized principal moments of inertia ratios (nprs) were calculated, and 

the nprs of all conformations within 3 kcal/mol of the lowest energy conformer were 

Boltzmann averaged. The resulting coordinate for each oxazolidinone was plotted on a 
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triangular graph that was partitioned into sixteen sub-triangles (Figure 4.7). Theoretical 

oxazolidinones were considered to have a similar shape as the R-BIND (SM) ligands if 

they populated the seven sub-triangles that contained two or more R-BIND (SM) ligands. 

Of the 224 oxazolidinones with similar physicochemical and structural properties as R-

BIND (SM), 218 of the small molecules were determined to have similar spatial 

properties as well.  

 

 

Figure 4.7: R-BIND (SM) Population in Sixteen Triangle Cell-Based Partitioning. 
Blue triangles are populated by two or more R-BIND (SM) ligands. 1 - Rod; 2 - Hybrid; 3- 

Sphere; 4 - Disc. 

  The majority of the 218 R-BIND-like, oxazolidinone-based small molecules were 

substituted at both the C(4) and C(5) positions with amines (4.8, n = 142, 65%, Table 

4.1). The remainder of the ligands were either C(5) or C(4) amides, 4.9 and 4.10 

respectively.  None of the small molecules were C(4) and C(5) amide ligands 4.11. The 

scaffold of 4.11 alone has four oxygen atoms, and only seven ligands in the R-BIND 

(SM) have four or greater oxygen atoms, substantially limiting the number of possible 

nearest neighbors. On the other hand, all of the 25 subunits were represented at least 
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once in the R-BIND-like library (Section 4.6 Table 4.8). Trends between the subunit 

structure and counts were not obvious; however, the most common subunits did contain 

two rings: v (n = 47), p (n = 30), and w (n = 30).  

 

Table 4.1: R-BIND-like Oxazolidinones Quantified by Scaffold 

Scaffold R-BIND-like Oxazolidinones 
4.8 142 
4.9 40 

4.10 36 
4.12 0 

4.4 Library Analysis 

4.4.1 Comparison to RNA-Targeted Oxazolidinones 

Excluding Linezolid and derivatives that were designed to target ribosomal RNA, 

only one other RNA-targeted, oxazolidinone library exists, which was synthesized and 

tested by Hines, Bergmeier and co-workers.116, 123, 137, 138, 324 To determine the R-BIND-

likeness of the library, we utilized the nearest neighbor algorithm to calculate the 

distance of each oxazolidinone to all R-BIND small molecules. None of the 

oxazolidinones were within the lowest average Euclidean distance (d = 2.1923) of any 

R-BIND ligand. The closest pair was R-BIND (SM) 0067199 and HB57 (d = 3.1860, 

Figure 4.8), which was also the nearest neighbor for large subset of the oxazolidinones 

(d = 3.500, n = 25). Extending the distance to 3.500 led to 18 additional pairs with 5 R-

BIND (SM) ligands, including one pair for R-BIND (SM) 0002, Ribocil-B.  

To further analyze the RNA-targeted oxazolidinone libraries, a Mann Whitney test 

was utilized to compare the 20 cheminformatic descriptors of the Hines, Bergmeier, and 



	  

	  
270 

 

Figure 4.8: Nearest Neighbor Pair for Hines, Bergmeier, and Co-Workers 
Oxazolidinone-Based Library 

co-workers library (HB OX2, n = 89) and the theoretical, R-BIND-like oxazolidinone 

library (R-BIND OX2, n = 218, Table 4.2). Highly significant differences (P < 0.001) in 

distributions were observed for all but two parameters: number of ring systems (P = 

0.942) and total charge (P = 0.592). In particular, the HB OX2 library had a larger 

molecular weight and significantly less water solubility (LogP and LogD) than the R-

BIND OX2 library.  There were several striking differences in the structural parameters 

with the HB OX2 library having i) more rotatable bonds and a higher sp3-hybrdizied 

carbon ratio; ii) less aromatic and heteroatom-containing rings; and iii) twice the number 

of oxygen atoms and half the number of nitrogen atoms. The structural properties of the 

HB OX2 library more closely resemble FDA-approved drugs than the R-BIND (SM) 

library.166 

Lastly, PMI calculations for the HB OX2 library were Boltzmann averaged and 

analyzed by cell-based partitioning, which revealed that 79% of the ligands had a similar 

shape to the R-BIND (SM) library (Table 4.3). Of the R-BIND-like ligands, the HB OX2 

and R-BIND OX2 library averages were almost identical (Section 4.6 Table 4.9). The 

majority of both libraries (> 60%) are in sub triangles 1d (rod) and 2b (hybrid), where the  

O

O

O

O

NH

NH+ N
O O

N
H

O

N
N

SN

R-BIND (SM)
0067

HB57



	  

	  
271 

Table 4.2: Cheminformatic Comparison of Oxazolidinone-Based Libraries 

  Means  
Description HB OX2 R-BIND OX2 P Value 
Molecular Weight 432 377 < 0.001 
Hydrogen Bond Acceptors 3.48 4.77 < 0.001 
Hydrogen Bond Donors 1.54 3.53 < 0.001 
LogP 4.34 1.09 < 0.001 
Rotatable Bonds 9.47 6.19 < 0.001 
Topological Polar Surface Area 78.3 102 < 0.001 
LogD 4.11 0.67 < 0.001 
Nitrogen Atoms 2.57 5.85 < 0.001 
Oxygen Atoms  4.64 2.40 < 0.001 
Rings 3.63 4.03 < 0.001 
Aromatic Rings 1.74 2.61 < 0.001 
Heteroatom-Containing Rings 1.64 3.18 < 0.001 
Ring Systems 3.62 3.60 0.942 
Ring Complexity 1.00 1.14 < 0.001 
Fraction of sp3-Hybridized Carbons 0.47 0.31 < 0.001 
Stereocenters 2.08 2.00 < 0.001 
Accessible Surface Area 720 595 < 0.001 
Relative Polar Surface Area 0.12 0.20 < 0.001 
Total Charge 0.63 0.66 0.592 
Van der Waals Surface Area 662 520 < 0.001 

HB = Hines, Bergmeier, and co-workers library (n = 89) 
R-BIND = R-BIND-like theoretical oxazolidinone library (n = 218) 

rod and hybrid sub-triangles are more populated for the R-BIND OX2 and HB OX2 

library, respectively. The percent populations of the other sub-triangles reveal slightly 

more rod-like ligands (triangles 1a and b; 24.3%) in the HB library and more disc-like 

ligands (triangles 4a, b, and d; 30.7%) in the R-BIND OX2 library. 

4.4.2 Comparison to RNA-Focused Libraries 

In addition to RNA-targeted oxazolidinones, we analyzed other Nucleic Acid- or 

RNA-focused libraries to compare the R-BIND-likeness and the region of chemical 

space occupied to our R-BIND-like oxazolidinone library.  The largest RNA-focused 

library (n =320) to date was designed and purchased by Disney and co-workers, which 
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Table 4.3: Cell-Based Partitioning Comparison of Oxazolidinone-Based Libraries 

Sub-Triangle 
HB OX2 R-BIND OX2 

Count % Count % 
1a 7 10.0 5 2.3 
1b 10 14.3 10 4.6 
1d 15 21.4 88 40.4 
2b 31 44.3 48 22.0 
4a 6 8.6 50 22.9 
4b 1 1.4 16 7.3 
4d 0 0 1 0.5 
Total 70 100% 218 100% 

 

was generated by performing a chemical similarity search of the bis-benizmidazole core 

and similar ring structures.187 A component of general nucleic-acid binding Hoescht 

dyes, benzimidazole is one of the most well-studied RNA scaffolds and is a component 

of 14 of the R-BIND (SM) ligands. This RNA-focused library led to an in vitro hit rate of 

9%, and the identification of 12 bioactive ligands, three of which were selective in cell 

culture. As one of the most successful screens to date, the library serves as a 

benchmark for the design of RNA-focused libraries.  

Utilizing the Nearest Neighbor algorithm, the commercially available bis-

benzimidazole inspired library was compared to R-BIND (SM) chemical space, revealing 

317 benzimidazole:R-BIND (SM) pairs, which included 14 R-BIND (SM) ligands and 186 

benzimidazoles (Section 4.6 Table 4.10). Although three of the library members are in R-

BIND (SM) (0028, 0029, and 0030), these ligands only account for 57 (18%) of the 

Nearest Neighbor pairs, and only one other benzimidazole (R-BIND (SM) 0031, n = 3) 

had a nearest neighbor (Section 4.6 Figure 4.9). Chemically similar thieno[2,3-b]

pyridines (R-BIND (SM) 0049 and 0060, n = 135) indole (R-BIND (SM) 0021, n = 3), and 

aminoquinolines (R-BIND (SM) 0051, 0052, n = 2) were common nearest neighbors. In 
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addition, fused three-ring systems (R-BIND (SM) 0011, 0012, 0013, n = 36) as well as 

other aromatic-rich heterocycles (R-BIND (SM) 0034 and 0035, n = 122) were identified 

as nearest neighbors. The experimental success of this library in combination with the 

high percentage of ligands in R-BIND (SM) chemical space corroborates our use of this 

method to bias small molecules for RNA-targeting. Furthermore, the theoretical 

oxazolidinone library populated a different region of this chemical space, complementing 

the benzimidazole, RNA-focused library. 

 

 

Figure 4.9: Representative Nearest Neighbors for the bis-Benzimidazole Inspired 
RNA-Focused Library 

In addition to the bis-benzimidazole inspired RNA-targeted library, two 

commercially available, RNA- or Nucleic Acid-focused screening libraries were analyzed: 
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8867).191 To date, there have been no literature reports of utilizing either library, although 

both have been available for less than two years.  Even though the Otava library was 

smaller, the library has more R-BIND (SM) nearest neighbors (n = 34) with 1814 nearest 

neighbor pairs and 893 unique small molecules (32%). On the other hand, the ChemDiv 

library had less R-BIND (SM) nearest neighbors (n = 26) with 4840 pairs and 2709 

unique small molecules (31%). Of these pairs, only two ligands in the Otava library had 

the same R-BIND (SM) nearest neighbor (R-BIND (SM) 0059) as the theoretical 

oxazolidinones, which included a 2,4-imidazolidinedione (P7567601, Figure 4.10). In 

addition to the benzimidazole inspired RNA-targeted library, the theoretical 

oxazolidinone library populated a different region of chemical space compared to 

commercially available RNA-targeted ligands, further emphasizing the unique properties 

of the 2-oxazolidinones. 

 

 

Figure 4.10: Nearest Neighbors in Commercially Available, RNA-Focused Library 
for R-BIND (SM) 0059 

4.4.3 Comparison to Commercially-Available Small Molecule 
Screening Libraries 
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oxazolidinones but also determine the likelihood of identifying a commercially available 

oxazolidinone in that region. Cheminformatic calculations were conducted for 2.5 million 

small molecules in ChemBridge and ChemDiv’s general screening libraries. The majority 

of the R-BIND (SM) ligands had nearest neighbor pairs (n = 62, 83%), and some R-BIND 

(SM) ligands are in heavily populated chemical space (> 100,000 nearest neighbor 

pairs).  On the other hand, the R-BIND (SM) ligands that were nearest neighbor pairs for 

the theoretical oxazolidinone library were less populated: R-BIND (SM) 0002, n = 3234; 

R-BIND (SM) 0058, n = 243; and R-BIND (SM) 0059, n = 1551. Of those nearest 

neighbors, two were C(4)-substituted oxazolidinones, pairing with R-BIND (SM) 0059 

(Figure 4.11). Therefore, the R-BIND-like oxazolidinone library occupies a region of 

sparsely populated chemical space with a unique, RNA-biased chemical architecture.  

 

 

Figure 4.11: R-BIND-like Oxazolidinones in Commercially Available Screening 
Libraries 

4.5 Library Synthesis 

4.5.1 Scaffold Syntheses  
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of racemic 3-butene-1,2-diol was selectively protected to form a tert-butyldiphenylsilyl 

ether 4.13 (Scheme 4.2), which is acid-, base-, and hydrolysis-stable. In addition, the 

two phenyl groups provide a UV-handle for monitoring reactions and determination of 

purity by HPLC. For the scaffold cyclization, alternative reactions were pursued to 

eliminate organic azides to improve safety as well as scalability. A palladium-catalyzed, 

copper-assisted reaction from Lunnis and co-workers364 was adapted, which first 

requires activation of the secondary alcohol with trichloroacetyl isocyanate. This one-pot, 

two-step reaction led to the trans oxazolidinone 4.14 in a 92% yield. After deprotection of 

the silyl group with TBAF, the diversity-oriented oxazolidinone scaffold 4.12 was 

synthesized in three-steps with an overall yield of 53%.  

 

 

Scheme 4.2: Synthesis of Diversity-Oriented Oxazolidinone Scaffold 

From scaffold 4.12, selective oxidations were pursued for the synthesis of C(5) or 

C(4) amide library members 4.9 and 4.10, respectively (Figure 4.2). For the synthesis of 

4.9, a multitude of oxidation reactions could be utilized to convert the C(5) alcohol to a 
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carboxylic acid in the presence of the C(4) chloro group. A literature search revealed that 

acid-liable oxazolidinones were stable to Jones oxidation conditions,370-378 and the Jones 

oxidization was tested with scaffold 4.12. After addition of the Jones reagent, the second 

oxazolidinone scaffold 4.15 was generated and isolated by aqueous workup in 82% yield 

(Scheme 4.3).  

 

 

Scheme 4.3: Oxidation of C(5) Alcohol to Carboxylic Acid for Synthesis of Scaffold 
4.15 

On the other hand, few reactions are known that selectively oxidize the chloro 

group in the presence of an alcohol to generate library members 4.10 (Figure 4.2). One 

potential route begins by oxidizing the chloro group to an aldehyde via a Kornblum 

oxidation (Scheme 4.4).379 Multiple reaction conditions were attempted to generate 

aldehyde 4.16 in high yield: i) conversion of chloro to iodo prior to oxidation; ii) bases of 

different strength iii) microwave irradiation;380 and iv) addition of silver salts.381 Despite 

the multiple attempts, the aldehyde was only a minor product in the reaction mixture, 

which was also difficult to purify due to volatility and water solubility. The latter led us to 

explore alternative routes that avoid the synthesis of 4.16 as an intermediate.  

As an alternative scheme, the C(4) carboxylic acid was synthesized from the 
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Scheme 4.4: Kornblum Oxidation of C(4) Chloro Group to Aldehyde 

reaction (Scheme 4.5). Although the scheme toward 4.17 is not diversity-oriented, the 

higher yield will be advantageous for synthesizing small molecules. To begin, the chloro 

group of 4.14 was converted to an alcohol in a mild, three-step reaction, leading to 

intermediate 4.16 in a 68% three-step yield. Utilizing the Jones Oxidation, the alcohol 

was then converted to a carboxylic acid to yield the C(4) amide scaffold 4.17 in a 35%  
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yield. The silyl protecting group was not removed prior to amine coupling, to prevent 

competition between the amine and C(5)-alcohol of the scaffold. 

4.5.2 Substitution Reactions 

With the three scaffolds in-hand, select diversification reactions were performed 

as a proof-of-principle study for library synthesis. A variety of subunits were tested for 

C(4) substitution, C(5) substitution, and C(4)/(5) coupling reactions as well as 

optimizations to incorporate the less reactive aniline subunits.  

4.5.2.1 C(4) Substitution Reactions 

To increase the leaving group ability at the C(4) position, the alkyl chloride 4.12 

was converted to an alkyl iodide using a Finkelstein reaction (Scheme 4.6).279 In the 

absence of the subunit, the alkyl iodide was then vigorously stirred with AgBF4 to 

promote coordination, which reduced reaction temperatures by 60 o 80 ºC. To date, two 

subunits have been tested in this reaction, a secondary amine (4.18) and a less 

nucleophillic aniline (4.19). To generate 4.18, the reaction was heated at 70 ºC for 15  

 

 

Scheme 4.6: C(4) Substitution of Scaffold 4.12 
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minutes, and the product was isolated by column chromatography in a two-step yield of 

89%. On the other hand, higher temperature and longer reaction time (100 ºC for 30 

minutes) was required for 4.19, and after multiple purification attempts, a lower two-step 

yield of 35% was obtained. 

4.5.2.2 C(5) Substitution Reactions  

To activate the C(5) alcohol for substitution with amines, scaffold 4.12 was 

reacted with brosylchloride to yield intermediate 4.20 in a 95% yield (Scheme 4.7). To 

date, three subunits have been tested in the substitution reaction, a secondary amine 

(4.21), primary amine (4.22), and aniline (4.24). For both 4.21 and 4.22, 1.5 equivalent of  

 

 

Scheme 4.7: C(5) Substitution of Scaffold 4.12 
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subunit was utilized, and the reaction was heated to 175 ºC for one hour, leading to 

complete consumption of starting material. Both products were isolated by column 

chromatography in 44% and 50% yield, respectively. On the other hand, the same 

reaction conditions led to multiple side products for the subunit aniline; therefore, the 

reaction was conducted at a lower temperature (145 ºC) for three hours with five  

equivalents of subunit. The product 4.23 was purified by column chromatography in a 

94% yield. To further lower the reaction temperature, substitution reactions were 

conducted where the alcohol was activated with nosyl instead of brosyl, a better leaving 

group; although the temperatures were slightly lower (10 - 20 ºC), more side products 

were observed. 

4.5.2.3 C(4)/(5) Coupling Reactions 

Both C(4) and C(5) coupling reactions were conducted with an aniline-based 

subunit and similar reaction conditions. The acids 4.15 and 4.17 were incubated with 

coupling reagent EDC, catalyst DMAP, and the subunit in DMF. The reaction with the 

C(5) acid 4.15 was conducted at 0 ºC to room temperature for four days, and the product 

4.24 was purified in a 50% yield (Scheme 4.8). On the other hand, the reaction with the 

C(4) acid 4.17 was conducted at 0 to 60 ºC for 48 hours (Scheme 4.9), and the test 

reaction was purified for characterization only of 4.25.  

4.5.3 Small Molecule Synthesis 

To date, test reactions have been performed to yield three of the R-BIND-like 

oxazolidinones to assess the feasibility of synthesizing bis-substituted small molecules 

(Figure 4.12). These small-scale reactions yielded less than 10 mg or 0.030 mmol of the  
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Scheme 4.8: C(5) Coupling Reaction with Scaffold 4.15 

 

 

Scheme 4.9: C(4) Coupling Reaction with Scaffold 4.17 

expected product; and therefore, the final product was not purified by column 

chromatography, and the identity was confirmed by only crude mass spectrometry. Each 

of the test reactions was successful, yielding the expected final product with minimal 

side product formation. In the future, these reactions will be scaled up to yield greater 

than 50 mg or 0.150 mmol of small molecule, and additional subunits will be tested to 

identify any substrate specific limitations. 
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Figure 4.12: R-BIND-like Oxazolidinones Synthesized on Small Scale 
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4.6 Additional Tables 

 

Table 4.4: Minimums, Averages, and Maximums of Cheminformatic Data for R-
BIND (SM) 

Description Minimum Average Maximum 
Molecular Weight 141 366 666 
Hydrogen Bond Acceptors 0 3.89 11 
Hydrogen Bond Donors 0 2.55 6 
LogP - 3.55 1.65 7.10 
Rotatable Bonds 0 4.78 14 
Topological Polar Surface Area 4.44 82.2 155 
LogD - 6.86 0.31 6.71 
Nitrogen Atoms 0 4.49 10 
Oxygen Atoms  0 1.68 6 
Rings 1 3.73 8 
Aromatic Rings 1 3.04 6 
Heteroatom-Containing Rings 0 2.12 7 
Ring Systems 1 2.47 5 
Ring Complexity 1 1.81 8 
Fraction of sp3-Hybridized Carbons 0 0.28 0.63 
Stereocenters 0 0.32 4 
Accessible Surface Area 234 601 1100 
Relative Polar Surface Area 0.01 0.18 0.74 
Total Charge - 2 1.01 + 4 
Van der Waals Surface Area 161 536 1100 

 

 

 

 

 

 

 

 



	  

	  
285 

Table 4.5: Building Blocks in R-BIND (SM) Library 

Category 
Building Blocks 
(RECAP) 

Building Blocks 
(Multi Rings) 

Building Blocks 
Total 

Subunit 
Library 

5H-Dibenzo[a,d]
cycloheptene 1 -- 1 N 

Benzene 30 17 47 Y 
Benzimidazole 7 2 9 Y 
Carbazole 2 -- 2 N 
Cyclopropane 1 -- 1 N 
Diazepane 1 -- 1 N 
Furan 7 -- 7 Y 
Imidazole 1 1 2 Y 
Imidazoline -- 3 3 N 
Indole 3 1 4 Y 
Mixture 27 -- -- -- 
Morpholine -- 1 1 N 
Phenothiazine 1 -- 1 N 
Piperazine 3 10 13 Y 
Piperidine 6 2 8 Y 
Pyrazole 2 -- 2 Y 
Pyridazine 2 -- 2 Y 
Pyridine 3 2 5 Y 
Pyrimidine 1 1 2 Y 
Pyrimidinone -- 2 2 Y 
Pyrrole -- 1 1 N 
Quinazoline -- 5 5 Y 
Quinoline 3 5 8 Y 
Quinolinone -- 2 2 N 
Thiazole 4 -- 4 Y 
Thienopyridine 2 -- 2 N 
Thiophene -- 2 2 Y 
Total 107 57 137 -- 
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Table 4.6: Benzene Building Block Substituents in R-BIND (SM) Library 

Functional Group Count 
Aldhyde 7 
Amidine 7 
Amine 22 
Carbon 13 
Guanidinium 2 
Halogen 4 
Ketone 1 
Hydroxyl 14 
None 5 
Total 75 

 

Table 4.7: Cheminformatic Calculations for R-BIND (SM) Nearest Neighbors 

 R-BIND (SM) 
Description 0002 0058 0059 Average 
Molecular Weight 383 363 371 366 
Hydrogen Bond Acceptors 5 3 4 3.89 
Hydrogen Bond Donors 3 4 4 2.55 
LogP 0.89 0.89 0.96 1.65 
Rotatable Bonds 5 8 6 4.78 
Topological Polar Surface Area 83.7 126 127 82.2 
LogD 0.94 -2.19 0.46 0.31 
Nitrogen Atoms 6 5 6 4.49 
Oxygen Atoms  1 2 2 1.68 
Rings 4 2 3 3.73 
Aromatic Rings 3 2 3 3.04 
Heteroatom-Containing Rings 4 1 2 2.12 
Ring Systems 4 2 3 2.47 
Ring Complexity 1 1 1 1.81 
Fraction of sp3-Hybridized Carbons 0.37 0.35 0.18 0.28 
Stereocenters 2 1 1 0.32 
Accessible Surface Area 605 625 600 601 
Relative Polar Surface Area 0.16 0.24 0.26 0.18 
Total Charge 1 2 1 1.01 
Van der Waals Surface Area 527 529 492 536 
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Table 4.8: Subunit Representation for R-BIND-like Oxazolidinone Library 

 Subunit 
Type a b c d e f g h i j k l m n o p q r s t u v w x y 
4 Al 5 0 7 14 9 8 6 8 1 14 6 11 5 6 8 11 8 1 5 8 2 18 12 6 3 
5 Al 5 0 7 13 10 9 6 8 2 10 8 11 6 6 7 11 8 1 4 9 1 17 11 5 3 
4 Am 1 2 1 1 0 0 0 0 0 2 2 1 1 3 2 4 1 0 3 2 0 6 3 1 0 
5 Am 1 2 1 1 0 0 0 0 0 2 2 1 1 4 4 4 2 0 2 2 0 6 4 1 0 
Total 12 4 16 29 19 17 12 16 3 28 18 24 13 19 21 30 19 2 14 21 3 47 30 13 6 
Al = alkyl; Am = amide; 4 and 5 = oxazolidinone positions  
 

Table 4.9: Principle Moments of Inertia Library Averages for Oxazolidinone-Based 
Libraries 

Library 
Library Average 
npr1 npr2 

HB OX2 0.30 0.83 
R-BIND OX2 0.31 0.79 

 

Table 4.10: R-BIND (SM) Nearest Neighbor Counts for bis-Benzimidazole Inspired, 
RNA-Focused Libraries 

R-BIND (SM) Nearest Neighbors 
0011 6 
0012 11 
0013 19 
0021 3 
0028 4 
0029 4 
0030 49 
0031 3 
0034 82 
0035 40 
0049 54 
0051 1 
0052 1 
0060 81 
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Table 4.11: R-BIND (SM) Nearest Neighbor Counts for Commercially Avaliable 
RNA-Focused Libraries 

 Library 
R-BIND (SM) ChemDiv Nucleic Acid Otava RNA 
0001 31 1 
0003 1 2 
0011 -- 23 
0012 -- 44 
0013 -- 10 
0021 -- 3 
0027 -- 1 
0028 1 6 
0029 6 6 
0030 259 40 
0033 1 4 
0034 491 372 
0035 418 219 
0036 -- 1 
0037 33 13 
0038 38 16 
0041 -- 11 
0048 10 6 
0049 941 239 
0050 94 23 
0051 13 13 
0052 88 46 
0053 22 12 
0056 70 33 
0059 -- 2 
0060 622 382 
0061 9 15 
0062 56 11 
0063 44 9 
0064 51 11 
0065 52 17 
0067 689 72 
0074 421 106 
0075 379 55 
Total 4840 1814 
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4.7 Experimental Methods 

4.7.1 Library Analysis 

The REtrosynthetic Combinatorial Analysis Procedure (RECAP) analysis was 

performed with the Molecular Operating Environment (MOE, v2017.12) software 

package.351 The cheminformatic calculations were conducted using ChemAxon 

Calculator Plugins. Prior to the calculations, all structures were corrected to their major 

protonation and tautomeric states (pH = 7.4). Then, the descriptors were evaluated 

using the ChemAxon Chemical Terms Evaluator (Marvin 16.4.11.0, 2016, 

http://www.chemaxon.com),350 which are described in Section 3.6.2 Table 3.7. The 

principal moments of inertia calculations were conducted with the Molecular Operating 

Environment (MOE, v2017.12) software package.351 The protonation and tautomer 

corrected SMILES were utilized for the calculations, and the process is described in 

detail in Section 3.6.6. 

The nearest neighbor (NN) clustering analysis was performed with Matlab and 

Statistics Toolbox Release 2017b (The MathWorks, Inc., Natick, Massachusetts, United 

States). To calculate the R-BIND-like distance, all 20 physicochemical and structural 

parameters were normalized to the average and standard deviation of the R-BIND (SM) 

library as defined in Equation (1): 

𝑥!,!"#$ = !!!!
!

    (1) 

where 𝑥! is the parameter value for a given molecule, and 𝑥 and 𝑠 represent the mean 

and standard deviation of a parameter, respectively, for the R-BIND (SM) library. 
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 Then, the normalized parameters for each R-BIND (SM) library member were 

utilized to plot the ligands in 20-dimensional chemical space. The Euclidean distances 

were calculated for each pair of data points, and the smallest distance for each R-BIND 

(SM) was averaged, yielding a distance of 2.1923. The twenty physicochemical and 

structural parameters for each theoretical oxazolidinone were normalized to the R-BIND 

(SM) library and plotted in the same chemical space. All theoretical oxazolidinones 

within a distance of 2.1913 to an R-BIND (SM) ligand were considered “R-BIND-like”. 

The same procedure was utilized for all libraries in Section 4.4. 

4.7.2 Library Sources 

For the analyses in Chapter 4, R-BIND (SM) V1.1 was utilized, which comprises 

RNA-targeted probes reported through May 2017. This version includes 75 small 

molecules probes, and the criteria for inclusion is described in Section 3.6.1.1. The 

Hines, Bergmeier, and co-workers oxazolidinone library was gathered from five 

publications.116, 123, 137, 138, 324 Similarly, the RNA-focused benzimidazole library by Disney 

and co-workers was compiled from a publication.187 For the commercially available 

libraries, SMILES codes were provided as an .sdf by the company on the following 

dates: Otava RNA (February 16th, 2017), ChemDiv Nucleic Acid (March 6th, 2017), 

ChemBridge Screening Libraries (March 29th 2017), and ChemDiv Screening Libraries 

(April 28th 2017).  

4.7.3 Synthetic Procedures 

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich, Arcos, 

Fischer, Merck, or Oakwood Chemical and were used without further purification. All 
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solvents were ACS grade or better and used as is. Dry solvents were obtained using the 

PureSolvTM solvent purification system. All air- or moisture-sensitive reactions were 

conducted in oven-dried glassware under inert atmosphere using nitrogen. Thin Layer 

Chromatography was performed with alumina backed silica gel (60 Å) plates purchased 

from Sigma or Merck and visualized with 254 nm UV light. All chromatographic 

purifications were conducted via flash chromatography using ultra-pure silica gel (230-

400 mesh, 60 Å) purchased from Silicycle as the stationary phase. All 1H NMR spectra 

were recorded in the deuterated solvent noted, using a 400 MHz Varian Inova or 500 

MHz Varian Unity NMR spectrometer. Coupling constants are reported in units of hertz 

(Hz), and multiplicity is reported as: s = singlet, d = doublet, t = triplet, q = quartet, quin = 

quintet, bs = broad singlet, m = multiplet. Low-resolution electrospray ionization (LR-ESI) 

mass spectra were recorded on an Agilent MSD-trap. High-resolution electrospray 

ionization (HR-ESI) mass spectra were recorded on an Agilent LCMS time-of-flight 

(TOF) mass spectrometer. HPLC analyses were performed on Shimadzu LC system 

using a Phenomex-C18 reverse phase column using the eluent system described. All 

precursors to small molecules which will be tested in binding or biological assays are 

characterized by 1H-NMR, 13C-NMR, HRMS, and greater than 95% pure by HPLC. 

4.8 Compound Characterization 

(4S,5S) & (4R,5R)-4-(chloromethyl)-5-(hydroxymethyl)oxazolidin-2-one (4.12) 

To a solution of tetrahydrofuran (45.5 mL) was added 4.14 (1.85 g, 4.59 mmol, 1.0 

equiv). After cooling to 0 ºC, a 1.0 M solution of tetrabutylammonium fluoride in 

tetrahydrofuran (2.30 mL, 2.29 mmol, 0.50 equiv) and 0.1 M Na2HPO4 in H2O at pH = 
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7.1 (459 µL) was added. The solution was allowed to slowly warm to room temperature, 

and after five hours, the solution was concentrated. The crude product was purified by 

silica gel chromatography (93:7 DCM:MeOH) to yield an white solid (515 mg, 68%). Rf = 

0.30 (90:10 DCM:MeOH); 1H NMR (500 MHz, MeOD): δ 3.64-3.72 (3H, m), 3.77 (dd, 1H, 

J = 13.1, 3.6 Hz), 4.01 (dd, 1H, J = 9.5, 4.8 Hz), 4.45 (dd, 1H, J = 8.3, 4.2 Hz); 13C NMR 

(500 MHz, MeOD): δ 45.8, 54.6, 62.0, 80.1, 159.8; HRMS-ESI (m/z) Calcd for C-

5H8ClNO3 ([M + H]+): 166.0266; found: 166.0264 (± 1.0 ppm). 

  

(R,S)-1-((tert-butyldiphenylsilyl)oxy)but-3-en-2-ol (4.13) 

To a solution of tetrahydrofuran (10.8 mL), racemic 3-butene-1,2-diol (500 µL, 5.94 

mmol, 1.0 equiv), triethylamine (3.00 mL, 21.4 mmol, 3.6 equiv), and 4-

dimethylaminopyridine (72.2 mg, 0.594 mmol, 0.10 equiv) were added, and the solution 

was cooled to 0 ºC. In a separate flask, tert-butyl(chloro)diphenylsilane (1.55 mL, 5.94 

mmol, 1.0 equiv) was added to tetrahydrofuran (4.0 mL), and the solution was added 

dropwise over one hour to the cooled round bottom. After an additional hour, the round 

bottom was warmed to room temperature and allowed to stir for 22 hours. The reaction 

was quenched with MeOH (1 mL) and concentrated. The residue was dissolved in 

diethylether and washed 2 × H2O and 2 × brine. The solution was dried with Na2SO4, 

filtered, and then the solvent was removed under vacuum. The crude product was 

purified by silica gel chromatography (90:8:2 hexanes:EtOAc:MeOH) to yield an 

colorless oil (1.64 g, 85%). Rf = 0.22 (90:8:2 hexanes:EtOAc:MeOH); 1H NMR (500 MHz, 

MeOD): δ 1.06 (s, 9H), 3.57 (dd, 1H, J = 10.1, 5.8 Hz), 3.65 (dd, 1H, J = 10.1, 6.2 Hz), 
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4.17 (dd, 1H, J = 11.6, 5.8 Hz), 7.38-7.44 (m, 6H), 7.69 (d, 1H, J = 6.4 Hz); 13C NMR 

(500 MHz, MeOD): δ 18.7, 25.9, 67.6, 72.9, 114.7, 127.4, 129.5, 133.2, 135.3, 138.1;  

HRMS-ESI (m/z) Calcd for C20H26O2Si ([M + Na]+): 349.1594; found: 349.1596 (± 0.6 

ppm); HPLC (254 nm) 100% MeCN, 10.0 min: t = 4.21 min, purity = 98.0%. 

 

(4S,5S) & (4R,5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-

(chloromethyl)oxazolidin-2-one (4.14) 

To a solution of tetrahydrofuran (65 mL) was added 4.13 (1.48 g, 4.54 mmol, 1.0 equiv) 

and 4 Å molecular sieves. The solution was then degassed by bubbling with argon for 30 

minutes and cooled to - 10 ºC. Trichloroacetyl isocyanate (600 µL, 5.0 mmol, 1.1 equiv) 

was added dropwise to the round bottom and allowed to stir at - 10 ºC for two hours. The 

reaction was warmed to room temperature and lithium chloride (577 mg, 13.6 mmol, 3.0 

equiv), copper (II) chloride (3.05 g, 22.7 mmol, 5.0 equiv), and palladium (II) acetate 

(102 mg, 0.454 mmol, 0.1 equiv) were added. After stirring for 72 hours at 45 ºC, the 

solution was cooled to room temperature, quenched with saturated Na2CO3 (5 mL), and 

stirred for 90 minutes at 35 ºC. The solution was then concentrated, and the residue was 

dissolved in H2O. The H2O was extracted once with EtOAc, and the EtOAc was washed 

2 × Na2CO3, 2 × H2O, and 2 × brine. The EtOAc was then dried with Na2SO4, filtered, 

and the solvent was removed under vacuum. The crude product was purified by silica 

gel chromatography (80:15:5 hexanes:EtOAc:MeOH) to yield an white solid (1.85 g, 

92%). Rf = 0.30 (80:15:5 hexanes:EtOAc:MeOH); 1H NMR (500 MHz, MeOD): δ 1.06 (s, 

9H), 3.62-3.69 (m, 2H), 3.76 (dd, 1H, J = 11.6, 3.0 Hz), 3.92 (dd, 1H, J = 11.6, 2.8 Hz), 

4.14 (dd, 1H, J = 9.3, 4.6 Hz), 4.49 (dd, 1H, J = 6.8, 3.0 Hz), 7.40-7.46 (m, 6H), 7.69 (d, 
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1H, J = 6.6 Hz); 13C NMR (500 MHz, MeOD): δ 18.7, 25.9, 45.8, 54.7, 64.1, 79.8, 127.5, 

127.6, 129.7, 129.8, 132.4, 132.7, 135.3, 135.4, 160.0; HRMS-ESI (m/z) Calcd for C-

21H26ClNO3Si ([M + NH4]+): 421.1709; found: 421.1716 (± 1.8 ppm); HPLC (254 nm) 5-

95% MeCN in H2O, 14.0 min: t = 8.48 min, purity = 97.4%. 

 

(4S,5S) & (4R,5R)-4-(chloromethyl)-2-oxooxazolidine-5-carboxylic acid (4.15) 

To a solution of acetone (1.9 mL) at 0 ºC was added Jones Reagent, 3.0 M CrO3 in 

aqueous H2SO4, (970 µL, 2.91 mmol, 3.0 equiv). A solution of 4.12 (160 mg, 0.969 

mmol, 1.0 equiv) in acetone (1.9 mL) was added dropwise to the round bottom and 

allowed to slowly warm to room temperature. After six hours, the solution was quenched 

with isopropyl alcohol (0.50 mL), diluted with H2O, and extracted 5 × EtOAc. The EtOAc 

was then dried with Na2SO4, filtered, and the solvent was removed under vacuum. The 

resulting residue was redissolved in EtOAc and 1.0 M HCl was added and stirred. The 

EtOAc layer was decanted, dried with Na2SO4, filtered, and the solvent was removed 

under vacuum, yielding a white solid (143 mg, 82%). Rf = 0.35 (70:10:10:10 

EtOAc:MeCN:MeOH:H2O); 1H NMR (400 MHz, MeOD): δ 3.70 (dd, 1H, J = 11.7, 4.6 Hz), 

3.77 (dd, 1H, J = 11.6, 3.4 Hz), 4.12 (d, 1H, J = 3.9 Hz), 4.61 (d, 1H, J = 4.4 Hz); 13C 

NMR (400 MHz, H2O): δ 46.5, 57.1, 76.8, 160.2, 174.2; HRMS-ESI (m/z) Calcd for 

C5H6ClNO4 ([M - H]-): 177.9913; found: 177.9913 (± 0.3 ppm).  

 

(4R,5S) & (4S,5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-4-

(hydroxymethyl)oxazolidin-2-one (4.16) 
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In a microwave vial, 4.14 (219 mg, 0.543 mmol, 1.0 equiv) and potassium acetate (307 

mg, 3.13 mmol, 5.8 equiv) were dissolved in acetonitrile (4.1 mL). The reaction was 

heated in the microwave at 140 ºC for one hour, 145 ºC for 40 minutes, 150 ºC for 40 

minutes and then 155 ºC for 20 minutes. The solution was concentrated and redissolved 

in ethanol (3.6 mL). After cooling to 0 ºC, potassium carbonate (376 mg, 2.72 mmol, 5.0 

equiv) was added and stirred four hours. The reaction mixture was concentrated, 

resdissolved in a solution of 9:1 H2O:tetrahydrofuran (10 mL), and stirred at room 

temperature for 24 hours. The solvent was removed under vacuum, and the crude 

product was purified by silica gel chromatography (gradient from 97:3 to 95:5 

DCM:MeOH) to yield an white solid (515 mg, 68%). Rf = 0.38 (90:10 DCM:MeOH); 1H 

NMR (500 MHz, MeOD): δ 1.03 (s, 9H), 3.50-3.58 (m, 2H), 3.71 (dd, 1H, J = 11.5, 3.2 

Hz), 3.85-3.90 (m, 1H), 4.46 (dd, 1H, J = 7.7, 3.2 Hz), 7.38-7.42 (m, 6H), 7.67 (d, 4H, J = 

7.6 Hz); LRMS-ESI (m/z) Calcd for C21H27NO4Si ([M + K]+): 424.2; found: 424.4. 

 

(4S,5S) & (4R,5R)-5-(((tert-butyldiphenylsilyl)oxy)methyl)-2-oxooxazolidine-4-

carboxylic acid (4.17) 

To a solution of acetone (146 µL) at - 10 ºC was added Jones Reagent, 3.0 M CrO3 in 

aqueous H2SO4, (65.0 µL, 0.195 mmol, 3.0 equiv). A solution of 4.16 (25.0 mg, 0.0649 

mmol, 1.0 equiv) in acetone (290 µL) was added dropwise to the round bottom. After 

four hours at 0 ºC, the solution was quenched with isopropyl alcohol (0.50 mL), warmed 

to room temperature, and concentrated. The residue was dissolved in cold 1.0 M HCl 

and extracted 3 × diethylether and 3 × EtOAc. The organic layers were combined, dried 

with Na2SO4, filtered, and the solvent was removed under vacuum. The resulting redisue 



	  

	  
296 

was then filtered through celite with EtOAc, and the solvent was removed under vacuum 

to yield a white solid (9.0 mg, 35%). Rf = 0.35 (94:5:1 DCM:MeOH:Acetic Acid); 1H NMR 

(400 MHz, MeOD): δ 1.04 (s, 9H), 3.77 (dd, 1H, J = 11.7, 2.9 Hz), 3.94 (dd, 1H, J = 11.7, 

2.7 Hz), 4.40 (d, 1H, J = 4.9 Hz), 4.67-4.70 (m, 1H), 7.27-7.43 (m, 6H), 7.67 (d, 4H, J = 

7.7 Hz); LRMS-ESI (m/z) Calcd for C21H25NO5Si ([M - H]-): 398.2; found: 398.0.  

 

(4R,5S) & (SR,5R)-5-(hydroxymethyl)-4-((4-(pyridin-2-yl)piperazin-1-

yl)methyl)oxazolidin-2-one (4.18) 

To a microwave vial, 4.12 (37.0 mg, 0.224 mmol, 1.0 equiv) and sodium iodide (51.0 mg, 

0.340 mmol, 1.5 equiv) were dissolved in acetonitrile (500 µL) and heated in the 

microwave for two hours at 145 ºC. Once cooled, silvertetrafluoroborate (87.0 mg, 0.457 

mmol, 2.0 equiv) was added to the vial and stirred vigorously for 30 minutes. The 

subunit, 1-(2-pyridinyl)-piperazine (67.0 µL, 0.440 mmol, 2.2 equiv), was added and 

heated in the microwave for 15 minutes at 100 ºC. The solvent was removed under 

vacuum, and the crude product was purified twice by silica gel chromatography (94:6 

DCM:MeOH and 90:10 EtOAc:MeOH) to yield an white solid (58.1 mg, 89%). Rf = 0.27 

(60:10:10:10:10 EtOAC:MeCN:MeOH:Et3N:H2O); 1H NMR (400 MHz, MeOD): δ  

2.47-2.62 (m, 6H), 3.47-3.50 (m, 4H), 3.63 (dd, 1H, J = 12.3, 4.4 Hz); 3.75 (dd, 1H, J = 

12.3, 3.8 Hz), 3.91 (dd, 1H, J = 12.6, 6.4 Hz), 4.34-4.37 (m, 1H), 6.65 (dd, 1H, J = 7.1, 

5.0 Hz), 6.79 (d, 1H, J = 8.3 Hz), 7.51-7.56 (m, 1H), 8.05 (dd, 1H, J = 5.1, 2.0 Hz); 

HRMS-ESI (m/z) Calcd for C14H20N4O3 ([M + H]+): 293.1608; found: 293.1604 (± 1.3 

ppm). 
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(4R,5S) & (4S,5R)-5-(hydroxymethyl)-4-(((4-phenylpyrimidin-2-

yl)amino)methyl)oxazolidin-2-one (4.19) 

To a microwave vial, 4.12 (34.0 mg, 0.205 mmol, 1.0 equiv) and sodium iodide (46.8 mg, 

0.312 mmol, 1.5 equiv) were dissolved in acetonitrile (500 µL) and heated in the 

microwave for two hours at 145 ºC. Once cooled, silvertetrafluoroborate (93.3 mg, 0.480 

mmol, 2.4 equiv) was added to the vial and stirred vigorously for 30 minutes. The 

subunit, 4-phenyl-2-pyrimidinamine (76.3 mg, 0.446 mmol, 2.2 equiv), was added and 

heated in the microwave for 45 minutes at 100 ºC. The solvent was removed under 

vacuum, and the crude product was purified twice by silica gel chromatography 

(65:10:10:10:5 EtOAc:MeCN:MeOH:H2O and 69:10:10:10:1 

EtOAc:MeCN:MeOH:H2O:NH4OH) to yield an yellow solid (21.3 mg, 35%). Rf = 0.24 

(60:10:10:10:10 EtOac:MeCN:MeOH:Et3N:H2O); 1H NMR (400 MHz, MeOD): δ 3.73 (dd, 

1H, J = 12.2, 4.0 Hz), 3.79 (dd, 1H, J = 12.2, 4.0 Hz), 4.31-4.40 (m, 3H), 4.45 (dd, 1H, J 

= 7.3, 3.4 Hz), 7.56-7.69 (m, 4H), 8.28 (d, 2H, J = 7.9 Hz), 8.36 (d, 1H, J = 7.0 Hz);  13C 

NMR (500 MHz, MeOD): δ 46.1, 47.6, 51.3, 61.6, 79.4, 106.9, 128.3, 128.9, 133.5, 

133.8, 149.9, 155.9, 159.5; LRMS-ESI (m/z) Calcd for C15H16N4O3 ([M + H]+): 301.1; 

found: 301.1. 

 

((4R,5R) & (4S,5S)-4-(chloromethyl)-2-oxooxazolidin-5-yl)methyl 4-

bromobenzenesulfonate (4.20) 

To a solution of acetonitrile (2.5 mL), 4.12  (235 mg, 1.44 mmol, 1.0 equiv) and pyridine 

(550 µL, 7.85 mmol, 5.0 equiv) were added. The solution was cooled to 0 ºC, 4-

bromobenzenesulfnyl chloride (738 mg, 2.89 mmol, 2.0 equiv) was added, and the 
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solution was allowed to slowly warm to room temperature. After 18 hours, the reaction 

was quenched with H2O (2.0 mL), diluted with EtOAc, and washed 2 × H2O and 2 × 

brine. The EtOAc was then dried with Na2SO4, filtered, and the solvent was removed 

under vacuum. The crude product was purified by silica gel chromatography (98:2 

DCM:MeOH) to yield an white solid (528 mg, 95%). Rf = 0.30 (90:10 DCM:MeOH); 1H 

NMR (400 MHz, MeOD): δ 3.64 (d, 2H, J = 4.6 Hz), 3.95 (dd, 1H, J = 9.1, 4.6 Hz), 4.25 

(dd, 1H, J = 11.4, 4.4 Hz), 4.32 (dd, 1H, J = 11.4, 2.8 Hz), 4.60-4.63 (m, 1H), 7.77-7.83 

(m, 4H); 13C NMR (400 MHz, MeOD): δ 45.5, 54.4, 69.9, 76.3, 129.1, 129.4, 132.7, 

134.4, 158.8; HRMS-ESI (m/z) Calcd for C11H11BrClNO5S ([M + NH4]+): 400.9568; found: 

400.9564 (± 1.0 ppm); HPLC (254 nm) 5-95% MeCN in H2O, 12.0 min: t = 7.54 min, 

purity = 96.7%. 

 

(4S,5R) & (4R,5S)-4-(chloromethyl)-5-((4-(3-hydroxyphenyl)piperazin-1-

yl)methyl)oxazolidin-2-one (4.21) 

To a microwave vial, 4.20 (108 mg, 0.281 mmol, 1.0 equiv) and 3-(1-piperazinyl)-phenol 

(75.4 mg, 0.423 mmol, 1.5 equiv) were dissolved in acetonitrile (1.4 mL). The solution 

was heated in the microwave to 175 ºC for one hour. The solvent was removed under 

vacuum, and the crude product was purified by silica gel chromatography (92:7:1 

DCM:MeOH:NH4OH) to yield an white solid (40.0 mg, 44%). Rf = 0.23 (90:9:1 

DCM:MeOH:NH4OH); 1H NMR (400 MHz, MeOD): δ 2.66-2.77 (m, 6H), 3.12 (t, 4H, J = 

5.0 Hz), 3.62-3.72 (m, 2H), 3.92 (q, 1H, J = 4.8 Hz), 4.60 (q, 1H, J = 5.6 Hz), 6.27 (dd, 

1H, J = 7.8, 2.1 Hz), 6.37 (t, 1H, J = 2.1 Hz), 6.43 (dd, 1H, J = 8.1, 2.1 Hz), 7.01 (t, 1H, J 

= 8.1 Hz); 13C NMR (400 MHz, H2O): δ 48.2, 51.7, 56.2, 59.5, 63.3, 80.4, 105.7, 109.5, 
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110.3, 132.0, 155.3, 160.4, 162.1; HRMS-ESI (m/z) Calcd for C15H20ClN3O3 ([M + H]+): 

326.1266; found: 326.1264 (± 1.3 ppm); HPLC (254 nm) 5-95% MeCN in H2O, 12.0 min: 

t = 5.67 min, purity = 98.2%. 

 

 (4S,5R) & (4R,5S)-5-(((1-benzylpiperidin-4-yl)amino)methyl)-4-

(chloromethyl)oxazolidin-2-one (4.22) 

To a microwave vial, 4.20 (108 mg, 0.282 mmol, 1.0 equiv) and 1-(phenylmethyl)-4-

piperidinamine (86.0 µL, 0.421 mmol, 1.5 equiv) were dissolved in acetonitrile (1.4 mL). 

The solution was heated in the microwave to 175 ºC for one hour. The solvent was 

removed under vacuum, and the crude product was purified by silica gel 

chromatography (90:10 DCM:MeOH) to yield an white solid (47.2 mg, 50%). Rf = 0.29 

(90:10 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 1.35-1.44 (m, 2H), 1.86-1.92 (m, 

2H), 2.09 (t, 2H, J = 11.0 Hz), 2.48-2.56 (m, 1H), 2.85-2.90 (m, 4H), 3.52 (s, 2H), 3.60-

3.67 (m, 2H), 3.86 (q, 1H, J = 4.7 Hz), 4.46 (dd, 1H, J = 11.2, 5.0 Hz), 7.22-7.31 (m, 5H); 

13C NMR (400 MHz, H2O): δ 31.0, 31.1, 45.7, 49.0, 51.7, 54.3, 56.3, 62.4, 79.1, 127.1, 

127.9, 136.7, 159.3; LRMS-ESI (m/z) Calcd for C17H24ClN3O2 ([M + H]+): 338.2; found: 

328.2. 

 

(4S,5R) & (4R,5S)-4-(chloromethyl)-5-((phenylamino)methyl)oxazolidin-2-one (4.23) 

To a microwave vial, 4.20 (56.3 mg, 0.146 mmol, 1.0 equiv) and aniline (67.0 µL, 0.732 

mmol, 5.0 equiv) were dissolved in acetonitrile (0.75 mL). The solution was heated in the 

microwave to 145 ºC for three hours. The solvent was removed under vacuum, and the 

crude product was purified by silica gel chromatography (95:5 DCM:MeOH) to yield an 
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white solid (32.9 mg, 94%). Rf = 0.26 (95:5 DCM:MeOH); 1H NMR (400 MHz, MeOD): δ 

3.35-3.45 (m, 2H), 3.59-3.68 (m, 2H), 3.92 (q, 1H, J = 4.8 Hz), 4.57 (q, 1H, J = 5.2 Hz) 

6.62 (t, 1H, J = 7.4 Hz), 6.66 (d, 1H, J = 7.8 Hz), 7.09 (t, 1H, J = 8.0 Hz); 13C NMR (400 

MHz, H2O): δ 45.7, 46.3, 56.1, 78.4, 112.6, 117.1, 128.7, 148.1; HRMS-ESI (m/z) Calcd 

for C11H13ClN2O2 ([M + H]+): 241.0738; found: 241.0740 (± 0.9 ppm); HPLC (254 nm) 5-

95% MeCN in H2O, 12.0 min: t = 7.15 min, purity = 98.1%. 

  

(4S,5S) & (4R,5R)-N-(4-(1H-imidazol-1-yl)phenyl)-4-(chloromethyl)-2-

oxooxazolidine-5-carboxamide (4.24) 

To a solution of dimethylformamide (2.5 mL) was added 4.15 (90.5 mg, 0.506 mmol, 1.0 

equiv). The solution was cooled to 0 ºC and N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (195 mg, 1.01 mmol, 2.0 equiv), 4-

(dimethylamino)pyridine (14.5 mg, 0.119 mmol, 0.24 equiv), and 4-(1H-imidazol-1-yl)-

benzenamine (162 mg, 0.506 mmol, 1.0 equiv) were added. After slowly warming to 

room temperature, the solution as stirred for 24 hours, and additional N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (98.0 mg, 0.511 mmol, 1.0 

equiv) was added. After stirring for 72 hours, the solvent was removed under vacuum, 

the crude product was purified by silica gel chromatography (95:5 DCM:MeOH), and the 

resulting residue was triturated with hexanes to yield an white solid (80.7 mg, 50%). Rf = 

0.40 (90:10 DCM:MeOH); 1H NMR (400 MHz, DMF): δ 3.69 (s, 1H), 4.14 (d, 2H, J = 3.8 

Hz), 4.64 (q, 1H, J = 4.0 Hz), 5.20 (d, 1H, J = 4.4 Hz), 7.29 (s, 1H), 7.84-7.90 (m, 3H), 

8.09 (d, 1H, J = 8.9 Hz), 8.41 (s, 1H), 10.85 (s, 1H); 13C NMR (400 MHz, DMF): δ 47.5, 

56.3, 76.6, 118.3, 121.3, 130.1, 133.6, 135.8, 137.6, 157.6, 167.5; HRMS-ESI (m/z) 
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Calcd for C14H13ClN4O3 ([M + H]+): 321.0745; found: 321.0756 (± 3.5 ppm); HPLC (254 

nm) 5-95% MeCN in H2O, 12.0 min: t = 5.58 min, purity = 96.6%. 

 

(4S,5S) & (4R,5R)-N-(4-(1H-imidazol-1-yl)phenyl)-5-(((tert-

butyldiphenylsilyl)oxy)methyl)-2-oxooxazolidine-4-carboxamide (4.25) 

To a solution of dimethylformamide (0.50 mL) was added 4.17 (13.0 mg, 0.0326 mmol, 

1.0 equiv). The solution was cooled to 0 ºC and N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (14.0 mg, 0.0730 mmol, 2.2 equiv), 4-

(dimethylamino)pyridine (10.0 mg, 0.0818 mmol, 2.5 equiv), and 4-(1H-imidazol-1-yl)-

benzenamine (5.0 mg, 0.0314 mmol, 1.0 equiv) were added. The solution was allowed 

to slowly warm to room temperature, then after 6 hours, the mixture was heated to 45 

ºC, and after an additional 18 hours, the mixture was heated to 60 ºC. After 24 hours at 

60 ºC, the solvent was removed under vacuum, and the crude product was purified twice 

by silica gel chromatography (89:10:1 DCM:MeOH:NH4OH and 98:2 EtOAc:MeOH) to 

yield an white solid (< 5 mg) Rf = 0.19 (95:5 DCM:MeOH); LRMS-ESI (m/z) Calcd for C-

30H32N4O4Si ([M + H]+): 541.2; found: 541.2. 
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5. Conclusions 
In summary, this work identified key guiding principles and established novel 

strategies for biasing small molecule libraries toward RNA.  In Chapter 2, a 

commercially-available 2-oxazolidinone scaffold was decorated, and the small molecules 

were screened against a seventeen member secondary structure library, revealing a 

preference for four to five-nucleotide bulge motifs. After this proof-of-concept study, a 

diversity-oriented synthesis was developed that utilized inexpensive, chiral amino acid 

methyl esters to generate a variety of oxazolidinone-scaffolds with the potential for 

orthogonal substitution at the N(3), C(4) and C(5) positions. This synthesis also allowed 

for stereochemical control, which was extensively explored and proven to be tunable for 

one scaffold. Using this scheme, fifteen small molecules were synthesized and select 

ligands were testing for binding a four-nucleotide bulge motif, where most bound with 

dissociation constants less than 25 µM. This efficient, diversity-oriented, and chiral 

synthesis will be utilized to generate diverse oxazolidinone-based small molecules to 

study bulge-containing, disease relevant RNAs.  

In the future, this synthetic scheme will be expanded to other natural and non-

natural methyl ester amino acids to provide greater diversity at the C(5) position of the 2-

oxazolidinone scaffold. Further, the N(3) diversification reactions described in Chapter 2 

will be tested on larger scales and expanded to include other heteroatom- and aromatic-

containing subunits and the amine-based subunit library. The enantiopurity of additional 

scaffolds and small molecules will be confirmed, and reaction conditions will be explored 

to access all four stereoisomers of each scaffold. Once the FID assay is established, 182, 
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321 all of the small molecules will be screened against the non-labeled RNA secondary 

structure library to gain a preliminary understanding of the small molecule binding 

preferences. In addition to studying bulge-containing RNAs, we expect that this library 

will be of great utility in pattern recognition to better differentiate bulge motifs280, 382 and in 

molecular recognition to study of the role of stereochemistry in RNA:small molecule 

interactions.  

In Chapter 3, we identified properties of biologically active RNA ligands that 

distinguish them from both RNA binders without reported bioactivity and from FDA-

approved drugs that largely target proteins. Specifically, we identified two clear classes 

of ligands, the monovalent R-BIND (SM) and the multivalent R-BIND (MV), which differ 

in size and expected binding mode but have both demonstrated RNA target engagement 

in cell culture and/or animal models. Interestingly, R-BIND (SM) resembled the FDA 

library in most medicinal chemistry and molecular recognition properties but differed 

significantly in almost all structural parameters. Notable differences for R-BIND (SM) 

included a narrow range of positive charge relative to molecular weight, a concurrent 

increase in nitrogen count and decrease in oxygen count, and differences in ring type 

and number. The structural properties were also found to be statistically different 

between the RNA-binding libraries with and without reported bioactivity. Further, the first 

spatial analysis of R-BIND (SM) small molecules revealed a statistically significant 

increase in rod-like character of the library and, in particular, a lack of sphere-like shape 

when compared to other libraries. Together, these differences support the existence of a 

“privileged chemical space” for RNA targeting and suggest several important future 
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directions, including the explicit testing of these guiding principles against several RNA 

targets and the expansion of the properties analyzed.  

Toward these future directions, physicochemical and structural properties were 

calculated for all small molecules in ChemBridge & ChemDiv’s screening libraries 

(greater than 2,500,000 ligands). Using these parameters and the nearest neighbor 

algorithm, the chemical space of current commercially-available small molecules and the 

R-BIND (SM) were compared. Several critical insights into the population of screening 

libraries in bioactive RNA chemical space were revealed: i) 63 of the 75 R-BIND (SM) 

ligands had at least one nearest neighbor; ii) the populations ranged from almost 

200,000 to one nearest neighbor; and iii) Only 13 R-BIND ligands had close range 

nearest neighbors (defined as one-fourth the nearest neighbor distance).  

Furthermore, this analysis was utilized to rationally select a set of 825 small 

molecules to explore the boundaries of proposed RNA-privileged chemical space. These 

small molecules were selected to surround all possible R-BIND small molecules with 

varying levels of “R-BIND likeness.” The ligands will be screened against five 

therapeutically relevant RNA targets with established in vitro and cell-based assays to i) 

validate the proposed guiding principles for RNA-targeting; ii) develop a standard for 

enriching libraries with RNA-biased ligands; and iii) identify novel RNA-privileged 

scaffolds and therapeutic leads for five RNAs in disease. In addition, we expect to 

expand the properties and the methods utilized in the retro-analysis to further refine the 

guiding principles for targeting RNA in biological systems.  

In collaboration with Bilva Sanaba and Rachel Dveirin, a similar expansion has 

already been utilized to further explore the structural properties that differentiate RNA 
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and protein bioactives. This included extending the ring-based analysis to account for 

number of rings in fused rings systems. It also involved an in-depth analysis of atom 

hybridization, including nitrogen, oxygen, sulfur, and carbon atoms. Furthermore, 

SMARTs codes383 were utilized to identify heteroatom-based functional groups in R-

BIND (SM), and by using statistical methods, enrichment as well as patterns will be 

assessed to identify bioactive RNA-privileged chemotypes. Preliminary results suggest i) 

there is a statistically significant increase in the number of two and three fused ring 

systems in R-BIND (SM); ii) the observed differences in nitrogen and oxygen counts in 

R-BIND (SM) are attributed to more sp2-hybridized nitrogen atoms and fewer sp3-

hybridized oxygen atoms; and iii) the increase in sp2-hybridized nitrogen atoms is mostly 

attributed to an enrichment in primary and tertiary anilines. We expect that the in-depth, 

molecular understanding of these structural differences will be used to further establish 

rational strategies for biasing libraries toward RNA and to develop hypotheses to assess 

why these differences lead to bioactive RNA recognition.   

In Chapter 4, we designed a biology-oriented synthesis using bioactive, RNA-

targeted chemical space (Chapter 3) and the bioactive scaffold, 2-oxazolidinone. 

Specifically, this strategy led to the design of a 2-oxazolidinone scaffold based on the 

RNA guiding principles, the purchase of a subunit library that represents bioactive RNA-

targeted building blocks, and the selection of a subset of ligands for synthesis based on 

similarity to known bioactive, RNA-targeted ligands. Further, this set of R-BIND-like 

oxazolidinones occupies a sparsely populated region of bioactive RNA chemical space 

as compared to other RNA-targeted oxazolidinones, RNA-focused libraries, and 

screening libraries. As proof-of-principle, we synthesized three 2-oxazolidinone 
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scaffolds, performed representative substitution and coupling reactions, and tested the 

synthesis of three final small molecules, confirming the efficiency and accessibility of our 

scheme.  We expect that this strategy can be applied to other RNA-targeted bioactive 

scaffolds, leading to a rational method to limit and select the number of small molecules 

for synthesis. Further, this design approach can be used to explore RNA-privileged 

chemical space, particularly for regions not well represented in commercially available 

screening libraries.  

In the future, a 30-member library of these 2-oxazolidinones will be synthesized 

that differ in distance to each represented R-BIND as well as the identity of the subunit.  

These ligands will be screened in collaboration with Sarah Wicks utilizing a FID 

assay.182, 321 The small molecules will first be screened in vitro against well-established 

RNA targets, including the targets of the R-BIND nearest neighbors: HIV-1 TAR, HIV-2 

TAR, r(CUG) expansions, r(CAG) expansions, and FMN riboswitch. Any promising leads 

will be tested in cell culture and the on- and off-target effects will be probed using 

strategies described in Chapter 1.2. We expect to observe a higher hit rate as well as 

enrichment in bioactivity, providing further evidence of the utility of biology-oriented 

synthesis for RNA.  

 In addition, we will screen all of our 2-oxazolidinone-based small molecules 

(Chapter 2 and 4) against computationally-informed randomized RNA secondary 

structure libraries, which were designed in collaboration with Sarah Wicks and Rachel 

Dveirin. Utilizing a FID assay, 16 unique RNA libraries will be screened, identifying the 

size and motif selectivity of the oxazolidinones. If motif selectivity is observed, In Vitro 

Selection, High-Throughput Sequencing of RNA, and SSLs (SEQRS)384 will be 
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conducted in collaboration with Prof. Aseem Ansari at University of Wisconsin-Madison. 

This technique will establish the sequence preferences of the oxazolidinone:motif pairs, 

which can be identified in underexplored RNA elements and potentially lead to chemical 

probes for novel RNAs. This assay strategy will provide more stringent in vitro selectivity 

requirements, which is expected to improve the correlation between in vitro binding and 

biological activity. 

The work described herein has and will continue to contribute significantly to the 

fields of medicinal chemistry and chemical biology by elucidating and validating key 

guiding principles for RNA:small molecule recognition. In particular, this work represents 

the first i) diversity-oriented and stereocontrolled oxazolidinone synthesis tuned to RNA; 

ii) chemoinformatic analysis of bioactive, RNA-targeted ligands; and iii) biology-oriented 

synthesis strategy to focus libraries to bioactive RNA chemical space. Further, the 

design strategies and guiding principles described herein can be extended to additional 

RNA-privileged scaffolds or small molecule libraries, establishing an avenue for the 

rationale design or selection of RNA-targeted small molecules. In addition, the 

synthesized oxazolidinone-based small molecules will be utilized to study the small 

molecule recognition of bulge motifs and to target bulge-containing, disease relevant 

RNAs. We expect that this work will serve as a stepping stone to facilitate the discovery 

of chemical probes for RNAs and small molecule drugs with novel modes of action 

against humankind’s most challenging diseases.  
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