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Abstract

Organic small molecules can be used to study and treat disease, improve our
understanding of human biology, and address some of the most urgent problems in biomedical
research. Biologically active compounds are often identified via high-throughput screening of
large small-molecule libraries, but much of our existing chemical matter does not fully leverage
the capabilities of modern synthetic organic chemistry. As a result, many screening libraries are
enriched in compounds that lack three-dimensional complexity and diversity. These structural
redundancies often lead to redundancy in biological performance. Modern asymmetric synthesis
can yield topographically complex compounds that fill some of the gaps in current screening
collections, and these novel chemistries have already generated valuable chemical probes and
drug leads. Here, I present the development of two new approaches to use modern synthesis to
discover new small-molecule modulators of challenging therapeutic targets.
In Part I of this dissertation, I discuss the incorporation of diversity-oriented synthesis
principles into the design of DNA-encoded libraries (DELs). DELs are powerful tools to discover
small-molecule binders of immobilized biomacromolecular targets. Most DELs, however, exhibit
a narrow range of structural features, which likely limits their potential to identify binders of
challenging proteins. I expanded the types of compounds that can be included in DELs in two
ways. First, I used stereospecific C–H arylation chemistry to generate all possible stereoisomers
of chiral 2,3-disubstituted azetidine and pyrrolidine scaffolds, which formed the basis of a 107,616iii

member DEL (Chapter 2). I then screened this library against challenging protein targets
implicated in a wide array of diseases, and I observed several sets of promising results (Chapter
3). Second, I developed a version of the [3+2] nitrone–olefin cycloaddition that generates fused
tricyclic isoxazolidines and is suitable for DEL syntheses (Chapter 4). Both approaches—
performing complexity-generating transformations off DNA or on DNA—can increase the variety
of molecular architectures found in DELs.
In Part II of this dissertation, I describe my studies of methods for real-time biological
annotation of synthetic compounds, in which newly synthesized small molecules are tested in
high-dimensional phenotypic assays to assess their biological activities. Currently, smallmolecule biological activity is identified on a largely ad hoc basis; compounds in screening
libraries are tested against individual protein targets over many years. This sequential process—
chemistry then biology—prevents the results from those biological experiments from influencing
synthesis efforts until years later. Instead, I performed a set of experiments in which synthetic
chemistry and biological testing are performed in parallel. I first studied a remarkable
photochemical rearrangement of N-substituted pyrroles into tricyclic aziridines (Chapter 6). The
results of these studies guided the design of a pilot library comprising ten isomeric triads, which I
tested in an imaging-based high-dimensional assay called “cell painting” that measures
compound-induced changes in cell morphology (Chapter 7). Finally, I performed two rounds of
synthesis and biological annotation to identify a set of tricyclic aziridines that act like ATPase
inhibitors according to both the L1000 assay, which measures changes in gene expression, and
cell painting (Chapter 8). These experiments establish that high-dimensional cellular assays can
identify biologically active compounds rapidly and generate robust hypotheses regarding their
mechanisms of action.
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Chapter 1
Small-molecule probes and clinical candidates
derived from modern synthesis

Portions of this chapter are reproduced with permission from the following publication:
Gerry, C. J.; Schreiber, S. L. “Chemical probes and drug leads from advances in synthetic
planning and methodology” Nature Reviews Drug Discovery 2018, 17, 333, DOI:
10.1038/nrd.2018.53.1
1

1.1 New biologically active molecules are needed to study and treat disease
Organic small molecules with novel mechanisms of action (nMoAs) are needed to help
address today’s most challenging biomedical problems. In particular, potential disease-related
molecular targets indicated by the study of human genetics are often poorly characterized and
cannot be studied or modulated with existing chemical tools.2 Drugs with nMoAs are also urgently
needed to address resistance to existing drugs for cancer and infectious diseases.3–5
Chemical probes can contribute to the development of drug leads by gauging the chemical
tractability and physiological relevance of a potential therapeutic target.6 But these two classes of
molecules serve fundamentally different purposes. Unlike drugs, probes need not be optimized
for safety and therapeutic efficacy in human patients—they are designed to answer a specific
biological question in models of disease. Therefore, structural properties related to traditional
measures of “drug-likeness” like oral bioavailability and metabolic stability are not essential. For
their corresponding biological results to be compelling, however, probes must be potent, selective,
and act via known MoAs, among many other factors.7 Failure to understand fully the biological
consequences of probe treatment could result in the mis-assignment of molecular cause to
phenotypic effect. Such mistakes have likely contributed to the reproducibility crisis in biomedical
research.8
The search for new chemical probes and drugs can begin in many places. Natural
products and their derivatives, for example, have played important roles in the study and
treatment of disease for thousands of years.9–13 Alternatively, when the therapeutic target is
known, advances in synthetic organic chemistry, structural biology, computational modeling, and
screening have enabled researchers to construct, identify, and optimize bioactive compounds via
structure-based design.14,15 While these techniques and others have long histories of success in
drug discovery,16–18 this chapter will primarily discuss high-throughput screening of smallmolecule “libraries,” in which researchers sift through collections of compounds (103 to ~106
members) to find “hits” that exhibit a desired biological activity.
2

1.2 Physicochemical properties of small-molecule libraries and “drug-likeness”
Increases in screening throughput over the past decades have emphasized the need for
compounds that can be translated easily into drug leads and clinical candidates. Even
experienced medicinal chemists, however, have difficulty identifying such molecules by manual
inspection of chemical structure alone.19 In response, and pioneered originally by the late Corwin
Hansch at Pomona College,20 frameworks that connect “drug-like” performance properties (e.g.
solubility and oral bioavailability) to small-molecule physicochemical properties (e.g. molecular
weight and lipophilicity) have emerged. These metrics have been designed—often
retrospectively—to guide chemists towards molecules with greater chances of success in both
preclinical and clinical testing, but they should not been seen as strict limits or cutoffs.21
Properties correlated with success in drug discovery can also benefit the development of
chemical probes.22 Compounds containing structural motifs known to cause molecules to
misbehave in high-throughput assays (e.g. binding proteins non-selectively, generating spurious
activity readings, or disrupting cellular membranes) are called pan-assay interference compounds
(PAINS).23 Identifying and de-prioritizing these compounds can reduce rates of false positives.
Furthermore, validating potency alone does not guarantee the success of a probe- or drugdiscovery campaign. Compounds with intracellular targets must be sufficiently lipophilic to
traverse at least one biological membrane en route to its appropriate cellular compartment.
Simultaneously, they must be sufficiently hydrophilic to be soluble in aqueous assay buffers.
Lipinski’s “rule of 5,” which was designed to predict human oral bioavailability, recommends that
chemists consider factors like cLogP and molecular weight to achieve a suitable balance between
solubility, membrane permeability, and other drug-like properties.24 Similarly, Veber and
colleagues have proposed that a compound’s polar surface area and number of rotatable bonds
constitute additional criteria for predicting oral bioavailability.25 Groups have also applied
computational tools like machine learning algorithms to model the relationship between chemical
structure and drug-likeness.26
3

Screening experiments with the 100,000-member diversity-oriented synthesis (DOS)
collection at the Broad Institute provide an illustrative set of lab-based case studies. While the
library has afforded probes for targets throughout the proteome, important lessons can be gleaned
from its shortcomings. For example, some hits have exhibited poor aqueous solubility, although
medicinal chemistry efforts have been able to improve the properties of many of these
compounds.27,28 As will be discussed later in this dissertation, next-generation libraries are
currently being designed that de-emphasize the large, lipophilic structures that result from many
of combinatorial chemistry’s most widely used transformations.29,30

1.3 Strategies for library design
Given the vastness of “chemical space,” all the molecules synthesized to date represent
only a tiny fraction of all possible compounds that have properties like those of existing chemical
probes and drugs. This limitation has spurred chemists to want to populate the compound libraries
being used in screening experiments with a more optimal set of molecules. Early and insightful
thoughts into valuable features of compound libraries were offered by Paul Bartlett and
colleagues, who suggested that libraries can be classified in one of two ways: focused libraries
or prospecting libraries.31 Focused libraries—also known as targeted or biased libraries—typically
comprise analogs of a known bioactive to generate structure–activity relationships (SAR) that can
inform optimization efforts. Conversely, prospecting libraries eschew a specific molecular
architecture in favor of combinations of available starting materials that maximize the structural
novelty and diversity of their products. This strategy is particularly appealing when no molecules
are known to exhibit a given activity or an nMoA compound is desired.
Initial library construction efforts were dominated by the acquisitions of increasingly large
collections from vendors because larger collections are in general thought to increase the
probability of finding good starting points for drug discovery.32 Although this approach has been
a productive source of drugs and probes, commercial vendors tend to increase library size by
4

prioritizing ease-of-synthesis and availability of starting materials (e.g. by using reactions that link
compounds containing planar, aromatic rings). These reaction products typically have a higher
content of sp2-hydridized carbons and a lower content of sp3-hybridized carbons, leading to an
unequal distribution of structural features in small-molecule libraries. Therefore, most areas of
synthetically accessible chemical space remain underexplored.33
Not all compounds containing under-represented structures, however, are equally worthy
of attention in bioactive discovery. Taking a cheminformatics-based approach, Shelat and Guy
have proposed that compounds that are structurally distinct from the contents of commercial
screening collections are more likely to act via nMoAs.34 Natural products are one such class of
compounds,35,36 and they have been a productive source of chemical tools and drugs, as noted
above. However, billions of years of selection pressure commonly endow natural products with
exquisite specificity for their targets, which are most often essential proteins (e.g. tubulin and
actin) whose inhibition can lead to cell death and overt toxicity.37 In one study, the molecular
targets of natural products were enriched in proteins constituting the most connected nodes of
protein–protein interaction networks, consistent with natural selection yielding toxins used by
organisms to gain advantage over competitors.38 Furthermore, given their often high level of
structural complexity, it can be challenging to synthesize many analogs of natural products to
explore SAR.
Intuitively, the high structural complexity of natural products supports the principle that the
three-dimensional topography of binding sites on macromolecular targets would benefit from
similarly 3D compounds. Developments in synthetic methodology over the past three decades
have facilitated the construction of molecules that exhibit the intricate structural architectures and
other chemical features that are common in natural products but under-represented in commercial
screening collections. Some noteworthy examples include the establishment of metal-mediated
coupling and metathesis reactions, asymmetric catalysis, and organocatalysis.39–41 These
transformations have enabled efficient syntheses of compounds with synthetically challenging
5

structural features like medium-sized rings,42 non-peptidic macrocycles,43,44 and spirocyclic,
fused, or bridged bi- and polycyclic ring systems,45 among many others.46–48
The concept underlying DOS, which was introduced in 2000,49 is to harness such
advances to synthesize libraries of compounds that incorporate chemical features common to
natural products, including sp3-hybridized basic nitrogen atoms, stereogenic elements, and novel
skeletons. The resulting compounds are not analogs of specific classes of natural products, yet
they have the overall appearance of natural products. To overcome the tendency of natural
selection to select for the limited number of essential targets, this process purposefully breaks the
link between natural selection and the generation of natural product–like compounds. (I use the
term “natural product–like” to refer to compounds having chemical features found in the ensemble
of natural products.)

1.4 Strategies for library synthesis
DOS involves the efficient synthesis of libraries of skeletally and stereochemically diverse
compounds via short reaction pathways.49–51 Initial efforts relied upon sequences of complexitygenerating reactions (e.g. multicomponent reactions, cycloadditions, and ring-opening or -closing
metathesis reactions) to construct intricate scaffolds from readily available precursors.52
Pathways were designed such that diversity could stem from large arrays of building blocks
(appendage diversity),53 enumeration of stereoisomers (stereochemical diversity),54 and latestage branching points that alter scaffold topography (skeletal diversity).55,56
Modular pathways that facilitate analog synthesis can enable chemists to meet the
demands required of probes and drugs. These syntheses can be realized by mimicking natural
product biosynthesis, in which building blocks are coupled intermolecularly and then cyclized
intramolecularly—from penicillins to terpenes.57 This process introduces both topographic
complexity and rigidifying structural elements into the reaction products,58 the latter of which are
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important for decreasing the entropic cost of binding macromolecules. In the context of DOS, this
concept is known as the “build–couple–pair” strategy (Figure 1.1).59

Figure 1.1 | The build–couple–pair strategy: intermolecular coupling of strategically designed
building blocks allows for skeletal diversification via intramolecular pairing reactions.

Target-oriented syntheses of complex molecules, especially natural products, have also
benefitted tremendously from the pairing of convergent, modular synthesis with asymmetric
chemistry. For example, the development of the oncology drug eribulin was made possible by the
Kishi group’s efficient synthesis of the marine natural product halichondrin B and subsequent
analysis of structural analogs.60,61 This strategy has been extended to the synthesis of focused
libraries of natural product derivatives, which can be screened to find a molecule with improved
physicochemical properties or activity against drug-resistant cells or pathogens.62 Along these
lines, the Myers group has developed platforms for fully synthetic tetracycline and macrolide
antibiotics.63,64 The construction of such libraries would have been impractical without advances
in reaction methodology and synthetic planning.
As suggested above, however, the search for nMoA compounds is likely better served by
prospecting libraries synthesized via diversity synthesis. But because nothing is known a priori
about the activities of library members, the corresponding pathways should permit facile
alterations throughout the molecule; ideally, each position should be amenable to
functionalization. Strategic implementation of build–couple–pair can fulfill this criterion.
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The remainder of this chapter discusses the synthesis, optimization, and biomedical
impact of compounds that have resulted from modern asymmetric synthesis methods, including
DOS. Rather than argue whether this approach is more or less effective than other means to
identify nMoA compounds, such as fragment-based drug discovery or other small-molecule
synthesis and screening techniques,11,16,65 these vignettes are simply meant to illustrate the value
of compounds that have been identified using DOS strategies and related approaches. This
framing can inform the broader discussion of whether novel chemistry is a productive method to
generate compounds that act via novel mechanisms.

1.5 Probes for heritable disease targets
1.5.1 The importance of chemical probes
Alongside genetic approaches, chemical probes capable of potently and selectively
modulating protein activity are valuable tools for exploring therapeutic hypotheses before they are
tested in the clinic.66–68 If the protein target of interest is known, various in vitro binding and
functional assays can enable target-based screening campaigns to identify a corresponding
small-molecule modulator. Ensuing optimization efforts are then driven by secondary assays and
cell-based disease models. Alternatively, phenotypic screening can identify compounds that elicit
a notable effect on disease-relevant physiology, most often in human cells. This technique is
particularly useful when the phenotype of interest is not strongly associated with a causal protein
target, or when searching for compounds with novel MoAs. Although an in-depth discussion of
the relative benefits and challenges of these two strategies is beyond the scope of this chapter
(for more information, see refs. 69–72), the strategies can be complementary in some
circumstances.69–72
The examples shown in Figure 1.2 illustrate how the interrogation of compound libraries
synthesized using DOS and related strategies has afforded small-molecule bioactives across a
wide range of heritable diseases (defined here as diseases that may be influenced by heritable
8

genetic characteristics);73–84 notably absent are compounds for the study of genetic targets in
cancer, which will be discussed in a separate section.73,74,83,84,75–82

Figure 1.2 | A selection of compounds generated by diversity-oriented synthesis and related
strategies as probes for a wide range of heritable diseases.
The following vignettes provide insight into the underlying synthetic pathways, compound
libraries, and chemical biology of three particularly noteworthy chemical probes.

1.5.2 Robotnikinin—developmental disorders
The Hedgehog signaling pathway plays a role in the organization of developing
vertebrates and insects.85,86 While also studied in the context of oncogenesis and tumor
maintenance,87 disruptions in Hedgehog signaling in humans have been linked to developmental
disorders like holoprosencephaly.88 Complementing genetic studies in model organisms, smallmolecule tool compounds have greatly improved our understanding of both individual ligands and
the signaling pathway as a whole.89
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Prior to 2009, however, no direct modulators of Sonic Hedgehog (Shh), one of the three
mammalian Hedgehog orthologs, had been discovered. To address this gap, a target-based
screen was performed against ShhN (the active portion of Shh) using small-molecule
microarrays.81 The microarrays consisted of ~10,000 natural products, known bioactives, and
products of various diversity synthesis pathways attached to an isocyanate-functionalized glass
microscope slide.90 Efforts to optimize the most promising initial hits resulted in the discovery of
robotnikinin (Figure 1.2), a 12-membered macrolactone that binds purified ShhN (Kd = 3.1 µM)
and exhibits concentration-dependent inhibition of ShhN-mediated signaling in multiple cell lines,
such as Shh-LIGHT2 and C3H10T1/2 cells.81 No inhibition was observed in cell lines that lacked
its transmembrane receptor, Patched. These data suggest that robotnikinin disrupts the
interaction between ShhN and Patched, although the exact mechanism by which this occurs is
not well understood. With regard to selectivity, later studies that revealed novel macrocyclic
peptide binders also showed that robotnikinin elicits a 3- to 4-fold greater response in an ELISAbased competition assay with Shh relative to the other two Hedgehog orthologs.91

Scheme 1.1 | Key transformations along the synthetic route to robotnikinin.
Robotnikinin was derived from a library of 12- to 14-membered chiral macrocycles.92 After
an Evans asymmetric alkylation, chiral oxazolidinone 10 was functionalized via intermolecular
couplings with chiral 1,2-aminoalcohols. The resulting linear intermediate 11 then underwent
esterification and ring-closing metathesis to afford robotnikinin (Scheme 1.1). The modular
synthetic pathway, in addition to providing an efficient route to under-represented non-peptidic
macrocycles, facilitated optimization of ring size, substituents, and stereochemistry.
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As the first direct binder of Shh, robotnikinin has been used to study the Hedgehog
signaling pathway.93 And on the molecular level, it is capable of distinguishing between closely
related proteins and disrupting a critical protein–protein interaction required for proper signaling.

1.5.3 BRD0476—diabetes
A therapeutic agent that reverses or prevents the autoimmune destruction of the insulinproducing β-cells of the pancreas in patients with type-1 diabetes would address a significant
unmet medical need. With this goal in mind, a cell-based phenotypic screen was performed to
identify small molecules that inhibit cytokine-mediated β-cell apoptosis.77 The screening library
comprised 6,488 chiral 8,6-fused bicyclic lactams generated via DOS.
One of the most promising suppressors of apoptosis was optimized for potency to afford
BRD0476 (Figure 1.2). In validation experiments, BRD0476 reduced caspase-3 activity and nitrite
production in concentration-dependent manners, and it restored several aspects of normal β-cell
function.77 Subsequent research involved the synthesis of analogs with improved aqueous
solubility and the discovery that BRD0476 promotes β-cell survival by selectively inhibiting
ubiquitin-specific peptidase 9X (USP9X)-dependent JAK–STAT signaling.27,94 Biochemical
experiments revealed no significant inhibition of 96 human kinases, including JAK1/2/3 (<40%
inhibition at 10 µM) or 11 other members of the DUB superfamily. 94 Not only do these results
provide the first example of non-kinase-mediated inhibition of JAK–STAT signaling, but they also
suggest USP9X as a new potential therapeutic target for type-1 diabetes.
The synthesis of BRD0476 (Scheme 1.2) began with an auxiliary-mediated asymmetric
aldol reaction and intermolecular coupling of a chiral 1,2-aminoalcohol to furnish intermediate
13.95 SNAr-based cycloetherification then afforded the central 8-membered ring, a structural motif
that is under-represented in current screening collections.42 With the core in place, appendage
elaboration of 14 yielded BRD0476. The inclusion of all possible stereoisomers in the parent
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library facilitated triage of the screening data due to the existence of built-in stereochemistrybased SAR.77

Scheme 1.2 | Key transformations along the synthetic route to BRD0476.
As the development of BRD0476 has shown, the value of a probe is linked to a detailed
molecular understanding of its MoA. These types of studies can afford biological insights with
implications for new therapeutics in the future.

1.5.4 BRD5631—autophagy
Autophagy is the catabolic mechanism by which cells shuttle macromolecules, organelles,
and pathogens to the lysosome for recycling or degradation.96 Alterations in this critical
maintenance process have been implicated in human genetic studies of Crohn’s disease, and
additional studies have connected it to nonalcoholic fatty liver disease, Huntington’s disease, and
other disorders.97,98 The development of both inhibitors and enhancers of autophagy would
improve our understanding of multiple diseases and aid the discovery of new medicines.
One effort to search for small-molecule modulators of autophagy used a cell-based highthroughput screen of nearly 60,000 compounds from multiple DOS pathways prepared using
asymmetric synthesis.82 Briefly, compound-treated HeLa cells were imaged via fluorescence
microscopy to detect and quantify the presence of autophagosomes, the characteristic cellular
structures of autophagy. BRD5631 (Figure 1.2) was shown to increase autophagosome formation
in a concentration-dependent manner (EC50 = 3.1 µM). Follow-up studies revealed that BRD5631
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enhances autophagy via an mTOR-independent mechanism. While mTOR inhibitors are known
to induce autophagy,99,100 their use in the clinic is limited by unwanted side-effects.101 Therefore,
BRD5631 represents an additional tool for studying this critical cellular process.
The first few steps of the BRD5631 synthesis (Scheme 1.3) closely mirror those of
BRD0476—an asymmetric aldol reaction followed by the intermolecular coupling of a chiral 1,2aminoalcohol to furnish 16—but SNAr chemistry was incapable of closing the 12-membered ring.
Instead, a head-to-tail macrolactamization successfully generated all eight stereoisomers of the
core scaffold, which were then functionalized to afford a 7,936-member library that included
BRD5631.102

Scheme 1.3 | Key transformations along the synthetic route to BRD5631.
The structural similarity of intermediates 13 and 16 highlights the power of strategically
designed compounds whose functional groups can be connected in different ways to generate
different molecular skeletons. This example illustrates the build–couple–pair concept that mimics
the way in which biosynthetic pathways construct natural products.49–51,58,103 As a key tenet of
DOS, the ability to access multiple scaffolds from common precursors promotes skeletal
diversity.47,50,104 Skeletally diverse libraries are becoming more valuable because they are thought
to be more performance diverse,105 which would aid the search for nMoA compounds.

1.6 Probes for cancer targets
1.6.1 Strategies for the study and treatment of cancer
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Figure 1.3 | A selection of compounds generated by diversity-oriented synthesis and related
strategies as probes for cancer.
Historically, cancer drug discovery was based in part on phenotypic assays that identified
compounds that killed cancer cells more effectively than they killed normal cells. Thus, many
traditional (and still widely used) anticancer drugs affect processes important in all dividing cells,
such as DNA synthesis. Their therapeutic windows are thought to be derived from the greater
importance of such processes in rapidly dividing cancer cells.106–108 Starting in the early 1980s,
however, studies of the molecular basis of cancer have revealed that many cancers are driven by
mutations in particular signaling proteins;109 targeting these mutated proteins—which are not
present in normal cells—may enable selective cancer cell killing. Consequently, target-based
screening has become an increasingly popular strategy in oncology over the past two decades.110
This era of molecularly targeted cancer therapy—enabled by technologies for investigating
genetic differences between cancer cells and normal cells111,112—has substantially improved the
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treatment of cancer. Many indications, however, remain without a targeted therapy, and
resistance to new drugs continues to arise.
Cancer drug discovery has also been advanced by the development of potent and specific
small-molecule probes that help characterize the protein targets that emerge from cancer genetics
research. However, these proteins are often challenging to study with existing small molecules,
monoclonal antibodies, or other modalities. Therefore, if we are to exploit the findings of
contemporary cancer research fully, the next generation of chemical probes should be capable of
modulating the activities of historically challenging targets like oncogenic transcription factors and
GTPases.113–115 The screening of compounds that contain under-represented structural features,
generated via DOS or other methods, appears to be a promising strategy, and it has already
produced several probes for cancer research (Figure 1.3).116–128 The following vignettes discuss
the discovery, optimization and use in cancer research of four such tool compounds.

1.6.2 BRD7880—Aurora kinases B/C
This first example does not discuss the targeting of a novel protein or protein class, per
se, but it does illustrate an unusual degree of selectivity in targeting a well-studied class of protein
kinases. Misregulation of the cell cycle, especially mitosis, is one of many hallmarks of cancer.
Some of the key regulators of this process are the Aurora kinases, a family of serine/threonine
protein kinases that coordinate the complex cytoskeletal maneuvers that occur during cell
division.129 Alterations in Aurora kinase activity have been linked to oncogensis, and Aurora
kinases are often overexpressed in colorectal, breast, and ovarian tumors, among others. 130,131
Several Aurora kinase inhibitors have since entered clinical trials,132–134 but none of them has won
FDA approval. Achieving selective kinase inhibition can be challenging,135 so the lack of clinical
success may be a result of insufficient specificity.
An unbiased phenotypic screen of 8,000 compounds from multiple DOS pathways
identified BRD7880 (Figure 1.3) as a highly selective inhibitor of Aurora kinases B and C.123 In
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this study, pools of DNA-barcoded cancer cell lines were used in a series of small-molecule
screens. Cell lines were barcoded via viral transduction of DNA identifiers, pooled, treated with
compounds, and assessed for viability via amplification and sequencing of the DNA barcodes.123
One of the hits from the screen that exhibited selective and concentration-dependent activity was
BRD7880. After comparing its sensitivity profile—which cell lines were killed and which were not—
to those of over 400 compounds with known MoAs in the Cancer Therapeutics Response Portal
(CTRP), its close similarity to the sensitivity profile of pan-Aurora kinase inhibitor tozasertib
suggested that BRD7880 is an Aurora kinase inhibitor. Follow-up biochemical assays revealed
that not only was this hypothesis correct, but also that BRD7880—obtained directly from the
screening collection with no further optimization—was extremely potent and considerably more
selective than tozasertib (Figure 1.4), which had previously been tested in clinical trials.134 The
only two kinases (out of 308) to suffer >50% inhibition when treated with 30 nM BRD7880 were
Aurora kinases B (IC50 = 7 nM) and C (IC50 = 12 nM).123

Figure 1.4 | Kinase affinity profiling reveals that BRD7880 is significantly more selective than
tozasertib. The KinomeScan assay reveals kinases for which a given small molecule shows
significant affinity (compound decreases binding of control by >75%). Aurora kinases A, B, and C
are shown in blue; other kinase binding partners are shown in red.
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The synthesis of BRD7880 (Scheme 1.4) closely resembles that of BRD0476, a
structurally similar benzannulated lactam (see Scheme 1.2). However, an important difference is
the relative stereochemistry of the methyl group and the silyl ether in linear intermediate 28. An
Evans asymmetric aldol reaction was performed to install the desired 1,2-syn stereodiad.95
Cyclization via SNAr followed by functionalization of lactam 29 furnished BRD7880.
BRD7880 is a particularly striking example of the impact of screening compounds that are
only accessible via modern stereoselective synthesis. Because the Aurora kinases had already
been the subject of multiple drug-discovery campaigns, it is remarkable that the most specific
inhibitor to date was identified directly from a screen of 8,000 compounds. This result highlights
the potential efficiency of exploring new regions of chemical space made accessible by DOS
strategies and advances in synthetic methodology. The rapid determination of the MoA of
BRD7880 via high-dimensional assay data also provides a valuable precedent for future
phenotypic screening campaigns. But the most direct impact of BRD7880 may stem from its use
in studying the therapeutic hypothesis of Aurora kinase inhibition more rigorously than had been
possible before with chemical tools.

Scheme 1.4 | Key transformations along the synthetic route to BRD7880.
1.6.3 Rohinitib—HSF1
Heat shock factor 1 (HSF1), a transcription factor that coordinates the heat shock
response in human cells,136 is a regulator of ribosome biosynthesis that has also been associated
with oncogenesis and poor outcomes in cancer patients.137–139 Exploring the connections between
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HSF1 activity, translational flux, and maintenance of the tumorigenic cell state could reveal new
therapeutic targets and strategies for cancer.
While studying the effects of varying ribosomal activity on transcription, Santagata and
colleagues discovered a potent and selective inhibitor of HSF1.117 They first observed that
inhibition of translation elongation significantly decreased HSF1 activity, suggesting that HSF1 is
involved in ribosome-mediated regulation of transcription. A screen of more than 300,000
compounds from the NIH Molecular Libraries Probe Production Centers Network (MLPCN)
collection was then performed to identify small-molecule inhibitors of HSF1 activity. The resulting
~2,500 hits were then subjected to a dual reporter-based secondary screen to eliminate
nonspecific compounds; remarkably, several ostensibly selective HSF1 inhibitors suppressed
both reporters,117,140 which underscores the challenges associated with modulating transcription
factor activity.141 The most potent and selective hit, a natural product named rocaglamide A, was
optimized to afford rohinitib (IC50 = ~20 nM; Figure 1.3). This unique chemical probe was then
used to characterize the link between protein translation and HSF1 activity in cancer cells. In
addition to illuminating a number of fundamental insights into cancer biology, rohinitib suppressed
tumor growth both in vitro and in vivo.117
The optimization of rocaglamide A involved both fully synthetic analogs and additional
rocaglate natural products. All synthetic analogs, including rohinitib, were derived from the same
3-hydroxyflavone derivative, 30. The fused tricyclic rocaglate core was constructed via a
biomimetic

photocycloaddition/alpha-ketol

rearrangement/reduction

sequence

proceeding

through key bridged intermediate 31 (Scheme 1.5).142,143 The use of a chiral Brønsted acid can
render the [3+2] cycloaddition enantioselective;144 alternatively, the desired enantiomer can be
accessed via chiral resolution.145 This synthetic pathway demonstrates the utility of oftunderutilized photochemical transformations in generating natural product-like scaffolds from flat,
sp2-rich precursors.146
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Scheme 1.5 | Key transformations along the synthetic route to rohinitib.
1.6.4 LP99—BRD7/9
SWI/SNF chromatin remodeling complexes are multi-protein complexes that regulate
transcriptional processes involved in proliferation, DNA repair, and other critical cellular functions.
Loss of overall SWI/SNF function via inactivation of specific subunits has been linked to
tumorigenesis, and SWI/SNF subunit mutations are found in roughly 20% of human cancers.147,148
One such subunit is bromodomain-containing protein 7 (BRD7), which is an essential cofactor for
p53-mediated tumor suppression.149 Conversely, a subunit known as BRD9 is upregulated in
some cancers and promotes the growth of acute myeloid leukemia cell lines.150 Because the
human proteome contains dozens of bromodomain-containing proteins, selective inhibitors are
needed to assess the viability of BRD7 and BRD9 as therapeutic targets.
Looking to develop the first selective BRD7/9 inhibitor, Clark and colleagues found that 1methylquinolone could be elaborated into a potent and selective probe using asymmetric
synthesis.119 1-methylquinolone had previously been identified via a crystallographic fragment
screen against a BRD9-related protein called ATAD2.151 From this promising starting point,
additional structure-based and biophysical data informed the design of analogs that bind BRD9
with sub-micromolar affinity. The most potent compound, LP99 (Kd = 99 nM; Figure 1.3), stabilized
only two of the 48 expressible human bromodomain-containing proteins at 10 µM as measured
via differential scanning fluorimetry.119 LP99 was shown to disrupt the BRD7/9–chromatin
interaction in cells without causing indiscriminate cell death. Preliminary experiments using LP99
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as a tool compound found that BRD7 and BRD9 regulate inflammatory cytokine production,
suggesting a novel anti-inflammatory therapeutic strategy.

Scheme 1.6 | Key transformations along the synthetic route to LP99.

While early analogs were synthesized as racemates and resolved using preparative-scale
chiral chromatography, the active enantiomers of the most potent compounds, including LP99,
were prepared with asymmetric synthesis. The key transformation in the pathway (Scheme 1.6)
is achieved via an organocatalyzed nitro-Mannich reaction that furnishes the desired intermediate
33 with high diastereo- and enantioselectivity (d.r. = 7:1, e.r. = 19:1).119 Furthermore, this reaction
can be performed on gram scale, which facilitates the generation of additional analogs and the
stockpiling of material for biological studies. Cyclization to lactam 34 and decoration of the
resulting scaffold allowed the full synthesis of LP99 to be realized in just eight steps from
commercially available reagents.
LP99 is a potent and selective chemical probe that has already uncovered therapeutically
promising biology. Its development leveraged the interplay of many techniques (e.g. asymmetric
catalysis and X-ray crystallography) and demonstrates that fragment-based drug design is also
capable of generating compounds with under-represented chemical features.

1.6.5 ABL127—PME-1
The widespread development of kinase inhibitors to study and treat cancer demonstrates
the importance of the phosphoproteome in oncology.135 Various protein phosphatases regulate
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cellular dynamics by catalyzing the dephosphorylation of serine, threonine, and tyrosine residues.
But despite the well-characterized link between aberrant phosphatase activity and cancer,152,153
many fewer chemical probes exist for protein phosphatases than for their kinase counterparts,
contributing to the belief that phosphatases are largely “undruggable.”154,155 Therefore,
compounds that selectively modulate protein phosphatase activity, either directly or indirectly,
would be useful small-molecule probes.
Protein phosphatase 2A (PP2A), a potent tumor suppressor that is responsible for the
majority of serine/threonine dephosphorylation in eukaryotic cells, is inactivated in a variety of
cancers.156,157 Its negative regulation is mediated in part by protein phosphatase methylesterase1 (PME-1),158 a serine hydrolase whose overexpression has been linked to increased cellular
proliferation and other disease phenotypes.159 PME-1 inhibition, therefore, is a potential anticancer therapeutic strategy.
A collaboration between the Cravatt and Fu laboratories afforded the first small-molecule
inhibitor of PME-1.124 After a high-throughput fluorescence polarization-activity-based protein
profiling assay of PME-1 activity was developed, a screen of more than 315,000 members of the
NIH MLPCN collection, a small fraction of which included compounds submitted by academic labs
practicing asymmetric synthesis (e.g. BRD7880 above), was conducted. This experiment
revealed a set of four aza-β-lactams, including ABL127 (IC50 = 4.2 nM; Figure 1.3), that inhibited
PME-1. 22 other aza-β-lactams (including the enantiomers of three of the four hits) were
significantly less active, which suggested that the observed PME-1 inhibition resulted from a
specific interaction. Follow-up studies showed that ABL127 potently inhibits PME-1 in both cells
and mice, and that this inhibition decreases demethylated PP2A levels. Additional activity-based
protein profiling and “click” chemistry-based experiments revealed that ABL127 exhibits selectivity
across the entire proteome,124 further increasing its value as an nMoA chemical tool to study both
PME-1 and PP2A.
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Scheme 1.7 | Key transformations along the synthetic route to ABL127.

Enantioselective nucleophilic catalysis enables a three-step asymmetric synthesis of
ABL127 (Scheme 1.7). After generation of ketene 36, a [2+2] cycloaddition with dimethyl
azodicarboxylate affords ABL127. The cyclization is rendered enantioselective via the inclusion
of a planar-chiral 4-pyrrolidinopyridine catalyst, and the transformation is compatible with a broad
range of ketene and azo coupling partners.160 An extension of this methodology was used to
synthesize oxo-β-lactams and develop a general platform for crafting specific serine hydrolase
inhibitors.161

1.7 Probes and clinical candidates for infectious disease targets
1.7.1 An overview of antimicrobial discovery
Because agents of infectious disease are distinct from the host organism, the search for
antimicrobials presents unique sets of opportunities and challenges. For the most common
strategy of targeting the pathogen—rather than host-based mechanisms—on-target toxicity can
be less of a concern because the drug target in the pathogen may be absent or significantly
altered in the human patient. On the other hand, many pathogens can rapidly acquire drug
resistance due to high rates of reproduction and DNA mutation.162,163 Accordingly, high-throughput
phenotypic screening for compounds that kill pathogens but not human cells is commonly used
to find potential drug leads for infectious diseases.164 Once a lead has emerged from screening,
initial clues regarding the MoA of the compound can be gained via genetic methods. One
approach involves incubating pathogens with sub-lethal concentrations of the compound to select
for resistant strains that have altered sequences or copy numbers of the compound’s target (as
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revealed by genome sequencing).165,166 Alternatively, systematically treating panels of pathogens
in which a single gene is either deleted or overexpressed in each clone can point to relevant
biology.167

Figure 1.5 | A selection of compounds generated by diversity-oriented synthesis and related
strategies as probes and clinical candidates for infectious disease targets.
Reflecting their often-evolutionary origin in competition between microbes, natural
products have been a prolific source of leads and drugs against infectious diseases. But the
emergence of resistance and the exhaustion of “low-hanging fruit” have led this strategy to
become less productive in recent decades.11,12,168,169 For some diseases, such as HIV/AIDS and
hepatitis C, target-based drug discovery has made major contributions to the development of new
medicines.170,171 But in others, particularly in the search for novel antibiotics, such strategies have
been much less fruitful. In these project areas, the compounds that are typically available in both
commercial libraries and industry collections could be a major limiting factor in anti-infective drug
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discovery. For example, “Rule-of-Five” compliance continues to shape the contents of many
screening collections despite it having little bearing on the success of antimicrobials.24,169
One strategy to address these issues is to synthesize derivatives of known natural
product-based antimicrobials.63,64,172,173 Alternatively, advances in synthetic methodology may be
leveraged to access scaffolds that harbor chemical features frequently found in natural products
without directly mimicking any specific class. Many promising next-generation antimicrobial
agents contain such structural features (Figure 1.5).174–185 The following four vignettes provide
detailed examples of the value of this approach in generating compounds that can be used to
study—and possibly treat—infectious diseases.

1.7.2 NITD609—malaria
Malaria is caused by several species of mosquito-borne Plasmodium parasites, with P.
falciparum being responsible for the majority of fatalities.186 But most antimalarials only treat the
asexual blood stage of Plasmodium,187 sparing the liver- and sexual blood-stage parasites that
can sit dormant in the body and cause relapse at a later date.188 Furthermore, the risk of drug
resistance189–191 necessitates easy-to-follow dosing regimens that maximize patient compliance—
ideally a single-dose cure with prophylaxis and transmission-blocking activities.187 nMoA
compounds that inhibit Plasmodium growth at multiple life stages are needed to address these
challenges.
Prompted by the emergence of malaria-causing parasites resistant to artemisinin, an
endoperoxide natural product,192,193 scientists at the Novartis Institute for Tropical Diseases and
their collaborators performed phenotypic screens with Plasmodium to find nMoA antimalarial
leads.179 After a screen of ~12,000 natural products and natural product-like synthetic
compounds, subsequent optimization yielded NITD609 (Figure 1.5), a chiral spiroindolone that
exhibits potent in vitro activity (IC50 = ~0.5–10 nM) against several strains of P. falciparum and P.
vivax via a novel MoA. Its molecular target, as first suggested by genomic sequencing of resistant
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parasites, was confirmed to be PfATP4, a cation-transporting P-type adenosine triphosphatase
that maintains Plasmodium sodium homeostasis.179,187,194,195 Studies measuring toxicity,
pharmacokinetics, and in vivo efficacy suggested that NITD609 would be compatible with oncedaily oral dosing,179 which was critical for its advancement into human trials as the first nMoA
antimalarial clinical candidate in two decades.187 Since entering the clinic, not only has NITD609
exhibited impressive efficacy,196 but it has also been shown to prevent P. falciparum transmission
from humans back to mosquitos.197 Its success has prompted the development of additional
antimalarials that target PfATP4.198–200

Scheme 1.8 | Key transformations along the synthetic route to NITD609.
Advances in asymmetric catalysis have made the synthesis of NITD609 efficient. Starting
from 6-chloro-5-fluoroindole, the original synthetic route afforded racemic NITD609 in eight steps,
and chiral chromatography was needed to isolate the active enantiomer.179 Due to the high cost
of preparative-scale chiral chromatography, asymmetric routes would likely be more practical.
The last step of the original synthesis, a Pictet–Spengler reaction, is highly diastereoselective but
necessarily produces a racemate because the reaction lacks a chiral influence. Use of
enantioenriched tryptamine derivatives or inclusion of a chiral phosphoric acid catalyst have been
shown to furnish the appropriate enantiomer.201,202 Alternative routes that do not rely upon the
Pictet–Spengler reaction have also been devised. One such pathway incorporates a Ni-catalyzed
enantioselective aza-Diels–Alder reaction to construct NITD609’s key spirocyclic ring system
(Scheme 1.8), affording the final product in just three steps from indole 46 and ketimine 47.203
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1.7.3 BRD7929—malaria
Buoyed by the success of earlier pilot experiments,28,174,204 another effort to develop
multistage antimalarial compounds began with a high-throughput screen of ~100,000 DOSderived small molecules against a multidrug-resistant strain of blood-stage P. falciparum.180
These compounds represent hundreds of scaffolds—several of which were described above—
not currently found outside of the Broad Institute. Hits from the primary screen were subjected to
a panel of counter-screens to identify nMoA compounds that exhibited multistage activity. This
analysis revealed clusters of structurally related bioactives, most notably a series of bicyclic
azetidines that showed nanomolar activity against all three Plasmodium life stages. For this
series, genome sequencing of intentionally-evolved resistant parasites showed mutations in the
genetic locus predicted to encode phenylalanyl-tRNA synthetase (Pf PheRS)—a novel
antimalarial target. Follow-up experiments confirmed that an optimized analog of the original hit,
BRD7929 (Figure 1.5), was not only a potent inhibitor of Pf PheRS activity in vitro (IC50 = 23 nM),
but also a single-dose cure, prophylactic, and inhibitor of disease transmission in mouse models
of malaria.180

Scheme 1.9 | Key transformations along the synthetic route to BRD7929.
The unusual bicyclic core of BRD7929 was constructed via two non-successive
cyclizations (Scheme 1.9). First, the azetidine was installed via treatment of chloride 50 with
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strong base to effect intramolecular ring closure, affording a 6:5 mixture of epimers that were
separated by chromatography.205 Then, after functionalization of azetidine 51, ring-closing
metathesis furnished the 4,8-fused bicycle 53. Subsequent olefin reduction, Sonogashira
coupling, isocyanate condensation, and Mitsunobu-mediated amination yielded BRD7929.180
The development of NITD609 and BRD7929 highlight the power of combining asymmetric
synthesis with phenotypic screening to discover new antimalarials. Multiple chemotypes showed
potent activity against multidrug-resistant Plasmodium directly out of the screening deck. And
once optimized, both NITD609 and BRD7929 showed remarkable in vivo results that build upon
an expanding pipeline of antimalarial compounds making their way through pre-clinical and
clinical trials.206,207

1.7.4 BRD0761—C. difficile infection
Narrow-spectrum nMoA antibiotics could have an important role in addressing the growing
threat posed by the emergence of drug resistance in the Gram-positive bacterium Clostridium
difficile, an opportunistic pathogen that can cause severe diarrhea, sepsis, and death.208,209 A
high-throughput screen of the same ~100,000-member DOS library described above against eight
bacterial organisms revealed potent and selective inhibitors of C. difficile growth.177 Two
structurally distinct series of compounds, one of which is represented by BRD0761 (Figure 1.5),
were explored further. Compounds from both series were more selective than fidaxomicin, an
FDA-approved antibiotic that was expressly approved for its selective activity against C. difficile.210
Furthermore, BRD0761 exhibited greater potency against several C. difficile isolates than did
vancomycin, which is used to treat severe cases of C. difficile infection.208,211 Genomic analysis
of resistant mutants and in silico modeling suggested that the target of BRD0761 is glutamate
racemase, an essential protein involved in cell wall biosynthesis. While this enzyme is a known
target in Helicobacter pylori, Mycobacterium tuberculosis (Mtb), and other Gram-positive
bacteria,212 it had not yet been validated in C. difficile.177
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Scheme 1.10 | Key transformations along the synthetic route to BRD0761.
The preparation of BRD0761 (Scheme 1.10) demonstrates the value of combining
complexity-generating transformations with asymmetric catalysis. An organocatalyzed Povarov
reaction developed in the Jacobsen laboratory was identified as an efficient method to generate
tetrahydroquinoline-containing compounds with three contiguous stereocenters from imine 55.
This reaction was used to synthesize tetrahydroquinoline 56 with high diastereo- and
enantioselectivity.213 Prepared in only two steps from commercially available starting materials,
the resulting scaffold was readily elaborated into a 2,328-membered library that contained
BRD0761.177
Despite their structural and biological differences, as described above BRD7929 and
BRD0761 were derived from the same screening collection. These results highlight the ability of
prospecting libraries to generate nMoA leads with diverse chemotypes across different diseases.

1.7.5 BRD4592—tuberculosis (TB)
Recent years have seen the alarming rise of multidrug-resistant, extensively drugresistant, and totally drug-resistant strains of Mtb,214–216 so there is a substantial need for nMoA
anti-TB compounds. Hoping to discover such compounds, a collaboration between researchers
at the Broad Institute, the University of Chicago, and Argonne National Laboratory screened
roughly 83,000 compounds of the Broad DOS collection for activity against GFP-expressing
Mtb.181 This screen identified BRD4592 (Figure 1.5), a chiral azetidine with three contiguous
stereocenters, as an inhibitor of Mtb growth (MIC90 = 3 µM). Notably, its other seven
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stereoisomers were not scored as active, which suggests that its bactericidal activity is due to
specific target engagement. Genetic analysis of resistant mutants followed by extensive kinetic,
thermodynamic, and biochemical characterization revealed the molecular target to be both
subunits of tryptophan synthase, a previously untargeted essential metabolic enzyme. 181,217
BRD4592 stabilizes multiple enzyme conformations via allosteric binding (Figure 1.6), which likely
contributes to its high specificity; in contrast, substrate mimetics that target enzyme active sites
are more likely to exhibit substantial off-target activity.218 BRD4592 was then shown to inhibit
Mycobacterium marinum growth at 15 µM in zebrafish embryos, a common in vivo model of TB.219

Figure 1.6 | Stereo view of BRD4592 (cyan) bound at the interface of the α and β subunits of
tryptophan synthase. X-ray crystallography was used to solve the co-crystal structure of BRD4592
and tryptophan synthase. Hydrogen bonds and water molecules shown as dashed lines and red
spheres, respectively.
The versatile azetidine-based synthetic pathway that afforded BRD7929 can be redirected
to generate BRD4592 (Scheme 1.11). As before, cyclization of chloride 58 produced a near-equal
mixture of epimers at the 2-position that were easily separated via chromatography.205 Suzuki
cross-coupling and functional group deprotections then furnished BRD4592. BRD7929 and
BRD4592 highlight just two of the many distinct skeletons that can be synthesized from azetidines
51, 59, and their stereoisomers; the full complement of bridged, fused, and spirocyclic ring
systems that can be accessed via this chemistry is discussed elsewhere.205
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Scheme 1.11 | Key transformations along the synthetic route to BRD4592.
The discovery of BRD4592 offers important lessons for antimicrobial drug discovery. The
use of phenotypic screening both yielded membrane-permeable hits (a significant issue in finding
inhibitors of Mtb165,220,221) and allowed for the discovery of a new therapeutic target outside of
previously drugged pathways.181 Furthermore, while there are similarities between the syntheses
and chemical structures of BRD4592 and BRD7929, I hesitate to call the azetidine a “privileged
scaffold”; notably, the corresponding pyrrolidines were not included in the library and are therefore
not available for comparison. Rather, I propose that these two vignettes are simply evidence that
compounds that are structurally dissimilar from those in screening collections are likely to lead to
novel biological MoAs and therapeutic insights—different chemistry yielding different outcomes.

1.8 Consequences for next-generation chemistry efforts
The ability to modulate biological systems reversibly, selectively, and with temporal control
is one of the most powerful weapons in the chemical biologist’s arsenal. By advancing our
understanding of disease biology, high-quality small-molecule probes have catalyzed new
research efforts to test therapeutic hypotheses and develop new medicines.68 Much of our
currently available chemical matter, however, is both structure- and performance-redundant,222
which hampers the development of nMoA compounds that can exploit insights from human
genetics or combat drug-resistant pathogens.
The incorporation of modern synthesis into small-molecule library design has emerged as
a potential solution by enabling the efficient construction of natural product-like compounds. As I
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have described above, these novel chemistries have afforded nMoA compounds with therapeutic
value across a broad range of diseases. This dissertation describes two approaches to extend
this strategy to additional target-based (Part I) and phenotypic (Part II) screening methods that
can be used to search for nMoA compounds.
The first part of this dissertation describes how I have applied modern synthesis to a
general, high-throughput method for discovering small-molecule “binders” to biomolecular targets.
Even if they do not alter protein activity, binders can be used to study how biological systems
respond to various perturbations.223–225 For example, they can be applied to discover compounds
that promote new protein–protein interactions, or stabilize or destabilize their cellular targets. In
addition, the binders can be equipped with additional chemical motifs that promote the cellular
mis-localization or degradation of targeted proteins.226,227 But methods for discovering binders are
often time-consuming and resource-intensive.228,229 Affinity enrichment-based screening of
libraries of DNA-barcoded compounds, however, is a promising technique that is gaining in
popularity due to advances in DNA sequencing, among other factors.230 Current DNA-encoded
libraries (DELs) are largely populated by peptidomimetics and sp2-rich compounds,231 similar to
commercial libraries of “conventional” small molecules. Perhaps, then, DELs could also benefit
from the inclusion of compounds that contain under-represented structural features.
In Part I, I describe the design, synthesis, cheminformatic characterization, and
experimental validation of a DEL comprising 107,616 chiral 2,3-disubstituted azetidines and
pyrrolidines: DOS-DEL-1 (Chapter 2). I then discuss how I screened DOS-DEL-1 against
challenging targets implicated in a wide range of diseases (Chapter 3). Next, I describe how I
developed a DNA-compatible [3+2] nitrone–olefin cycloaddition that can be used to synthesize
future DELs containing under-represented structural features (Chapter 4). Finally, I summarize
the lessons that I have learned from this initial application of modern synthesis to DEL design and
construction (Chapter 5).
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The second part of this dissertation discusses how I used high-dimensional biological
annotation data to characterize the activities of topographically complex molecules. This strategy
arose from the realization that the building of performance-diverse small-molecule libraries would
be more efficient if a rapid feedback mechanism were to exist between synthetic organic
chemistry and biology. The current multi-year retrospective and time-consuming method for
assessing small-molecule bioactivity precludes biological performance from influencing library
design,222 and structural diversity alone has been shown to be a poor predictor of biological
performance diversity.232 On the other hand, high-dimensional (multiplexed) biological assays that
track changes in gene expression,233 cell morphology,234 and other cellular features235 can provide
chemists with near-immediate feedback on their synthetic decisions. By associating each
compound with thousands of biological changes, these assays constitute the backbone of a
means for “real-time” biological annotation of reaction products.30,236 They also enable the hand
picking of small clusters of compounds with each cluster having either known or novel MoAs, and
thus collectively provide an empirical means for the construction of performance-diverse
compound collections.
In Part II, I describe the exploration of a remarkable series of photochemical and thermal
rearrangements that generate three-dimensionally complex aziridines and endocyclic imines
(Chapter 6). I then discuss how I tested these compounds in a high-dimensional assay that
measures changes in cell morphology (“cell painting”) in the first instance of real-time biological
annotation of synthetic compounds (Chapter 7). Next, I describe how I used a high-dimensional
assay that measures changes in gene expression (“L1000”) to interrogate a mechanistic
hypothesis that I generated with results from cell painting (Chapter 8). Finally, I discuss how these
results can guide the design of future high-dimensional annotation experiments, and how the
concept of real-time biological annotation can contribute to the generation of performance-diverse
small-molecule libraries (Chapter 9).
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Chapter 2
Synthesis of a DNA-encoded library of 107,616
chiral 2,3-disubstituted azetidines and pyrrolidines:
DOS-DEL-1

Portions of this chapter are reproduced with permission from the following publication:
Gerry, C. J.; Wawer, M. J.; Clemons, P. A.; Schreiber, S. L. “DNA Barcoding a Complete Matrix
of Stereoisomeric Small Molecules” ChemRxiv 2018, DOI: 10.26434/chemrxiv.7289471.v3.1
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Collaborator Contributions: Dr. Paul Clemons performed the multi-fusion similarity analysis,
developed the DNA-barcode and building-block representation enrichment analysis methods,
helped me perform the physicochemical property analysis, and helped me interpret the
cheminformatic analyses. He also wrote all the MATLAB scripts and PipelinePilot workflows used
to perform those analyses. Additional specific contributions are mentioned throughout the text.
Dr. Mathias Wawer processed the raw sequencing data.

2.1 Introduction
In this chapter, I describe the design, synthesis, cheminformatic characterization, and
experimental validation of DOS-DEL-1, a library of 107,616 DNA-barcoded chiral 2,3disubstituted azetidines and pyrrolidines. Traditional strategies for DNA-encoded library (DEL)
synthesis make it difficult to incorporate stereochemical diversity and topographic complexity,
largely due to the limitations of DNA-compatible chemistry. To address this challenge, I designed
a synthetic pathway in which the key complexity-generating transformation was performed before
DNA attachment, where all the tools of modern synthetic organic chemistry are available. I used
stereospecific C–H arylation chemistry to furnish all possible stereoisomers of 2,3-disubstituted
azetidine and pyrrolidine scaffolds. I then attached these eight cores to DNA, validated and
optimized my on-DNA pathway, and synthesized a 107,616-member DEL using chemistry already
known to be DNA-compatible. With Dr. Paul Clemons, I used Tanimoto multi-fusion similarity
analysis, among other techniques, to study both the structural diversity of the library and the
physicochemical properties of individual compounds. I then performed validation screens against
horseradish peroxidase and carbonic anhydrase IX to confirm the success of the synthesis and
screening procedures. I analyzed the results from these experiments using a novel statistical
framework that Dr. Clemons and I developed.
Overall, these results demonstrate that diverse collections of structurally complex DNAbarcoded compounds may be synthesized without the arduous development of novel DNA51

compatible chemistry. Attempts to use DOS-DEL-1 to find small-molecule binders to challenging
protein targets are described in Chapter 3.

2.2 DNA-encoded libraries: a primer
As described in detail in Chapter 1, chemical probes can modulate protein activities
selectively, rapidly, and reversibly, enabling them to interrogate a wide range of therapeutic
hypotheses.2 Many outstanding problems in biomedical research, however, cannot be addressed
by currently available tool compounds, so small molecules that act via novel mechanisms of action
(nMoAs) are needed.
DEL technology provides a means to identify small-molecule “binders” that interact with
biomacromolecules in novel ways. DELs comprise small molecules that are covalently linked to
unique DNA sequences that encode, most frequently, their synthetic histories. 3,4 Because the
DNA barcode enables pooled storage and screening, large libraries can be tested in a single
affinity-based experiment. In this process, 1) the DEL is incubated with an immobilized
macromolecular target of interest, 2) the resin is washed to remove non-binders, and 3) the
barcodes of the remaining compounds are amplified and sequenced to identify the structures of
putative binders (Figure 2.1).

Figure 2.1 | Cartoon representation of a DEL-mediated target-based screen.
Inhibitors of kinases,5 phosphatases,6 metalloproteases,7 and hydrolases,8 among
others,9,10 have emerged from DELs in recent years. Beyond inhibiting enzyme activity, DEL52

derived binders may perturb biological systems by altering the interactomes of their targets (i.e.
inducing novel protein associations that rewire cellular circuitry). They may also change the
dynamic properties of their targets, which can alter cellular half-lives, rates of post-translational
modifications, or protein activities (e.g. by gaining neo-functions).11,12 Binders can modulate
protein behavior both as monovalent compounds13–15 and as bivalent molecules in which two
binders are covalently tethered.16–18
Due to the challenges associated with DEL synthesis, many DNA-barcoded compounds
exhibit a narrow range of structural features and architectures.19 In particular, they often do not
resemble naturally occurring small molecules (“natural products”) or compounds made using
DOS. DELs are constructed using split–pool synthesis, so they often contain compounds that
resemble traditional combinatorial chemistry reaction products: high molecular weight, low rigidity,
and few stereogenic elements.19,20 Recent advances in DNA-compatible methodology have
begun to expand the types of transformations, building blocks, and structural features that may
be incorporated into DELs.21–26 However, performing complexity-generating reactions in DEL
syntheses remains difficult due to the inherent presence of both DNA and water during the
reactions, low substrate concentrations, high yield and purity requirements, and other factors.27
Approaches to improve the tolerance of the DNA barcode to high levels of organic solvent using
cationic resins are currently being explored.28 Though these methods can expand the scope of
DNA-compatible chemistry dramatically, they present their own set of challenges when applied to
library syntheses.
An alternative strategy for addressing the structural gaps in current DELs is to integrate
the principles of DOS, which yield compounds of “intermediate complexity” that both contain
structural features found in natural products and exhibit properties that are favorable for protein
binding.29–31 Phenotypic screening experiments with non-encoded libraries enriched in natural
product–like chemical features have identified nMoA compounds that engage a variety of targets
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(Chapter 1).32 Perhaps these types of compounds can similarly expand the capabilities of targetbased screening by enabling DELs to identify binders of (currently) challenging proteins.
The first step towards testing this hypothesis is the synthesis of a DEL containing
compounds with under-represented structural features. For the remainder of this chapter, I will
discuss how I designed, synthesized, characterized, and validated such a library: DOS-DEL-1.

2.3 Design of DOS-DEL-1

Scheme 2.1 | Overview of the synthetic pathway for DOS-DEL-1; red balls indicate both possible
configurations at that position.

Inspired by the chemistry and biological performance of the Broad ~100,000-member
DOS library, I aimed to synthesize a DEL featuring all possible stereoisomers of novel scaffolds.
I recognized that stereospecific C–H arylation of azetidines and pyrrolidines, which had recently
been developed in the Schreiber lab,33 could yield compounds with desirable structural features.
But this reaction is much too harsh to be DNA-compatible. I instead envisioned a pathway that
would incorporate C–H arylation before DNA attachment to generate complex scaffolds that could
be functionalized with known DNA-compatible chemistry (Scheme 2.1).
I designed DOS-DEL-1 to comprise the complete matrix of stereoisomers of 2,3disubstituted azetidines and pyrrolidines (Figure 2.2). While azetidines and pyrrolidines have
similar reactivities—which enables split–pool synthesis—their minor differences in ring size and
geometry can alter compound topography dramatically and thus raise the library’s structural
diversity.34 From a practical perspective, including all scaffold stereoisomers in the library
facilitates the study of structure–activity relationships (SAR) from primary screening results, which
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has benefitted both non-encoded35 and DNA-barcoded36 screening libraries. It also can aid the
triage of assay positives; for example, enrichment of a barcode associated with one stereoisomer
but not others may suggest a specific binding event took place.

Figure 2.2 | Structures of the eight DOS-DEL-1 scaffolds.

DOS-DEL-1 contains approximately 100,000 compounds. Current DELs can theoretically
contain upwards of 1012 distinct compounds,37 but evidence is lacking that larger numbers
produce greater screening successes, and indeed there are suggestions that the opposite might
be true.38 I therefore focused on building a smaller library, which would help ensure that the DNA
barcodes were encoding the correct compounds (i.e. not reaction by-products or unreacted
starting materials). Furthermore, a smaller library size would allow me to account for the library’s
inherently unequal distribution of barcodes during enrichment calculations (see section 2.6.2).
While this focus on quality often came at the expense of quantity, DOS-DEL-1 is similar in size to
the aforementioned (non-encoded) Broad DOS library that has yielded many nMoA compounds.32

2.4 Synthesis of DOS-DEL-1
2.4.1 Scaffold synthesis
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I synthesized all eight scaffolds—four azetidines and four pyrrolidines—and prepared
them for DNA attachment (Scheme 2.2). To synthesize one set of enantiomers, I first converted
D-azetidine-2-carboxylic acid (61a) and D-proline (61b) to aminoquinolines 62a and 62b. With the
directing group in place, C–H arylation and subsequent TFA deprotection yielded amines 63a and
63b.33 Having established the scaffolds’ carbon framework, I then cleaved the directing group;
different conditions were required to obtain each diastereomer. To retain the cis stereodiad of
azetidine 63a, I generated the corresponding bis-Boc product, which I then exposed to H2O2 and
LiOH to afford carboxylic acid 64a. The trans diastereomer (64b) was obtained via Boc protection
of the amine, followed by treatment with excess NaOH at 110 °C. I synthesized proline derivatives
64c and 64d in a similar manner, though the larger ring size increased the steric hindrance around
the amide significantly. The corresponding enantiomers were synthesized analogously.

Scheme 2.2 | Synthesis of scaffolds 65a–65d from commercially available chiral amino acids.
Details regarding reaction conditions and yields can be found in section 2.9.2.
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Figure 2.3 | Structure of the DNA “headpiece” (DNA-HP).

I then prepared these eight scaffolds for attachment to an amine-functionalized duplex
DNA “headpiece” that is commonly used in DEL synthesis (DNA-HP; Figure 2.3).39 I first installed
a spacer to distance the densely functionalized core from the site of DNA conjugation, then I
activated the carboxylic acid for bioconjugation. NHS esters 65a–65d and ent-65a–65d were
readily attached to DNA to yield on-DNA substrates 60a–60d and ent-60a–60d (see Figure 2.2).

2.4.2 On-DNA library synthesis

Scheme 2.3 | On-DNA synthetic pathway for DOS-DEL-1; red balls indicate both possible
configurations at that position.

I designed and optimized the on-DNA synthetic pathway (Scheme 2.3) to maximize the
yield and purity of the final compounds. I determined that the Boc protecting group is much more
easily cleaved from the azetidines than from the pyrrolidines, so I placed this transformation
directly after DNA attachment; this ordering allows each set of substrates to undergo deprotection
separately before being pooled for appendage diversification. I then identified reductive amination
and sulfonylation as high-yielding N-capping reactions, and I chose to use the Suzuki–Miyaura
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reaction to functionalize the aryl iodide. The Suzuki reaction proceeded in low yield and generated
multiple by-products when performed in the presence of a free amine, so I designated it as the
last step in the pathway. Data supporting these strategic choices can be found in Appendix A.

Table 2.1 | Optimization of the on-DNA Suzuki reaction

time

temp
(oC)

equiv
PhB(OH)2

Pd source

equiv
Pd

additivea

desired
product

deiodination

6h

80

160

Pd(PPh3)4

1

Na2CO3

77%

11%

6h

80

40

Pd(PPh3)4

1

Na2CO3

20%

6%

6h

80

160

Pd(PPh3)4

2

Na2CO3

83%

11%

6h

80

200

Pd(PPh3)4

1.5

Na2CO3

87%

10%

3h

80

200

XPhos Pd G3

1.5

Na2CO3

64%

11%

3h

80

200

Pd(dppf)Cl2

1.5

Na2CO3

68%

4%

6h

70

300

Pd(dppf)Cl2

1

Na2CO3

76%

4%

2h

90

200

Pd(dppf)Cl2

0.5

Na2CO3

88%

4%

2h

90

200

Pd(dppf)Cl2

0.5

–

89%

4%

1h

90

200

Pd(dppf)Cl2

0.5

–

95%

3%

a Reactions

with Na2CO3 contain 80 equiv; all contain 2.5 vol 1 M Na2HPO4 buffer (pH 9.2)

While the reductive amination and sulfonylation reactions were readily adapted from
examples in the literature,7 known conditions for the DNA-compatible Suzuki reaction resulted in
low yields.40 In particular, I observed unacceptably high dehalogenation of the aryl iodide
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substrate while using Pd(PPh3)4 as the palladium source, even after extensive optimization efforts
(Table 2.1). Therefore, I tested different palladium sources, which revealed that Pd(dppf)Cl2
caused significantly less deiodination than all other reagents. After several additional rounds of
optimization experiments, I developed a set of conditions that afforded higher yields of my desired
product and less deiodination with fewer equivalents of palladium. I did not study this reaction’s
compatibility with different aryl halides—my primary goal was to finish the library synthesis—but
other members of the Schreiber lab have used these conditions successfully on their own
substrates.

Scheme 2.4 | 16-member pilot library synthesis.

I next determined the building blocks that would be used to realize the full library.
Incomplete reactions and undesired by-products can compromise DEL screens,41 so I only
included building blocks that achieved ≥85% conversion with all tested scaffolds. I used the actual

59

scaffolds to be used for library synthesis—rather than model systems—during these experiments
to maximize the applicability of the results to the full-library synthesis. Overall, 42 (out of 95)
sulfonyl chlorides, 72 (out of 116) aldehydes, and 117 (out of 241) boronic acids were validated.
Experimental details can be found in section 2.10.2, and data can be found in Appendix A.
I then designed and synthesized a 16-member pilot library to confirm that 1) the on-DNA
chemistry would proceed efficiently during split–pool synthesis, and 2) the enzymatic ligation of
short DNA “tags” to encode individual synthetic steps would not disrupt the chemistry (or vice
versa). Two scaffolds, two validated aldehydes, two validated sulfonyl chlorides, and two validated
boronic acids were incorporated into the pilot library, which I synthesized using the manipulations
and procedures used to build the full library (Scheme 2.4). I successfully identified the masses of
all 16 compounds in the final mixture, which gave me confidence in my synthesis procedure.

Scheme 2.5 | Synthesis of DOS-DEL-1; red balls indicate both possible configurations at that
position.

Finally, I synthesized the full library (Scheme 2.5). After scaffold encoding, DNA
attachment, and Boc deprotection, I pooled the resulting free amines for appendage diversification
via N-capping and again for cross-coupling, each step receiving a DNA barcode. The final library
contained 107,616 distinct compounds derived from 8 scaffolds, 114 N-capping (BB1) elements,
and 118 Suzuki-derived (BB2) elements (117 boronic acids plus one blank well).
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2.5 Structural characterization of DOS-DEL-1 members
2.5.1 Cheminformatic analysis of physicochemical properties

Figure 2.4 | DOS-DEL-1 sub-libraries corresponding to divergent synthetic decisions; red balls
indicate both possible configurations at that position.

To determine the physicochemical properties of the compounds that compose DOS-DEL1 and its subsets (Figure 2.4), I enumerated all library members computationally. Subsets of DOSDEL-1 may be defined according to the size of the heterocyclic scaffold (azetidine=“az” or
pyrrolidine=“pyr”), the identity of the N-capping reagent (aldehyde=“ald” or sulfonyl chloride=“sc”),
or the functionalization of the aryl iodide (Suzuki=“Suz” or no Suzuki=“no Suz”).
Dr. Clemons and I observed that the vast majority of compounds in DOS-DEL-1 fall within
the “drug-likeness” guidelines outlined by Lipinski and Veber (Table 2.2).42,43 At least 90% of
compounds meet benchmarks regarding LogP, topological polar surface area (TPSA), and
numbers of hydrogen-bond donors, hydrogen-bond acceptors, and rotatable bonds. 58% of
compounds meet all 6 cutoffs, and 88% meet 5 of 6 (see Appendix A).
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Table 2.2 | Distribution statistics for physicochemical properties of DOS-DEL-1 compounds and
select sub-libraries
molecular
weight (Da)

LogP

H-bond
donors

H-bond
acceptors

rotatable
bonds

TPSA (Å )

471 +/- 39
477
74

2.9 +/- 1.6
2.9
90

1.8 +/- 1.0
2.0
98

7.1 +/- 1.7
7.0
93

6.9 +/- 1.3
7.0
96

97 +/- 30
98
92

458 +/- 38
462
86

3.1 +/- 1.9
3.3
85

1.9 +/- 1.1
2.0
97

6.5 +/- 1.6
6.0
97

7.1 +/- 1.4
7.0
94

85 +/- 27
82
97

494 +/- 27
497
55

2.6 +/- 1.1
2.5
99

1.6 +/- 0.8
1.0
>99

8.1 +/- 1.3
8.0
86

6.7 +/- 1.1
7.0
99

119 +/- 21
117
85

2

mean +/- sd
median

full

% compliance
mean +/- sd
median

ald

% compliance
mean +/- sd
median

sc

% compliance

Figure 2.5 | Physicochemical property distributions of DOS-DEL-1 sub-libraries. Histogram bins
are colored according to adherence to (blue) or violation of (red) Lipinski’s (MW < 500 Da; LogP
≤ 5) or Veber’s (TPSA < 140 Å2) guidelines. Bin height or depth represents the fraction of the sublibrary’s compounds that fall within the bin’s boundaries.
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In addition to analyzing DOS-DEL-1 as a whole, studying distinct sub-libraries allowed us
to determine the effects of synthetic decisions on physicochemical properties. Two such decisions
that considerably altered MW, LogP, and TPSA were 1) the choice of N-capping reagent class
(“ald” vs. “sc”), and 2) the functionalization of the aryl iodide (“Suz” vs. “no Suz”). The sulfonyl
group in all members of the “sc” sub-library contributed to a higher mean MW, lower mean LogP,
and higher mean TPSA compared to the “ald” sub-library (see Table 2.2). The shapes of the
property distributions, however, differ between the two sub-libraries (Figure 2.5), which indicates
that the sulfonyl group is not the lone contributor to these differences. Additionally, we learned
that performing a Suzuki reaction tended to increase MW, LogP, and TPSA compared to the
parent aryl iodides, even though iodine is a heavy, lipophilic atom.

2.5.2 Multi-fusion similarity analysis
Tanimoto-based multi-fusion similarity analysis can be used to calculate the structural
relationships between sets of small molecules,44 which provide further insight into the
consequences of synthetic decisions. First, Dr. Clemons and I analyzed compound structures
within DOS-DEL-1. Eight sub-libraries (see Figure 2.4) were defined according to combinations
of reaction parameters; for example, the “az/sc/Suz” sub-library comprises azetidines with a
sulfonyl chloride N-capping reagent and a functionalized aryl iodide. Dr. Clemons calculated
within-group and cross-group multi-fusion similarities for each of the eight sub-libraries (Figure
2.6). The resulting median-maximum fusion similarity plots render these data in two dimensions,
with each point representing the Tanimoto similarity of the nearest neighbor (vertical coordinate)
and the median similarity (horizontal coordinate).
We observed that compounds in the “Suz” sub-libraries are much more likely to have a
high-similarity within-group nearest neighbor than their “no Suz” counterparts. Furthermore, all
eight sub-libraries exhibit greater maximum cross-group similarities with “Suz” sub-libraries than
with “no Suz” sub-libraries. Also, as seen most prominently in the “pyr/sc/Suz” sub-library, “Suz”
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sub-libraries exhibit higher median within-group similarities. While these findings may be partially
explained by the larger size of the “Suz” sub-libraries,45 it is striking that a “diversification” reaction
can increase both within- and cross-group similarities.

Figure 2.6 | Tanimoto-based multi-fusion (median vs. maximum) similarity representations of
DOS-DEL-1, comparing library subsets defined by azetidine (square) or pyrrolidine (circle)
skeleton, aldehyde (open) or sulfonyl chloride (filled) N-capping, and functionalization (large) or
not (small) of the aryl iodide using a Suzuki reaction. Within-group multi-fusion similarities (black
crosses) and seven cross-group median multi-fusion similarities (gold shapes) shown for each
division.
Next, we compared each sub-library to five off-DNA small-molecule collections (Figure
2.7): 2,477 natural products (NP),29 6,152 commercial compounds (CC),29 6,623 diversity-oriented
synthesis (DOS1) compounds,29 12,011 known bioactives (BIO),46 and another 19,149 DOS
compounds (DOS2).46 As mentioned above, I had sought to synthesize a DEL whose members
more closely resembles compounds from DOS (DOS1 and DOS2) than those found in
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commercial collections (CC), which often exhibit high sp2-content and low stereochemical
complexity.

A

B

Figure 2.7 | Tanimoto-based multi-fusion (average vs. maximum) similarity representations. A.
Comparison of DOS-DEL-1 to itself (black) and to each of 5 published small-molecule collections:
CC (red), NP (green), and DOS1 (blue) from ref. 29.; plus BIO (magenta) and DOS2 (cyan) from
ref. 46. B. Comparison of 8 library subsets (see Figure 2.6 for descriptions of how sub-libraries
are designated pictorially), to the same published collections. For reference, the intra-library multifusion similarities among all DOS-DEL-1 members are represented as a mean (black circle) ±3
SD (black bars) of multi-fusion (median vs. maximum) similarities.
According to mean-fusion similarity (Figure 2.7A), DOS-DEL-1 compounds are most like
DOS1 and DOS2, especially a subset of DOS1 in the middle of the plot. They are least similar to
CC, though many members of DOS-DEL-1 find their most similar structure in CC or BIO. For
comparison, mean-maximum similarity fusions between members of DOS-DEL-1 are also
depicted.
I then compared each of the eight DOS-DEL-1 sub-libraries to these five reference
compound collections (Figure 2.7B). The highest maximum-fusion similarity was achieved by
comparing CC to the “ald/Suz” sub-libraries, which is consistent with the set of reactions most
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commonly performed in industry.47,48 Performing a Suzuki reaction appears to increase multifusion similarity to all five reference libraries broadly, though the effect on median-fusion similarity
for CC and maximum-fusion similarity for NP is weak. Neither ring size nor N-capping reagent
class produce a consistent effect across reference libraries, though the higher maximum-fusion
similarity of CC to DOS-DEL-1 “pyr/Suz” sub-libraries highlights the dearth of azetidines in
commercial collections.

2.6 Experimental validation of DOS-DEL-1
2.6.1 Barcode validation

Figure 2.8 | Distribution of barcodes in DOS-DEL-1 (~116X sequencing coverage).
After DEL synthesis, next-generation DNA sequencing can identify which DNA barcodes
are present and quantify their relative abundances. I performed deep sequencing (~116X
coverage; Figure 2.8) of DOS-DEL-1, and I observed all but three of the 100,000+ expected
barcodes; the three missing sequences were present in subsequent experiments. When each set
of tags was analyzed separately, the relative abundances of only two BB1 tags and three BB2
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tags fell outside 0.5X–2.0X of their set’s mean abundance (Figure 2.9). Due to the size of DOSDEL-1, these minor discrepancies can be accounted for during analysis of the screening data.

Figure 2.9 | Distributions of scaffold (top), BB1 (middle), and BB2 (bottom) tags in DOS-DEL-1.
2.6.2 Development of a novel statistical framework to analyze DEL screening data
To assess the quality of DOS-DEL-1, I performed test screens with two targets often used
for this purpose: horseradish peroxidase (HRP) and carbonic anhydrase IX (CA-IX).
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Figure 2.10 | The empirical read-count distribution (top) for DOS-DEL-1 compared to a frequency
distribution created by sampling from a set of Poisson-distribution models representing each tag,
fit using all compounds containing that tag (middle). The corresponding negative-binomial
distribution (bottom) is shown for comparison, which fails to account for tags that were inefficiently
incorporated (red arrows) and appears to understate the most efficient tagging (red bars).
Rather than rely upon raw sequencing counts in post-screen eluents, Dr. Clemons and I
sought to account for the non-uniform distribution of library barcodes and the possibility of
compounds binding the immobilization matrix. To do this, we envisioned a “barcode enrichment”
score for each barcode as the quotient of its post-screen abundance (the “after” distribution) and
its abundance in a beads-only no-target control (the “before” distribution). Such a quotient,
however, would have a much lower level of confidence when the input representation was low
than when the input representation was high. To account for this discrepancy, Dr. Clemons
instead computed ratios between confidence limits estimated from the data at fixed values of
confidence (CI95) using Poisson distributions modeled on the numbers of observed sequence
reads. We defined “normalized fold change” as the ratio of a CI 95 underestimate of the “after”
distribution and a CI95 overestimate of the “before” distribution (see section 2.12.4). Compared
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to a negative-binomial distribution (Figure 2.10),49,50 this Poisson-based method better represents
both low- and high-abundance barcodes (under ~25 and over ~380 sequencing reads in Figure
2.10, respectively) prior to screening.

2.6.3 Chemistry validation via affinity-based screening
I first performed DEL screens with HRP, which is commonly used in initial screening
experiments.51,52 I observed that many of the compounds with the highest normalized fold-change
scores contain sulfonyl chloride–derived Michael acceptors (Figure 2.11). Our normalization
procedure enabled analysis of the leftmost portion of the plot (those barcodes with the lowest
“before” representation), which is typically challenging to interpret when enrichment scores are
not normalized (see Appendix A for a direct comparison).

Figure 2.11 | Normalized fold-change plot for DOS-DEL-1 members binding horseradish
peroxidase as a function of input representation rank, and depicting compounds containing select
significantly enriched electrophilic building blocks (blue: strong; green: intermediate; gold: weak).
Dr. Clemons and I expanded this analysis to individual and paired diversity elements to
determine if electrophiles were broadly enriched by exposure to HRP. To do this, Dr. Clemons
compared the representation of diversity elements among the top k=2,389 compounds ranked by
normalized fold-change relative to that of the top k=2,389 compounds ranked by the input
(“before”) representation. He scored each diversity element or pair of elements using chigram
analysis (see section 2.12.5). This analysis revealed that the first-, second-, and fifth-most highly
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enriched BB1 DNA tags correspond to compounds containing sulfonyl chloride-derived Michael
acceptors, and that their relative rank matches the order that would be predicted when considering
reactivity principles (Figure 2.12A). Neither p-ethylphenylsulfonamides nor N-phenylacrylamides
were enriched, which suggest that an electrophilic motif is necessary but not sufficient for binding.
Analyzing pairs of diversity elements revealed little influence of BB2 upon enrichment but more
substantial effects due to scaffold identity (Figure 2.12B). Finally, as an internal control, DNA tags
encoding the same building block exhibited broadly similar behavior. These results suggest that
the N-capping chemistry during library synthesis was successful.

Figure 2.12 | Enrichment scores after screening with HRP expressed as standardized residuals
(χ) relative to expected (co-)occurrence among compounds within the top 2,389 normalized foldchange scores. Sulfonyl chloride–derived Michael acceptors colored in blue, green, and gold in
order of decreasing electrophilicity. A. Each of 114 N-capping building blocks (BB1). B. All
pairwise combinations of diversity elements; enrichment scores are expressed by dot size, and
all pairs are presented on the “faces” of the 3D plot for compactness.
When searching for ways to study and validate the on-DNA Suzuki chemistry, I recognized
that DOS-DEL-1 contained 1,824 compounds containing an aryl primary sulfonamide motif at
BB2. This sub-structure is known to promote binding to CA-IX,52,53 so enrichment of primary
sulfonamides upon exposure to CA-IX would suggest that the on-DNA Suzuki reactions had been
successful.
After screening DOS-DEL-1 against CA-IX, I observed that many of the most highly
enriched compounds contain an aryl primary sulfonamide (Figure 2.13). Most of these compounds
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contain para aryl sulfonamides, and fewer contain meta aryl sulfonamides; this ordering is
consistent with the increased accessibility of the para sulfonamide over the meta regioisomer to
the enzyme active site. I also noticed that Poisson normalization revealed additional primary
sulfonamides that would have otherwise been obscured by barcodes with artificially high
enrichment scores.

Figure 2.13 | Normalized fold-change plot for DOS-DEL-1 members binding carbonic anhydrase
IX as a function of input representation rank, and depicting compounds containing select
significantly enriched individual building blocks (teal: primary para sulfonamide; magenta: primary
meta sulfonamide).
Chigram analysis revealed that primary sulfonamide–containing compounds were broadly
enriched by exposure to CA-IX. The first- and second-most highly enriched BB2 DNA tags among
the top k=1,120 compounds correspond to para and meta aryl primary sulfonamides, respectively
(Figure 2.14A), which reaffirms the normalized fold-change analysis. Expanding this analysis to
pairs of diversity elements revealed generally little impact of scaffold and BB1 identity on the
enrichment of sulfonamide-containing compounds, though there does appear to be modest
complementarity between para primary sulfonamides and trans azetidine scaffolds (Figure
2.14B). These results are consistent with previous observations that the primary sulfonamide
motif dominates the binding interaction with CA-IX.36 DNA tags encoding the same building block
again behaved similarly. Taken together, both sets of screening results confirm the robustness of
the on-DNA chemistry during library synthesis and the ability of our analysis method to uncover
relationships between structures of highly enriched compounds.
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Figure 2.14 | Enrichment scores after screening with CA-IX expressed as standardized residuals
(χ) relative to expected (co-)occurrence among compounds within the top 1,120 normalized foldchange scores. Primary para and meta sulfonamides colored in teal and magenta, respectively.
A. Each of 119 boronic acid building blocks (BB2); 70 and 77 represent the same reagent as an
internal control. B. All pairwise combinations of diversity elements; enrichment scores are
expressed by dot size, and all pairs are presented on the “faces” of the 3D plot for compactness.
2.6.4 CA-IX assay positive synthesis and evaluation

Figure 2.15 | Chemical structures of off-DNA compounds synthesized to assess screening
results. Asterisks indicate atoms of variable stereochemical configuration (as defined below
each structure).

To validate compound–target interactions, positives from the CA-IX screens (and control
compounds) were synthesized off DNA (Figure 2.15). Azetidines 66a, 66b, 67a, 67b, 68a, and
68b are a subset of the assay positives. The remaining compounds in Figure 2.15 aided my
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analysis of some of the more nuanced aspects of the screening data, such as the effects of
stereochemistry and regiochemistry. In all off-DNA analogs, the linker to the DNA barcode was
replaced by a methyl group to retain the presence of a secondary amide.
To synthesize these compounds (Scheme 2.6), I first generated secondary amides 72 and
ent-72 from trans azetidines 64b and ent-64b via treatment with methylamine, EDC, and HOAt.
I then telescoped the remaining three reactions—Suzuki coupling, Boc deprotection, and
reductive amination—such that only a single chromatographic purification after the last step was
needed. Carbamates 69a, 69b, 70a, and 70b only underwent Suzuki coupling with their
corresponding boronic acids.

Scheme 2.6 | Synthesis of off-DNA analogs of CA-IX assay positives and control compounds.
Only one enantiomer shown, but yields correspond to reactions with both sets of enantiomers.
Hits from DEL screens do not necessarily inhibit the protein target’s activity, but enzyme
inhibition can serve as a proxy for binding.54 Therefore, I subjected the compounds in Figure 2.15
to a carbonic anhydrase inhibition assay (Table 2.3). Every compound with a sulfonamide at the
para position (66–69) exhibited potent inhibition (IC50 = 20.1–68.7 nM)—even Boc carbamates
69a/69b. Therefore, the identity of BB1 largely does not influence affinity, which was suggested
by the screening data (see Figure 2.14B). Moving the sulfonamide to the meta position (69a/69b
vs. 70a/70b) reduced inhibitory activity by ~15- to ~50-fold, which is consistent with the chigram
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analysis (see Figure 2.14). Stereochemistry did not influence IC50 in most cases, but pyrrole 68a
and carbamate 70b were found to be ~3-fold and ~40-fold more potent than their enantiomers,
respectively. No inhibitory activity was detected with biphenyl azetidines 71a or 71b, which lack
primary sulfonamides, confirming the importance of that functional group for inhibition.

Table 2.3 | In vitro carbonic anhydrase inhibition assay results
compound

carbonic anhydrase IC50 (95% CI)

66a

24.3 nM (21.5–27.5 nM)

66b

25.6 nM (20.2–33.0 nM)

67a

23.7 nM (17.5–32.7 nM)

67b

20.1 nM (15.5–27.9 nM)

68a

20.8 nM (17.4–24.9 nM)

68b

68.7 nM (52.4–87.2 nM)

69a

24.7 nM (21.7–28.3 nM)

69b

21.4 nM (18.7–24.6 nM)

70a

12.1 µM (7.71–38.6 µM)

70b

297 nM (241–367 nM)

71a

>100 µM

71b

>100 µM

DELs have been used previously to identify potent CA-IX inhibitors,52,53,55 so I performed
the experiments described above to validate that the DOS-DEL-1 synthesis was successful.
Taken together, the data presented here are compelling evidence that it was.

2.7 DOS-DEL-1 fills structural gaps left by current DELs
While compounds that contain common structural motifs like peptide bonds have had
success in DEL screens,10,56 the full potential of DELs likely remains untapped. Phenotypic
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screening has benefitted tremendously from the inclusion of novel chemical structures, such as
those that result from either biosynthetic pathways yielding natural products or DOS yielding
synthetic compounds.32 But the application of the DOS approach to DEL-based screening had
not been explored before this study.
DEL technology can generate exceedingly large libraries, but I consciously sacrificed
library size to maximize the robustness of our synthesis and screening procedures. A recent
analysis has questioned the relationship between DEL productivity and library size,57 and results
from the Liu laboratory have confirmed that libraries need not exceed tens or hundreds of
thousands of members to find potent nMoA compounds.58,59 Larger libraries are correlated with
weaker signals in DEL screens,39 and this effect appears to outweigh the benefits of increased
appendage diversity in libraries comprising >108 members.38 Furthermore, data from smaller
libraries are more easily normalized because fewer sequencing reads are required to explicitly
account for unequal barcode distributions, both at specific tagging steps and in the resulting
distribution of individual compound barcodes. This challenge is similar to well-studied sequencing
biases in the context of differential gene-expression analysis.60
DOS-DEL-1 also shows that a modestly sized DEL can include druglike compounds with
a wide range of physicochemical properties. Like other types of libraries built using combinatorial
techniques,20 DELs often contain compounds of high molecular weight and lipophilicity.19 The vast
majority of compounds in DOS-DEL-1, however, comply with traditional measures of druglikeness. But because many orally available drugs violate these guidelines,61 I designed DOSDEL-1 to contain a significant number of non-compliant compounds as well.
Multi-fusion similarity analysis revealed that DOS-DEL-1 members are more like
compounds derived from DOS than those from commercial vendors, despite the use of commonly
used DNA-compatible transformations. Analyzing individual sub-libraries allowed us to study how
individual synthetic decisions affected both physicochemical properties and similarity to off-DNA
compound collections. These results demonstrate that an emphasis on scaffold complexity—
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installed with modern off-DNA synthesis—can imbue DELs with structural diversity. Combining
these analyses with DEL screening data may facilitate improved understanding of the
consequences of small-molecule properties and synthetic choices on protein binding, though a
full exploration of this question lies beyond the scope of this dissertation.
DEL technology is attracting attention from academia and industry alike,62 but substantial
advances must be made for the reality in the laboratory to fulfill its considerable promise. Despite
recent breakthroughs in screening, barcoding, and data analysis, the search for small-molecule
binders remains fundamentally limited by the types of chemical structures that can be attached to
DNA. On-DNA methodologies and synthetic planning have lagged behind their increasingly
sophisticated off-DNA counterparts, but the results described herein constitute one strategy for
expanding the types of chemical structures found in DELs.

2.8 Conclusions
In this chapter, I have shown that modern organic synthesis can furnish DELs containing
rare structural features. Instead of installing structural complexity on DNA, I performed the key
complexity-generating transformations before DNA attachment. This approach has enabled, for
the first time, the DNA barcoding of all possible stereoisomers of complex scaffolds containing
multiple stereogenic elements. This design choice is supported by recent studies that describe
the significant influence of scaffold geometry on the behavior of DNA-barcoded compounds.36 My
colleagues in the Schreiber lab and I hope to leverage this insight towards the discovery of smallmolecule binders to challenging therapeutic targets in the future—a handful of those efforts are
described in Chapter 3.
The use of split–pool synthesis places strict demands on DEL chemistry if both individual
hits and broader trends are to be extracted from screening data reliably. As a result, I developed
an improved on-DNA Suzuki reaction that uses Pd(dppf)Cl2 to minimize hydrodehalogenation byproducts. I also tailored the on-DNA pathway to account for differences in reactivity between the
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azetidine and pyrrolidine scaffolds, and I set a high bar for building-block validation (≥85%). My
screens using HRP and CA-IX confirmed the robustness of my approach to on-DNA chemistry,
and the choice of test proteins allowed me to assess the quality of the library in a manner that
was agnostic to variable scaffold size and geometry.
Dr. Clemons and I developed a framework for analyzing DEL screening data that both
normalizes barcode enrichment values and identifies SAR in a systematic, unbiased manner.
Previous uses of Poisson or negative binomial distribution statistics to model screening data
assumed an equal distribution of library members,49,63 but our method accounts for experimentally
determined low-abundance tags and compounds when calculating barcode enrichment. It also
enables the automation of unbiased SAR discovery as expressed by preferences in screening
experiments for either individual diversity elements or pairs of diversity elements. These
computational advances draw upon the Schreiber lab’s experience—especially that of Dr.
Clemons—in generating SAR rules for non-encoded DOS libraries,64 and extend them using a
Poisson-based barcode enrichment model suitable for a non-uniform input distribution including
(possibly) rare tags or barcodes. This strategy should be broadly applicable to all DEL screening
data in which the baseline distribution of barcodes (or a no-target control experiment) has also
been measured.
I acknowledge that these initial findings have not yet illuminated fully the consequences
of incorporating under-represented chemical features into DELs, but the synthesis and
characterization of DOS-DEL-1 are helpful first steps towards answering this important question
in the future. And, along the way, I developed several valuable tools and established key findings
that will benefit the entire DEL field.

2.9 Experimental methods: off-DNA chemistry
2.9.1 General methods
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All chemicals and solvents were purchased from AKSci, Alfa Aesar, AstaTech, CombiBlocks, Enamine, MilliporeSigma, Oakwood Chemical, or Strem. Chemicals were used without
further purification. Chemical reactions sensitive to oxygen and/or moisture were performed in
flame-dried glassware under an atmosphere of N2.
Reaction progress was monitored by analytical thin-layer chromatography (TLC),
analytical liquid chromatography-mass spectrometry (LC-MS), and 1H NMR spectroscopy. TLC
analyses were performed using E. Merck silica gel 60 F254 pre-coated plates (250 µm). A
handheld 254 nm UV lamp and potassium permanganate staining solution (with light heating)
were used for detection. LC-MS analysis was performed on a Waters 2795 separations module
connected to a 3100 single quadrupole mass detector; low-resolution mass spectrometry (LRMS)
data were also collected on this system.
Flash column chromatography was performed using a Teledyne ISCO CombiFlash Rf+
purification system with RediSep Rf Gold Normal-Phase Silica columns (average particle size:
20–40 µm; average pore size: 60 Å).
NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer using residual
non-deuterated solvent as an internal standard—CDCl3: 7.26 (1H), 77.16 (13C) ppm; (CD3)2SO:
2.50 (1H), 39.52 (13C) ppm; CD3OD: 3.31 (1H), 49.00 (13C) ppm; CD3CN: 1.94 (1H), 1.32 (13C) ppm;
C6D6: 128.06 (13C) ppm. Multiplicity abbreviations are as follows: s = singlet, br s = broad singlet,
d = doublet (dd = doublet of doublets, etc.), t = triplet, q = quartet, p = pentet, m = multiplet. NMR
data were collected at 300 K unless otherwise noted. All deuterated solvents were purchased
from Cambridge Isotope Laboratories. IR spectra were collected using a Nicolet IR100 FTIR from
Thermo Scientific. Optical rotations were measured on an Autopol IV automatic polarimeter from
Rudolph Research Analytical.
High-resolution mass spectrometry (HRMS) data were collected on an Agilent 6230 Timeof-Flight mass spectrometer connected to an Agilent 1290 UHPLC. The TOF was equipped with
a dual jetstream electrospray source operated in either positive or negative ion
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mode. Chromatographically, mobile phase A consisted of either 0.1% formic acid or 0.1%
ammonium hydroxide in water, while mobile phase B consisted of either 0.1% formic acid or 0.1%
ammonium hydroxide in acetonitrile. The gradient ran from 5% to 95% mobile phase B over 2 min
at 0.9 mL/min. A Waters Acquity BEH C18, 1.7 µm, 2.1 x 50 mm column was used with column
temperature maintained at 65 °C. Compounds were diluted in water/acetonitrile at a nominal
concentration of 5 µM, and 2 µL of this solution was injected. Masses were confirmed using the
“Find by Formula” feature in MassHunter Qualitative Analysis vB.07.00. All values are averages
of three independent measurements.
No unexpected or unusually high safety hazards were encountered.

2.9.2 Synthetic methods and characterization of intermediates and final compounds
Throughout this dissertation, synthetic intermediates that have not been assigned numeric
identifiers in the main text are numbered sequentially in the experimental methods sections as
S1, S2, and so on.

General Procedure A: TFA protection–directing group installation (from Maetani et al.)33
To a solution of the corresponding amino acid (1 equiv) in anhydrous DMF (0.4 M) was
added DIPEA (2 equiv) and ethyl trifluoroacetate (5 equiv), sequentially. The reaction mixture was
stirred at 40 °C for 18 hours under an atmosphere of N2 and then concentrated under reduced
pressure. The resulting crude oil was dissolved in DMF (0.25 M) and cooled to 0 °C in an ice bath.
Then, HATU (1 equiv), 8-aminoquinoline (1 equiv), and DIPEA (0.95 equiv) were added,
sequentially. The dark brown reaction mixture was stirred very gently at 0 °C for 2 hours, at which
point the mixture was diluted with EtOAc and washed once with brine and twice with H2O. The
organic phase was then dried over Na2SO4 and concentrated under reduced pressure and high
vacuum. The crude product was purified via flash column chromatography (ISCO, Silica, 0-60%
EtOAc in hexanes) to afford the desired bisamide.
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General Procedure B: C-H arylation–TFA deprotection (from Maetani et al.)33
To a round-bottom flask charged with the corresponding C-H arylation substrate (1 equiv)
was added AgOAc (2 equiv), dibenzyl phosphate (0.2 equiv), 1,4-diiodobenzene (3 equiv), and
Pd(OAc)2 (10 mol%). The reaction flask was then evacuated under high vacuum and back-filled
with N2 five times. Next, DCE (1 M) was added, the reaction flask was outfitted with a reflux
condenser, and the viscous reaction mixture was stirred at 110 °C. After 24 hours, the solvent
was removed under reduced pressure and the resulting crude oil was re-dissolved in 9:1
MeOH:H2O (0.1 M). K2CO3 (3 equiv) was added and the resulting brown suspension was stirred
at RT for 16 hours. The crude reaction mixture was concentrated under reduced pressure, diluted
with DCM, and filtered over a pad of celite. Filtrate was washed twice with brine and twice with
H2O. The aqueous washes were pooled and extracted 4 times with 3:1 CHCl3:iPrOH. The
combined organic phases were then dried over Na2SO4 and concentrated under reduced
pressure and high vacuum. The crude product was purified via flash column chromatography
(ISCO, Silica, 2-8% MeOH in DCM) to afford the desired amine.

General Procedure C: NHS esterification–amidation–NHS esterification
To a solution of the corresponding carboxylic acid (1 equiv) in DMF (0.4 M) was added Nhydroxysuccinimide (1.5 equiv) and EDC HCl (1.15 equiv). The reaction mixture was stirred at RT
for 12-24 hours, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. Phases
separated and the organic phase was washed twice with aqueous NH4Cl, dried over Na2SO4, and
concentrated under reduced pressure.
The crude NHS ester was dissolved in DMF (0.5 M) and treated with 6-aminohexanoic
acid (2 equiv). The resulting suspension was stirred at 40 °C for 3-24 hours, quenched with
saturated aqueous NH4Cl, and diluted with EtOAc. Phases separated and the organic phase was
washed twice with aqueous NH4Cl and twice with H2O, dried over Na2SO4, and concentrated
under reduced pressure.
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The crude carboxylic acid was dissolved in DMF (0.25 M) and treated with Nhydroxysuccinimide (1.8 equiv) and EDC HCl (1.5 equiv). The reaction mixture was stirred at RT
for 18-24 hours, quenched with saturated aqueous NH4Cl, and diluted with EtOAc. Phases
separated and the organic phase was washed once with aqueous NH4Cl, twice with H2O, and
once with brine, dried over Na2SO4, and concentrated under reduced pressure and high vacuum.
The crude product was purified via flash column chromatography (ISCO, Silica, 40-100% EtOAc
in hexanes) to afford the desired NHS ester.

General Procedure D: Suzuki coupling
To a 1 dram vial charged with the corresponding secondary amide (1 equiv) was added
1,4-dioxane (0.2 M), H2O (1 M), the corresponding boronic acid (1.8 equiv), and Cs2CO3 (1 equiv).
The reaction mixture was then sparged with N2 for 10 minutes, after which Pd(dppf)Cl2•DCM (0.1
equiv) was added and the resulting orange suspension was stirred vigorously at 90 °C for 1 hour.
The resulting black mixture was concentrated under reduced pressure, diluted with EtOAc,
washed twice with H2O and once with brine, dried over Na2SO4, and concentrated under reduced
pressure and high vacuum. The crude product was purified via flash column chromatography
(ISCO, Silica, 20-100% EtOAc in hexanes) to afford the desired biphenyl species.

General Procedure E: Suzuki coupling–Boc deprotection–reductive amination
To a 1 dram vial charged with the corresponding secondary amide (1 equiv) was added
1,4-dioxane (0.2 M), H2O (1 M), the corresponding boronic acid (1.8 equiv), and Cs2CO3 (1 equiv).
The reaction mixture was then sparged with N2 for 10 minutes, after which Pd(dppf)Cl2•DCM (0.1
equiv) was added and the resulting orange suspension was stirred vigorously at 90 °C for 1 hour.
The resulting black mixture was concentrated under reduced pressure, diluted with EtOAc,
washed twice with H2O and once with brine, dried over Na2SO4, and concentrated under reduced
pressure.
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The crude Suzuki product was dissolved in DCM (0.05 M) and MeOH (0.1 M) and treated
with a 4 M 1,4-dioxane solution of HCl (30 equiv). The resulting solution was stirred at RT for 1824 hours, after which the reaction mixture was concentrated under a stream of air (to remove
excess HCl) and concentrated under reduced pressure and high vacuum.
The crude amine was dissolved in MeOH (0.1 M) and treated with glacial acetic acid (20
equiv) and the corresponding aldehyde (4 equiv). The resulting slurry was stirred at RT for 10
minutes, after which NaCNBH3 (4 equiv) was added, causing significant bubbling. The reaction
mixture was stirred at RT for 15-60 minutes, quenched with saturated aqueous NaHCO3, and
partitioned between H2O and 3:1 CHCl3:iPrOH. The phases were separated, and the aqueous
phase was extracted twice more with 3:1 CHCl3:iPrOH. The organic extracts were pooled, dried
over Na2SO4, and concentrated under reduced pressure and high vacuum. The crude product
was purified via flash column chromatography (ISCO, Silica, 10-90% EtOAc in hexanes or 0-10%
MeOH in DCM) to afford the desired tertiary amine.

Compounds

(R)-N-(quinolin-8-yl)-1-(2,2,2-trifluoroacetyl)azetidine-2-carboxamide (62a)
General procedure A was followed using D-azetidine-2-carboxylic acid (1.21 g, 12 mmol)
to afford the title compound as an amorphous, foaming yellow solid (3.08 g, 80% yield).
Characterization data consistent with those reported in the literature. 1H NMR (400 MHz, CDCl3;
mixture of rotamers) δ 10.49 (s, 1H), 8.79 – 8.71 (m, 2H), 8.08 (dd, J = 8.2, 1.7 Hz, 1H), 7.48 (d,
J = 4.5 Hz, 2H), 7.38 (dd, J = 8.2, 4.2 Hz, 1H), 5.20 – 5.12 (m, 1H), 4.56 – 4.37 (m, 2H), 2.74 (q,
J = 7.7 Hz, 2H). 13C NMR (100 MHz, CDCl3; mixture of rotamers) δ 171.15, 167.28, 166.64, 157.36
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(q, J = 37.9 Hz), 148.62, 148.59, 138.58, 138.39, 136.43, 136.19, 133.85, 133.40, 127.90, 127.19,
127.05, 122.58, 122.45, 121.90, 121.77, 116.95, 116.06 (q, J = 288 Hz), 66.01, 63.11, 60.39,
50.85, 50.83, 48.05, 22.70, 21.04, 20.77, 14.19. LRMS (ESI+) m/z calculated for C15H12F3N3O2
[M+H]+ 324.10, found: 323.67.

(S)-N-(quinolin-8-yl)-1-(2,2,2-trifluoroacetyl)azetidine-2-carboxamide (ent-62a)
General procedure A was followed using L-azetidine-2-carboxylic acid (1.21 g, 12 mmol)
to afford the title compound as an amorphous, foaming yellow solid (2.99 g, 77% yield).
Characterization data consistent with those reported in the literature.

(R)-N-(quinolin-8-yl)-1-(2,2,2-trifluoroacetyl)pyrrolidine-2-carboxamide (62b)
General procedure A was followed using D-proline (1.38 g, 12 mmol) to afford the title
compound as an amorphous, foaming yellow solid (2.89 g, 72% yield). 1H NMR (400 MHz, CDCl3;
mixture of rotamers) δ 10.21 (s, 1H), 8.71 (dd, J = 4.3, 1.7 Hz, 1H), 8.65 (dd, J = 5.4, 3.6 Hz, 1H),
8.04 (dd, J = 8.2, 1.7 Hz, 1H), 7.48 – 7.40 (m, 2H), 7.39 – 7.32 (m, 1H), 4.80 (dd, J = 7.5, 4.1 Hz,
1H), 4.00 – 3.88 (m, 1H), 3.82 – 3.71 (m, 1H), 2.41 – 2.16 (m, 3H), 2.07 – 1.97 (m, 1H). 13C NMR
(100 MHz, CDCl3; mixture of rotamers) δ 168.79, 168.25, 156.23 (q, J = 37.5 Hz), 148.57, 148.34,
138.33, 138.30, 136.32, 136.16, 133.81, 133.44, 127.83, 127.78, 127.04, 127.00, 122.30, 122.03,
121.81, 121.67, 116.50, 115.26 (q, J = 287 Hz), 62.66, 61.82, 48.41, 47.49 (q, J = 3.4 Hz), 32.42,
28.84, 25.00, 21.26.
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F NMR (376 MHz, CDCl3; mixture of rotamers) δ -71.32, -72.44. [α]23D =
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+55.2 (c = 1.0, CHCl3). LRMS (ESI+) m/z calculated for C16H14F3N3O2 [M+H]+ 338.11, found:
337.83.

(S)-N-(quinolin-8-yl)-1-(2,2,2-trifluoroacetyl)pyrrolidine-2-carboxamide (ent-62b)
General procedure A was followed using L-proline (690 mg, 6 mmol) to afford the title
compound as an amorphous, foaming yellow solid (1.45 g, 72% yield). Characterization data
consistent with those reported in the literature.

(2R,3S)-3-(4-iodophenyl)-N-(quinolin-8-yl)azetidine-2-carboxamide (63a)
General procedure B was followed using bisamide 62a (2.64 g, 8.17 mmol) to afford the
title compound as an amorphous, foaming white solid (1.86 g, 53% yield). Characterization data
consistent with those reported in the literature. 1H NMR (400 MHz, CDCl3) δ 11.26 (s, 1H), 8.90
(dd, J = 4.2, 1.7 Hz, 1H), 8.47 (dd, J = 7.5, 1.5 Hz, 1H), 8.15 (dd, J = 8.3, 1.7 Hz, 1H), 7.52 – 7.33
(m, 5H), 7.23 (d, J = 8.4 Hz, 2H), 4.94 (d, J = 9.4 Hz, 1H), 4.29 (t, J = 8.3 Hz, 1H), 4.16 (td, J =
9.0, 4.2 Hz, 1H), 3.68 (dd, J = 8.0, 4.3 Hz, 1H), 2.17 (br s, 1H).
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C NMR (100 MHz, CDCl3) δ

169.46, 148.68, 139.12, 138.73, 137.40, 136.33, 133.71, 130.15, 128.16, 127.33, 122.04, 121.60,
116.67, 92.75, 64.68, 49.87, 42.86. LRMS (ESI+) m/z calculated for C19H16IN3O [M+H]+ 430.04,
found: 430.09.
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(2S,3R)-3-(4-iodophenyl)-N-(quinolin-8-yl)azetidine-2-carboxamide (ent-63a)
General procedure B was followed using bisamide ent-62a (2.02 g, 6.24 mmol) to afford
the title compound as an amorphous, foaming white solid (1.21 g, 45% yield). Characterization
data consistent with those reported in the literature.

(2R,3R)-3-(4-iodophenyl)-N-(quinolin-8-yl)pyrrolidine-2-carboxamide (63b)
General procedure B was followed using bisamide 62b (2.89 g, 8.56 mmol) to afford the
title compound as an amorphous, foaming light yellow solid (2.43 g, 64% yield). 1H NMR (400
MHz, CDCl3) δ 10.89 (s, 1H), 8.83 (dd, J = 4.2, 1.7 Hz, 1H), 8.44 (dd, J = 7.0, 2.0 Hz, 1H), 8.12
(dd, J = 8.3, 1.7 Hz, 1H), 7.48 – 7.40 (m, 3H), 7.36 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 8.4 Hz, 2H),
4.23 (d, J = 8.7 Hz, 1H), 3.70 (q, J = 7.8 Hz, 1H), 3.57 (ddd, J = 9.7, 7.4, 4.2 Hz, 1H), 3.29 – 3.21
(m, 1H), 2.41 – 2.24 (m, 2H), 2.17 – 2.07 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 170.95, 148.50,
140.54, 138.98, 137.16, 136.23, 133.96, 130.37, 128.06, 127.29, 121.74, 121.53, 116.58, 92.13,
67.06, 48.38, 46.31, 32.61. [α]29D = -125.7 (c = 1.0, CHCl3). IR (thin film) νmax 3290, 2939, 1680,
1519, 1485, 1425, 1385, 1324, 1005, 825, 791, 756. HRMS (ESI+) m/z calculated for C20H18IN3O
[M+H]+ 444.0568, found: 444.0586.
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(2S,3S)-3-(4-iodophenyl)-N-(quinolin-8-yl)pyrrolidine-2-carboxamide (ent-63b)
General procedure B was followed using bisamide ent-62b (1.45 g, 4.29 mmol) to afford
the title compound as an amorphous, foaming bright yellow solid (1.35 g, 71% yield). [α]23D =
+124.4 (c = 1.0, CHCl3).

(2R,3S)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)azetidine-2-carboxylic acid (64a)
To a round-bottom flask outfitted with a reflux condenser and charged with free azetidine
63a (322 mg, 0.750 mmol) was added THF (1 mL), acetonitrile (3.75 mL), and Boc anhydride
(491 mg, 3 equiv). The reaction mixture was stirred at 50 °C for 20 minutes, at which point DMAP
(9.2 mg, 10 mol%) was added and the resulting bright orange solution was stirred for an additional
3 hours at 50 °C. The reaction mixture was then concentrated under reduced pressure. The
resulting crude oil was then dissolved in a 2:1 mixture of THF:H2O (7.5 mL) and cooled to 0 °C in
an ice bath. A 30% aqueous solution of H2O2 (0.765 mL, 10 equiv) and solid LiOH (143 mg, 8
equiv) were then added, and the reaction mixture was allowed to warm to RT. After 1 hour, it was
warmed further to 50 °C and stirred for 24 hours. Once the reaction had gone to completion, it
was diluted with EtOAc and quenched with saturated aqueous Na2SO3 and stirred for 10 minutes.
The phases were separated, and the organic phase was washed with saturated aqueous
NaHCO3. The aqueous phases were pooled, acidified with concentrated HCl, and extracted
exhaustively with 3:1 CHCl3:iPrOH. All the organic extracts were then pooled, dried over Na2SO4,
and concentrated under reduced pressure and high vacuum. The crude product was purified via
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flash column chromatography (ISCO, Silica, 0-10% MeOH in DCM) to afford the title compound
as an amorphous, foaming white solid (201 mg, 67% yield). 1H NMR (400 MHz, (CD3)2SO, 353
K) δ 12.15 (br s, 1H), 7.67 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 4.81 (d, J = 8.5 Hz, 1H),
4.21 – 4.05 (m, 3H), 1.40 (s, 9H). 13C NMR (100 MHz, (CD3)2SO, 353 K) δ 168.97, 154.58, 136.65,
136.44, 129.99, 92.36, 78.64, 65.71, 51.63, 35.44, 27.65. [α]23D = -22.0 (c = 0.5, CHCl3). IR (thin
film) νmax 2979, 2929, 1729, 1631, 1478, 1450, 1368, 1262, 1154, 1006, 861, 814, 773. HRMS
(ESI-) m/z calculated for C15H18INO4 [M-H]- 402.0208, found: 402.0193.

(2S,3R)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)azetidine-2-carboxylic acid (ent-64a)
The procedure described above for the synthesis of carboxylic acid 64a was followed
using free azetidine ent-63a (245 mg, 0.571 mmol) to afford the title compound as an amorphous,
foaming white solid (139 mg, 61% yield). [α]23D = +23.5 (c = 0.5, CHCl3).

(2S,3S)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)azetidine-2-carboxylic acid (64b)
To a round-bottom flask outfitted with a reflux condenser and charged with free azetidine
63a (1.22 g, 2.84 mmol) was added THF (4 mL), acetonitrile (5.7 mL), and Boc anhydride (742
mg, 1.2 equiv). The reaction mixture was stirred at 50 °C for 30 minutes and then concentrated
under reduced pressure. The resulting crude oil was then dissolved in EtOH (14.1 mL) and treated
with solid NaOH (1.12 g, 10 equiv). The reaction mixture was then stirred vigorously at 110 °C for
15 minutes, at which point it was allowed to cool to RT, diluted with H2O, acidified to pH = 1-2 with
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concentrated HCl, and extracted exhaustively with 3:1 CHCl3:iPrOH. The organic extracts were
then pooled, dried over Na2SO4, and concentrated under reduced pressure and high vacuum.
The crude product was purified via flash column chromatography (ISCO, Silica, 0-5% MeOH in
DCM) to afford the title compound as an amorphous, foaming white solid (715 mg, 63% yield). 1H
NMR (400 MHz, (CD3)2SO, 353 K) δ 12.61 (s, 1H), 7.73 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.3 Hz,
2H), 4.41 (d, J = 5.7 Hz, 1H), 4.25 (t, J = 8.3 Hz, 1H), 3.80 (dd, J = 8.3, 5.7 Hz, 1H), 3.68 (dt, J =
8.3, 5.7 Hz, 1H), 1.40 (s, 9H).
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C NMR (100 MHz, (CD3)2SO, 353 K) δ 170.70, 154.53, 139.83,

137.06, 128.75, 92.22, 78.88, 66.89, 53.34, 37.11, 27.63. [α]23D = -50.4 (c = 0.5, CHCl3). IR (thin
film) νmax 2976, 1749, 1707, 1655, 1426, 1394, 1368, 1167, 1143, 1006, 814. HRMS (ESI-) m/z
calculated for C15H18INO4 [M-H]- 402.0208, found: 402.0218.

(2R,3R)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)azetidine-2-carboxylic acid (ent-64b)
The procedure described above for the synthesis of carboxylic acid 64b was followed
using free azetidine ent-63a (1.46 g, 3.40 mmol) to afford the title compound as an amorphous,
foaming white solid (1.01 g, 74% yield). [α]23D = +54.7 (c = 0.5, CHCl3).

(2R,3R)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)pyrrolidine-2-carboxylic acid (64c)
To a round-bottom flask outfitted with a reflux condenser and charged with free pyrrolidine
63b (1.14 g, 2.54 mmol) was added THF (6 mL), acetonitrile (12.7 mL), and Boc anhydride (2.2
g, 4 equiv). The reaction mixture was stirred at 50 °C for 30 minutes, at which point DMAP (77.5
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mg, 25 mol%) and additional Boc anhydride (4.4 g, 8 equiv) was added, and the resulting bright
orange-red solution was stirred for an additional 10 hours at 50 °C. The reaction mixture was then
concentrated under reduced pressure. The resulting crude oil was dissolved in a 1:1 mixture of
THF:EtOH (12.6 mL) and cooled to 0 °C in an ice bath. Solid LiOH (241 mg, 4 equiv) was then
added and the reaction mixture was stirred at 0 °C for 8 hours. The reaction was quenched with
1 M HCl and partitioned between H2O and 3:1 CHCl3:iPrOH. The phases were separated, and
the aqueous phase was extracted twice more with 3:1 CHCl3:iPrOH. The organic extracts were
pooled, dried over Na2SO4, and concentrated under reduced pressure and high vacuum. The
crude product was purified via flash column chromatography (ISCO, Silica, 0-5% MeOH in DCM)
to afford the title compound as an amorphous, foaming light yellow solid (795 mg, 75% yield). 1H
NMR (400 MHz, (CD3)2SO, 373 K) δ 11.71 (br s, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.3
Hz, 2H), 4.39 (d, J = 8.5 Hz, 1H), 3.74 – 3.64 (m, 2H), 3.44 – 3.35 (m, 1H), 2.43 – 2.30 (m, 1H),
2.14 – 2.03 (m, 1H), 1.40 (s, 9H).

13

C NMR (100 MHz, (CD3)2SO, 300 K; mixture of rotamers) δ

172.17, 171.97, 168.67, 153.37, 152.95, 137.15, 137.11, 136.76, 130.46, 93.02, 93.00, 78.89,
78.86, 63.38, 63.16, 49.78, 46.13, 45.71, 45.44, 45.24, 28.52, 28.09, 27.92, 27.63, 26.78, 23.63.
[α]23D = -69.9 (c = 1.0, CHCl3). IR (thin film) νmax 2975, 2929, 1694, 1483, 1394, 1367, 1169, 1135,
1006, 756. HRMS (ESI-) m/z calculated for C16H20INO4 [M-H]- 416.0364, found: 416.0374.

(2S,3S)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)pyrrolidine-2-carboxylic acid (ent-64c)
The procedure described above for the synthesis of carboxylic acid 64c was followed
using free pyrrolidine ent-63b (645 mg, 1.45 mmol) to afford the title compound as an amorphous,
foaming white solid (417 mg, 70% yield). [α]22D = +72.8 (c = 1.0, CHCl3).
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(2S,3R)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)pyrrolidine-2-carboxylic acid (64d)
To a round-bottom flask outfitted with a reflux condenser and charged with free pyrrolidine
63b (698 mg, 1.58 mmol) was added THF (5 mL), acetonitrile (7.84 mL), and Boc anhydride (512
mg, 1.5 equiv). The reaction mixture was stirred at 50 °C for 1 hour and then concentrated under
reduced pressure. The resulting crude solid was dissolved in a mixture of THF (3 mL), EtOH (20
mL), and H2O (3 mL) and then treated with solid NaOH (623 mg, 10 equiv). The reaction mixture
was stirred at 85 °C for 24 hours, at which point 10 additional equivalents of solid NaOH were
added. After an additional 24 hours at 85 °C, the reaction was allowed to cool to RT, quenched
with 1 M HCl and partially concentrated under reduced pressure. The resulting brown liquid was
partitioned between 1 M HCl and 3:1 CHCl3:iPrOH. The phases were separated, and the aqueous
phase was extracted twice more with 3:1 CHCl3:iPrOH. The organic extracts were pooled and
concentrated under reduced pressure. The crude oil was then dissolved in EtOAc, washed three
times with 1 M HCl, dried over Na2SO4, and concentrated under reduced pressure and high
vacuum. The crude product was purified via flash column chromatography (ISCO, Silica, 0-5%
MeOH in DCM) to afford the title compound as an amorphous, foaming light yellow solid (439 mg,
67% yield). 1H NMR (400 MHz, (CD3)2SO, 353 K) δ 12.39 (br s, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.12
(d, J = 8.0 Hz, 2H), 4.06 (d, J = 6.5 Hz, 1H), 3.63 – 3.54 (m, 1H), 3.47 – 3.35 (m, 2H), 2.29 – 2.19
(m, 1H), 2.02 – 1.90 (m, 1H), 1.40 (s, 9H).

13

C NMR (100 MHz, (CD3)2SO, 300 K; mixture of

rotamers) δ 173.45, 172.93, 153.33, 152.85, 140.97, 140.65, 137.28, 129.69, 129.56, 92.79,
92.75, 79.08, 79.02, 65.41, 65.10, 48.85, 47.77, 46.01, 45.89, 32.51, 31.95, 28.11, 27.89. [α]28D
= +33.9 (c = 1.0, CHCl3). IR (thin film) νmax 2976, 1745, 1698, 1487, 1395, 1367, 1242, 1163,
1129, 1006, 757. HRMS (ESI-) m/z calculated for C16H20INO4 [M-H]- 416.0364, found: 416.0379.
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(2R,3S)-1-(tert-butoxycarbonyl)-3-(4-iodophenyl)pyrrolidine-2-carboxylic acid (ent-64d)
The procedure described above for the synthesis of carboxylic acid 64d was followed
using free pyrrolidine ent-63b (1.11 g, 2.48 mmol) to afford the title compound as an amorphous,
foaming white solid (652 mg, 54% yield). [α]23D = -38.8 (c = 1.0, CHCl3).

tert-butyl (2R,3S)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)azetidine-1-carboxylate (65a)
General procedure C was followed using carboxylic acid 64a (697 mg, 1.72 mmol) to afford
the title compound as an amorphous, foaming white solid (591 mg, 56% yield over three steps).
1

H NMR (400 MHz, (CD3)2SO, 353 K) δ 7.61 (d, J = 8.1 Hz, 2H), 7.51 (t, J = 5.9 Hz, 1H), 7.08 (d,

J = 8.1 Hz, 2H), 4.73 (d, J = 8.4 Hz, 1H), 4.12 – 3.99 (m, 3H), 2.93 – 2.83 (m, 1H), 2.81 (s, 4H),
2.80 – 2.72 (m, 1H), 2.56 (t, J = 7.3 Hz, 2H), 1.56 (p, J = 7.2 Hz, 2H), 1.38 (s, 9H), 1.19 – 1.07
(m, 4H). 13C NMR (100 MHz, (CD3)2SO, 353 K) δ 169.67, 168.36, 166.90, 155.40, 137.01, 136.29,
130.34, 92.06, 78.85, 66.95, 51.84, 37.70, 36.06, 30.05, 28.01, 27.83, 25.21, 25.04, 23.63. [α]23D
= -13.4 (c = 1.0, CHCl3). IR (thin film) νmax 3324, 2937, 1813, 1783, 1737, 1703, 1668, 1537, 1367,
1206, 1145, 1067, 755. HRMS (ESI+) m/z calculated for C25H32IN3O7 [M+H]+ 614.1358, found:
614.1360.
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tert-butyl (2S,3R)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)azetidine-1-carboxylate (ent-65a)
General procedure C was followed using carboxylic acid ent-64a (114 mg, 0.283 mmol)
to afford the title compound as an amorphous, foaming white solid (85 mg, 49% yield over three
steps). [α]23D = +14.8 (c = 1.0, CHCl3).

tert-butyl (2S,3S)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)azetidine-1-carboxylate (65b)
General procedure C was followed using carboxylic acid 64b (190 mg, 0.471 mmol) to
afford the title compound as an amorphous, foaming white solid (185 mg, 64% yield over three
steps). 1H NMR (400 MHz, (CD3)2SO, 353 K) δ 7.79 (t, J = 5.8 Hz, 1H), 7.72 (d, J = 8.0 Hz, 2H),
7.17 (d, J = 8.0 Hz, 2H), 4.41 (d, J = 5.8 Hz, 1H), 4.20 (t, J = 8.3 Hz, 1H), 3.79 (t, J = 7.1 Hz, 1H),
3.60 (dt, J = 8.3, 6.1 Hz, 1H), 3.23 – 3.10 (m, 2H), 2.81 (s, 4H), 2.63 (t, J = 7.3 Hz, 2H), 1.68 (p,
J = 7.3 Hz, 2H), 1.56 – 1.46 (m, 2H), 1.46 – 1.36 (m, 11H).

13

C NMR (100 MHz, (CD3)2SO, 353

K) δ 169.46, 168.95, 168.25, 155.23, 140.22, 136.94, 128.86, 91.93, 78.97, 68.57, 53.18, 37.88,
37.34, 29.88, 28.04, 27.66, 25.08, 24.98, 23.50. [α]23D = -19.8 (c = 1.0, CHCl3). IR (thin film) νmax
3313, 2934, 1813, 1784, 1738, 1702, 1677, 1536, 1367, 1206, 1136, 1067. HRMS (ESI+) m/z
calculated for C25H32IN3O7 [M+H]+ 614.1358, found: 614.1366.
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tert-butyl (2R,3R)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)azetidine-1-carboxylate (ent-65b)
General procedure C was followed using carboxylic acid ent-64b (62 mg, 0.154 mmol)
to afford the title compound as an amorphous, foaming white solid (59 mg, 63% yield over three
steps). [α]23D = +22.7 (c = 1.0, CHCl3).

tert-butyl (2R,3R)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)pyrrolidine-1-carboxylate (65c)
General procedure C was followed using carboxylic acid 64c (448 mg, 1.07 mmol) to afford
the title compound as an amorphous, foaming light yellow solid (386 mg, 57% yield over three
steps). 1H NMR (400 MHz, (CD3)2SO, 353 K) δ 7.62 (d, J = 8.1 Hz, 2H), 7.25 (t, J = 5.7 Hz, 1H),
7.06 (d, J = 8.1 Hz, 2H), 4.30 (d, J = 8.3 Hz, 1H), 3.66 (t, J = 9.4 Hz, 1H), 3.62 – 3.52 (m, 1H),
3.39 – 3.29 (m, 1H), 2.87 – 2.78 (m, 5H), 2.73 – 2.64 (m, 1H), 2.57 (t, J = 7.4 Hz, 2H), 2.48 – 2.40
(m, 1H), 1.99 (dt, J = 12.3, 6.4 Hz, 1H), 1.56 (p, J = 7.3 Hz, 2H), 1.38 (s, 9H), 1.16 – 0.99 (m, 4H).
13

C NMR (100 MHz, (CD3)2SO, 353 K) δ 169.44, 169.06, 168.16, 152.86, 137.39, 136.13, 130.30,

91.70, 78.12, 63.46, 46.12, 45.37, 37.53, 29.92, 27.78, 27.75, 27.11, 25.07, 24.94, 23.52. [α]23D
= -40.3 (c = 1.0, CHCl3). IR (thin film) νmax 3326, 2941, 1814, 1784, 1739, 1686, 1664, 1548, 1394,
1206, 1132, 1066, 755. HRMS (ESI+) m/z calculated for C26H34IN3O7 [M+H]+ 628.1514, found:
628.1529.
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tert-butyl (2S,3S)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)pyrrolidine-1-carboxylate (ent-65c)
General procedure C was followed using carboxylic acid ent-64c (524 mg, 1.25 mmol) to
afford the title compound as an amorphous, foaming light yellow solid (392 mg, 50% yield over
three steps). [α]28D = +40.2 (c = 1.0, CHCl3).

tert-butyl (2S,3R)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)pyrrolidine-1-carboxylate (65d)
General procedure C was followed using carboxylic acid 64d (368 mg, 0.882 mmol) to
afford the title compound as an amorphous, foaming light yellow solid (232 mg, 42% yield over
three steps). 1H NMR (400 MHz, (CD3)2SO, 353 K) δ 7.67 (d, J = 8.1 Hz, 2H), 7.58 (t, J = 5.8 Hz,
1H), 7.07 (d, J = 8.0 Hz, 2H), 4.02 (d, J = 5.8 Hz, 1H), 3.58 – 3.42 (m, 2H), 3.32 (q, J = 6.8 Hz,
1H), 3.18 – 3.08 (m, 1H), 3.04 – 2.95 (m, 1H), 2.82 (s, 4H), 2.60 (t, J = 7.3 Hz, 2H), 2.27 – 2.17
(m, 1H), 1.96 – 1.85 (m, 1H), 1.64 (p, J = 7.4 Hz, 2H), 1.44 – 1.31 (m, 13H). 13C NMR (100 MHz,
(CD3)2SO, 353 K) δ 170.62, 169.45, 168.23, 152.96, 141.35, 136.79, 129.12, 91.54, 78.42, 66.02,
48.39, 45.63, 37.89, 31.02, 29.90, 28.03, 27.73, 25.07, 24.95, 23.50. [α]23D = +14.3 (c = 1.0,
CHCl3). IR (thin film) νmax 3324, 2938, 1813, 1784, 1738, 1691, 1670, 1537, 1392, 1366, 1207,
1163, 1068. HRMS (ESI+) m/z calculated for C26H34IN3O7 [M+H]+ 628.1514, found: 628.1533.
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tert-butyl (2R,3S)-2-((6-((2,5-dioxopyrrolidin-1-yl)oxy)-6-oxohexyl)carbamoyl)-3-(4iodophenyl)pyrrolidine-1-carboxylate (ent-65d)
General procedure C was followed using carboxylic acid ent-64d (499 mg, 1.19 mmol) to
afford the title compound as an amorphous, foaming light yellow solid (299 mg, 40% yield over
three steps). [α]28D = -15.9 (c = 1.0, CHCl3).

tert-butyl (2S,3S)-3-(4-iodophenyl)-2-(methylcarbamoyl)azetidine-1-carboxylate (72)
The procedure described below for the synthesis of secondary amide ent-72 was followed
using carboxylic acid 64b (536 mg, 1.32 mmol) to afford the title compound as an amorphous,
foaming white solid (449 mg, 82% yield). [α]21D = +44.8 (c = 1.0, CHCl3).

tert-butyl (2R,3R)-3-(4-iodophenyl)-2-(methylcarbamoyl)azetidine-1-carboxylate (ent-72)
To a round-bottom flask charged with carboxylic acid ent-64b (383 mg, 0.950 mmol) was
added anhydrous DMF (3.16 mL), HOAt (193 mg, 1.5 equiv), and EDC HCl (272 mg, 1.5 equiv).
The reaction mixture was stirred at RT for 2 hours under an atmosphere of N2, after which a 2 M
MeOH solution of methylamine (0.945 mL, 2 equiv) was added via syringe. The resulting bright
yellow reaction mixture was stirred for an additional 45 minutes and then concentrated under
reduced pressure. The yellow liquid was diluted with EtOAc, washed once with 1 M HCl, twice
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with H2O, and once with saturated aqueous NaHCO3, dried over Na2SO4, and concentrated under
reduced pressure and high vacuum. The crude product was purified via flash column
chromatography (ISCO, Silica, 25-60% EtOAc in hexanes) to afford the title compound as a
foaming, amorphous white solid (348 mg, 88% yield). 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J =
8.3 Hz, 2H), 7.11 (d, J = 8.3 Hz, 2H), 4.57 (d, J = 6.6 Hz, 1H), 4.16 (t, J = 8.3 Hz, 1H), 4.00 (t, J
= 7.7 Hz, 1H), 3.97 – 3.89 (m, 1H), 2.90 (d, J = 4.9 Hz, 3H), 1.50 (s, 9H).

13

C NMR (100 MHz,

C6D6, 333 K) δ 170.66, 157.82, 140.46, 138.02, 129.21, 92.41, 80.75, 69.61, 53.12, 37.46, 28.38,
25.71. [α]21D = -44.7 (c = 1.0, CHCl3). IR (thin film) νmax 3309, 2975, 1682, 1549, 1487, 1410, 1392,
1367, 1256, 1136, 1006, 815, 755. HRMS (ESI+) m/z calculated for C16H21IN2O3 [M+Na]+
439.0489, found: 439.0499.

(2R,3R)-1-(3-ethynylbenzyl)-N-methyl-3-(4'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine-2carboxamide (66a)
General procedure E was followed using secondary amide ent-72 (14 mg, 0.034 mmol),
4-sulfamoylbenzeneboronic acid, and 3-ethynylbenzaldehyde to afford the title compound as a
white residue (9 mg, 58% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 7.96 (d, J = 8.5
Hz, 2H), 7.77 (d, J = 8.5 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 7.53 (s, 1H), 7.46 – 7.36 (m, 4H), 7.34
– 7.30 (m, 1H), 3.82 – 3.61 (m, 5H), 3.49 (s, 1H), 3.35 (s, 2H), 3.19 (dd, J = 8.7, 6.7 Hz, 1H), 2.69
(s, 3H). 13C NMR (100 MHz, CD3OD) δ 174.94, 145.76, 143.68, 141.96, 139.34, 138.84, 133.73,
132.10, 130.77, 129.57, 129.03, 128.35, 128.30, 127.75, 123.90, 84.33, 78.76, 74.39, 62.56,
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58.45, 42.64, 25.94. [α]22D = -30.3 (c = 0.5, CHCl3). IR (thin film) νmax 3288, 3067, 2937, 1655,
1541, 1332, 1161, 1099, 908, 817, 754. HRMS (ESI+) m/z calculated for C26H25N3O3S [M+H]+
460.1690, found: 460.1711.

(2S,3S)-1-(3-ethynylbenzyl)-N-methyl-3-(4'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine-2carboxamide (66b)
General procedure E was followed using secondary amide 72 (10 mg, 0.025 mmol), 4sulfamoylbenzeneboronic acid, and 3-ethynylbenzaldehyde to afford the title compound as a
white residue (6 mg, 52% yield over three steps). [α]22D = +31.7 (c = 0.5, CHCl3).

(2R,3R)-1-((8-hydroxyquinolin-5-yl)methyl)-N-methyl-3-(4'-sulfamoyl-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (67a)
General procedure E was followed using secondary amide ent-72 (22 mg, 0.053 mmol),
4-sulfamoylbenzeneboronic acid, and 8-hydroxyquinoline-5-carbaldehyde to afford the title
compound as a foaming, amorphous light yellow solid (11 mg, 41% yield over three steps). 1H
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NMR (400 MHz, CDCl3) δ 8.84 (dd, J = 4.2, 1.5 Hz, 1H), 8.49 (dd, J = 8.5, 1.5 Hz, 1H), 7.93 (d, J
= 8.4 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.57 (dd, J = 8.5, 4.2 Hz, 1H), 7.51 (d, J = 8.2 Hz, 2H),
7.45 – 7.39 (m, 3H), 7.11 (d, J = 7.7 Hz, 1H), 6.73 – 6.67 (m, 1H), 5.15 (br s, 2H), 4.20 (d, J =
12.9 Hz, 1H), 3.96 – 3.86 (m, 3H), 3.65 (q, J = 8.3 Hz, 1H), 3.31 (dd, J = 8.9, 6.8 Hz, 1H), 2.42
(d, J = 5.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 172.58, 152.35, 147.86, 145.25, 141.02, 140.90,
138.87, 137.98, 132.56, 129.17, 127.91, 127.67, 127.56, 127.16, 127.10, 123.18, 122.10, 109.40,
73.27, 59.44, 57.67, 41.10, 25.41. [α]21D = -84.2 (c = 0.5, (CH3)2CO). IR (thin film) νmax 3354, 2929,
2853, 1653, 1505, 1475, 1333, 1161, 1099, 819, 628. HRMS (ESI+) m/z calculated for
C27H26N4O4S [M+H]+ 503.1748, found: 503.1761.

(2S,3S)-1-((8-hydroxyquinolin-5-yl)methyl)-N-methyl-3-(4'-sulfamoyl-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (67b)
General procedure E was followed using secondary amide 72 (12 mg, 0.029 mmol), 4sulfamoylbenzeneboronic acid, and 8-hydroxyquinoline-5-carbaldehyde to afford the title
compound as a foaming, amorphous light yellow solid (5 mg, 34% yield over three steps). [α]21D
= +87.8 (c = 0.5, (CH3)2CO).
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(2R,3R)-1-((1H-pyrrol-3-yl)methyl)-N-methyl-3-(4'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine2-carboxamide (68a)
General procedure E was followed using secondary amide ent-72 (15 mg, 0.036 mmol),
4-sulfamoylbenzeneboronic acid, and 1H-pyrrole-3-carbaldehyde to afford the title compound as
a foaming, amorphous light yellow solid (7 mg, 46% yield over three steps). 1H NMR (400 MHz,
CD3OD) δ 7.96 (d, J = 8.5 Hz, 2H), 7.77 (d, J = 8.5 Hz, 2H), 7.63 (d, J = 8.2 Hz, 2H), 7.38 (d, J =
8.2 Hz, 2H), 6.76 – 6.72 (m, 2H), 6.13 (dd, J = 2.6, 1.7 Hz, 1H), 3.84 – 3.73 (m, 3H), 3.67 – 3.59
(m, 2H), 3.37 – 3.33 (m, 1H), 2.66 (s, 3H). 13C NMR (100 MHz, CD3OD) δ 174.74, 145.77, 143.70,
141.94, 139.40, 129.13, 128.34, 128.30, 127.75, 119.39, 118.83, 109.70, 101.39, 73.17, 57.35,
54.60, 42.06, 25.95. [α]20D = -49.9 (c = 0.5, (CH3)2CO). IR (thin film) νmax 3352, 2928, 1650, 1544,
1330, 1161, 1099, 817, 606. HRMS (ESI+) m/z calculated for C22H24N4O3S [M+H]+ 425.1642,
found: 425.1661.
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(2S,3S)-1-((1H-pyrrol-3-yl)methyl)-N-methyl-3-(4'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine2-carboxamide (68b)
General procedure E was followed using secondary amide 72 (25 mg, 0.060 mmol), 4sulfamoylbenzeneboronic acid, and 1H-pyrrole-3-carbaldehyde to afford the title compound as a
foaming, amorphous light yellow solid (16 mg, 63% yield over three steps). [α]20D = +49.2 (c = 0.5,
(CH3)2CO).

tert-butyl (2R,3R)-2-(methylcarbamoyl)-3-(4'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine-1carboxylate (69a)
General procedure D was followed using secondary amide ent-72 (23 mg, 0.055 mmol)
and 4-sulfamoylbenzeneboronic acid to afford the title compound as a foaming, amorphous
colorless solid (20 mg, 81% yield). 1H NMR (400 MHz, CD3CN) δ 7.93 (d, J = 8.5 Hz, 2H), 7.81
(d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H), 7.00 (br s, 1H), 5.71 (s, 2H),
4.49 (d, J = 6.6 Hz, 1H), 4.17 (t, J = 8.4 Hz, 1H), 3.97 (t, J = 7.5 Hz, 1H), 3.78 (q, J = 7.5 Hz, 1H),
2.77 (d, J = 4.8 Hz, 3H), 1.45 (s, 9H).

13

C NMR (100 MHz, CD3CN, 333 K) δ 172.08, 158.18,

145.56, 143.48, 142.37, 139.28, 128.94, 128.69, 128.60, 127.84, 81.38, 70.66, 54.80, 39.67,
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28.75, 26.24. [α]21D = +37.5 (c = 0.5, CHCl3). IR (thin film) νmax 3302, 3199, 2098, 2975, 1675,
1653, 1563, 1438, 1333, 1157, 820. HRMS (ESI+) m/z calculated for C22H27N3O5S [M+Na]+
468.1563, found: 468.1570.

tert-butyl (2S,3S)-2-(methylcarbamoyl)-3-(4'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine-1carboxylate (69b)
General procedure D was followed using secondary amide 72 (14 mg, 0.034 mmol) and
4-sulfamoylbenzeneboronic acid to afford the title compound as a foaming, amorphous colorless
solid (13 mg, 87% yield). [α]21D = -39.3 (c = 0.5, CHCl3).

tert-butyl (2R,3R)-2-(methylcarbamoyl)-3-(3'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine-1carboxylate (70a)
General procedure D was followed using secondary amide ent-72 (14 mg, 0.034 mmol)
and 3-sulfamoylbenzeneboronic acid to afford the title compound as a foaming, amorphous
colorless solid (10 mg, 67% yield). 1H NMR (400 MHz, CD3CN) δ 8.11 (t, J = 1.9 Hz, 1H), 7.86 (t,
J = 8.8 Hz, 2H), 7.69 (d, J = 8.2 Hz, 2H), 7.64 (t, J = 7.8 Hz, 1H), 7.48 (d, J = 8.2 Hz, 2H), 7.01
(s, 1H), 5.72 (s, 2H), 4.49 (d, J = 6.6 Hz, 1H), 4.17 (t, J = 8.4 Hz, 1H), 3.96 (t, J = 7.5 Hz, 1H),

101

3.77 (q, J = 7.5 Hz, 1H), 2.76 (d, J = 4.8 Hz, 3H), 1.45 (s, 9H). 13C NMR (100 MHz, CD3CN, 333
K) δ 172.08, 158.17, 145.38, 142.68, 142.13, 139.34, 131.77, 130.86, 128.97, 128.50, 125.96,
125.45, 81.38, 70.67, 54.80, 39.65, 28.75, 26.24. [α]21D = +28.6 (c = 0.5, CHCl3). IR (thin film) νmax
3309, 3091, 2977, 1665, 1552, 1474, 1410, 1394, 1338, 1160, 754, 592. HRMS (ESI+) m/z
calculated for C22H27N3O5S [M+Na]+ 468.1563, found: 468.1571.

tert-butyl (2S,3S)-2-(methylcarbamoyl)-3-(3'-sulfamoyl-[1,1'-biphenyl]-4-yl)azetidine-1carboxylate (70b)
General procedure D was followed using secondary amide 72 (12 mg, 0.029 mmol) and
3-sulfamoylbenzeneboronic acid to afford the title compound as a foaming, amorphous colorless
solid (10 mg, 78% yield). [α]21D = -30.2 (c = 0.5, CHCl3).

(2R,3R)-3-([1,1'-biphenyl]-4-yl)-1-(3-ethynylbenzyl)-N-methylazetidine-2-carboxamide (71a)
General procedure E was followed using secondary amide ent-72 (29 mg, 0.068 mmol),
phenylboronic acid, and 3-ethynylbenzaldehyde to afford the title compound as a foaming,
amorphous white solid (17 mg, 66% yield over three steps). 1H NMR (400 MHz, CDCl3) δ 7.62 –
7.52 (m, 4H), 7.50 – 7.27 (m, 9H), 7.13 (br s, 1H), 3.88 – 3.73 (m, 3H), 3.68 (q, J = 8.4 Hz, 1H),
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3.60 (d, J = 12.9 Hz, 1H), 3.23 – 3.15 (m, 1H), 3.11 (s, 1H), 2.81 (d, J = 5.0 Hz, 3H).

13

C NMR

(100 MHz, CDCl3) δ 172.45, 141.02, 139.91, 139.62, 137.61, 132.30, 131.42, 129.26, 128.88,
128.75, 127.52, 127.39, 127.34, 127.20, 122.60, 83.52, 77.65, 73.27, 61.99, 57.52, 41.22, 25.74.
[α]21D = -20.3 (c = 1.0, CHCl3). IR (thin film) νmax 3376, 3288, 3028, 2936, 2847, 1665, 1526, 1486,
1410, 1355, 1316, 1157, 764, 697. HRMS (ESI+) m/z calculated for C26H24N2O [M+H]+ 381.1962,
found: 381.1977.

(2S,3S)-3-([1,1'-biphenyl]-4-yl)-1-(3-ethynylbenzyl)-N-methylazetidine-2-carboxamide (71b)
General procedure E was followed using secondary amide 72 (33 mg, 0.077 mmol),
phenylboronic acid, and 3-ethynylbenzaldehyde to afford the title compound as a foaming,
amorphous white solid (16 mg, 54% yield over three steps). [α]21D = +20.4 (c = 1.0, CHCl3).

2.10 Experimental methods: on-DNA chemistry
2.10.1 General methods
Chemical building blocks (aldehydes, sulfonyl chlorides, and boronic acids) were acquired
from a variety of vendors via Aldrich Market Select. Corning 96-well V-bottom polypropylene
microplates were obtained from VWR (29444-400). T4 DNA ligase was obtained from Life
Technologies, Inc./ThermoFisher as 5 U/µL (EL0014) and 30 U/µL (EL0013) solutions. DNA
“headpiece” (DNA-HP) and DNA tags were purchased as custom orders from LGC Biosearch
Technologies

as

lyophilized

powders;

all

5’

ends

phosphorylated.

Double-stranded

oligonucleotides containing primer-binding sites were purchased as custom orders from IDT as
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lyophilized powders; all 5’ ends phosphorylated. E-Gel EX agarose gels (2% [G402002] and 4%
[G401004]) and E-Gel DNA ladders (Ultra Low Range [10488096] and 50-bp [10488099] for 4%
and 2% agarose gels, respectively) were obtained from Life Technologies, Inc./ThermoFisher.
LCMS-grade 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; 42060) and triethylamine (TEA; 65897)
were purchased from Honeywell Research Chemicals, and triethylammonium acetate buffer (1
M, pH 7.0; 90358) and ethylenediaminetetraacetic acid (EDTA; E6758) were purchased from
Sigma-Aldrich. LCMS-grade water (W6-4) and MeOH (A456-4) were purchased from Fisher
Scientific. All DNA sequences are written in 5’ to 3’ representation unless otherwise noted.
High-performance liquid chromatography (HPLC) purification was performed using a
Gilson semi-preparative system outfitted with an XTerra Prep RP18 column (5 µm, 10 x 150 mm)
connected to a Gilson UV/Vis-155 Detector monitoring at 254 nm. Linear gradients of 10% to 50–
70% MeCN in 100 mM triethylammonium acetate buffer (pH 7.0) were run over 10-15 minutes at
a flow rate of 4 mL/min. Absorbance at 254 nm and gel electrophoresis were used to identify the
fractions to be collected and pooled.
Tandem ultra-performance liquid chromatography-mass spectrometry (UPLC-MS)
analysis of oligonucleotides and DNA-barcoded compounds was performed on a Waters Synapt
G1 mass spectrometer (running in negative ion mode electrospray ionization) connected to a
Waters Acquity UPLC (outfitted with an OST C18 column [1.7 µm, 2.1 x 50 mm]) and a Waters
Acquity Photodiode Array monitoring at 260 nm. Samples were injected onto the column (heated
to 60 °C) and eluted according to the following parameters: 5–70% solvent B over 6 minutes at a
flow rate of 0.36 mL/min; solvent A: 0.75% HFIP, 0.38% TEA, 10 µM EDTA in LCMS-grade water;
solvent B: 0.75% HFIP, 0.38% TEA, 10 µM EDTA in 90/10 MeOH/water. Mass spectra were
recorded from 400–2000 m/z and deconvoluted manually to provide the full molecular weight.
Tag ligations were analyzed via gel electrophoresis using an E-Gel Safe Imager RealTime Transilluminator connected to an E-Gel iBase Power System. Tag ligations were spot
checked (10 ligations total) during each step of the library synthesis to assess ligation progress;
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additional tag and ligase were added if the ligation had not yet gone to completion. Oligonucleotide
concentrations were determined using a Thermo Scientific Nanodrop 2000 spectrometer (OD260)
or an Invitrogen Qubit 4 Fluorometer (1X dsDNA HS Assay).
15 and 50 mL Falcon tubes were spun using a Beckman Coulter Allegra X-14R centrifuge
with an SX4750A rotor. 1.5 mL Eppendorf tubes were spun using a Thermo Scientific Heraeus
Fresco 21 refrigerated microcentrifuge with a 24 x 1.5/2.0 mL rotor with a ClickSeal
biocontainment lid.
No unexpected or unusually high safety hazards were encountered.

2.10.2 Building block validation
Building blocks were validated in 96-well plates using the same reaction conditions to be
used during library synthesis. To be included in the full library synthesis, a given building block
must have achieved at least 85% yield (see below for discussion of yield calculation) with every
scaffold with which it was tested. I tested all sulfonyl chlorides with all four Boc-deprotected
scaffolds: cis/trans x azetidine/pyrrolidine. I tested 20 aldehydes with all four scaffolds; they did
not differ significantly in reactivity, so the remaining 96 aldehydes were tested with the trans
azetidine scaffold exclusively. For the Suzuki reaction, I did not observe significant differences
between the reactivity of substrates with an aldehyde–derived N-capping reagent and a sulfonyl
chloride–derived N-capping reagent. Therefore, I tested 20 boronic acids with all four (cis/trans x
azetidine/pyrrolidine) scaffolds that had been functionalized with cyclopropanecarboxaldehyde
via reductive amination. The cis azetidine scaffold appeared to be consistently less reactive than
the other three scaffolds, so I tested the remaining 221 boronic acids with the cis azetidine tertiary
amine scaffold exclusively. Overall, 72/116 aldehydes, 42/95 sulfonyl chlorides, and 117/241
boronic acids met the 85% yield cutoff. Full results can be found in Appendix A.
As an example, sulfonyl chloride screening against the Boc-deprotected trans pyrrolidine
scaffold was set up as follows. A 730 µM solution of reaction substrate in 100 mM NaHCO3 buffer
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(pH 8.5) was aliquoted into 95 different wells (1.37 µL/1.0 nmol per well). To each well was added
5 µL 1 M phosphate buffer (pH 9.2) and one of the 95 candidate sulfonyl chlorides (2 µL of 200
mM stock solutions in MeCN, 400 equiv). The 96-well plate was sealed with foil and allowed to
incubate at RT for 4 hours, after which each reaction was quenched/diluted with 150 µL deionized
water and analyzed via UPLC-MS.
I calculated yields via integration and manual inspection of the UV trace of the UPLC-MS
chromatogram. Reaction yield was equal to the area under the curve of the peak corresponding
to the desired product divided by the total area under the curve of all oligonucleotide-containing
species peaks, including those corresponding to unreacted starting material, identifiable byproducts (including those due to DNA damage), or unidentifiable oligonucleotide–containing byproducts.

2.10.3 Pilot library
The overall synthetic scheme for the pilot library is shown in Scheme 2.4. To facilitate
deconvolution, I only performed enzymatic DNA ligation at the N-capping stage—significantly
increasing the length of the DNA barcode made UPLC-MS analysis more challenging due to the
low abundances of high-charge states. To maintain my simulation of a true library synthesis,
however, I performed “dummy” ligations before the other two encoded steps with DNA tags that
were not capable of undergoing ligation. As an additional safeguard against unwanted ligation in
the subsequent step, the DNA tag that I successfully ligated to the DNA “headpiece” during the
pilot library synthesis was single-stranded.

2.10.4 Library synthesis
Step 1: Scaffold Installation
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A 1 mM solution of DNA-HP was split into 8 different 2 mL Eppendorf tubes (125 µL/125
nmol per tube). To each tube was added 50 µL 10X ligation buffer, 120 µL H2O, and one of eight
Cycle 1 tags (200 µL of 1 mM stock solutions in H2O).
The ligation tubes were heated to 95 °C for 1 minute and then allowed to cool to RT over
10 minutes. After addition of 5 µL T4 DNA ligase (30U/µL), the ligations were allowed to incubate
at RT for 16 hours, at which point they were quenched with 50 µL 5 M NaCl (0.1 vols) and 1.25
mL cold EtOH (2.5 vols) to precipitate the DNA. After incubation at -20 °C for 2 hours, the
Eppendorf tubes were spun at 18k x g for 45 minutes at 4 °C. The supernatants were removed,
and the pellets were allowed to air dry.

Table 2.4 | Extra solvents for Cycle 1 reactions
cis azetidine

trans azetidine

cis pyrrolidine

trans pyrrolidine

1 M phosphate (pH 9.2)

25 µL

25 µL

12.5 µL

12.5 µL

DMF

50 µL

12.5 µL

25 µL

25 µL

The DNA pellets were then each dissolved in 125 µL 100 mM NaHCO3 buffer (pH 8.5).
Extra solvents were then added according to Table 2.4.
To each tube was then added a 240 mM DMF solution of an NHS ester (6.25 µL/12 equiv
of 65b–65d and ent-65b–65d; 28.125 µL/54 equiv of 65a and ent-65a). A white precipitate formed
upon addition of NHS ester but cleared as the reaction progressed. The acylation reactions were
allowed to incubate at 8 hours and then quenched with 0.1 vols 5 M NaCl and 2.5 vols cold EtOH
to precipitate the DNA. After incubation at -20 °C for 12 hours, the Eppendorf tubes were spun at
18k x g for 45 minutes at 4 °C. The supernatants were removed, and the pellets were allowed to
air dry.
The DNA pellets were re-dissolved in a minimal amount of H2O, and the azetidines and
pyrrolidines were pooled (but not together). The azetidines were purified via semi-preparative
reverse-phase HPLC and recovered via lyophilization (219 nmol, 44% yield). The pyrrolidines
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were purified via semi-preparative reverse-phase HPLC and recovered via lyophilization (250
nmol, 50% yield). Purified scaffolds were stored in 100 mM NaHCO3 buffer (pH 8.5).

Step 2a: Azetidine Boc Deprotection
To a 1 dram glass vial was added a 385 µM solution of Step 1 azetidine product (400 µL,
154 nmol), 75 mM NaOAc (308 µL, 150 equiv), and 1 mM MgCl2 (308 µL, 2 equiv). The reaction
was stirred at 75 °C for 20 hours, transferred to a Falcon tube, and quenched with 0.1 vols 5 M
NaCl and 2.5 vols cold EtOH to precipitate the DNA. After incubation at -20 °C for 2 hours, the
tube was spun at 4,300 RPM for 2 hours at 4 °C. The supernatant was removed, and the pellet
was allowed to air dry.
The DNA pellet was re-dissolved in a minimal amount of H2O, purified via semi-preparative
reverse-phase HPLC, and recovered via lyophilization. To remove any excess HPLC additives,
the recovered DNA was dissolved in H2O, re-precipitated with NaCl and EtOH, and spun down to
afford a white pellet (58 nmol, 38% yield). The purified product was pooled with the Step 2b
product and stored in 100 mM NaHCO3 buffer (pH 8.5).

Step 2b: Pyrrolidine Boc Deprotection
To a 1 dram glass vial was added a 435 µM solution of Step 1 pyrrolidine product (400 µL,
174 nmol), 75 mM NaOAc (290 µL, 125 equiv), and 1 mM MgCl2 (870 µL, 5 equiv). The reaction
was stirred at 75 °C for 30 hours, transferred to a Falcon tube, and quenched with 0.1 vols 5 M
NaCl and 2.5 vols cold EtOH to precipitate the DNA. After incubation at -20 °C for 2 hours, the
tube was spun at 4,300 RPM for 2 hours at 4 °C. The supernatant was removed, and the pellet
was allowed to air dry.
The DNA pellet was re-dissolved in a minimal amount of H2O, purified via semi-preparative
reverse-phase HPLC, and recovered via lyophilization. To remove any excess HPLC additives,
the recovered DNA was dissolved in H2O, re-precipitated with NaCl and EtOH, and spun down to
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afford a white pellet (51 nmol, 29% yield) [NOTE: 87 nmol of starting material was also recovered
(50% recovery)]. The purified product was pooled with the Step 2a product and stored in 100 mM
NaHCO3 buffer (pH 8.5).

Step 3a: Reductive Amination
A 270 µM solution of pooled Step 2 products was split into 72 different wells (3.3 µL/0.9
nmol per well). To each well was added 1 µL 10X ligation buffer, 3.3 µL H2O, one of 72 Cycle 2
tags (2 µL of 1 mM stock solutions in H2O), and 0.4 µL T4 DNA ligase (5U/µL). Ligations were
allowed to incubate at RT for 16 hours and were then quenched with 1 µL 5 M NaCl (0.1 vols)
and 30 µL cold EtOH (3 vols) to precipitate the DNA. After incubation at -20 °C for 12 hours, the
96-well plate was spun at 4,300 RPM for 2 hours at 4 °C. The supernatants were removed, and
the pellets were allowed to air dry.
The DNA pellets were then each dissolved in 1.2 µL 100 mM NaHCO3 buffer (pH 8.5). To
each well was added 5.4 µL H2O, 1.8 µL 1 M phosphate buffer (pH 4.2), one of the 72 validated
aldehydes (0.9 µL of 200 mM stock solutions in DMF, 200 equiv) and NaCNBH3 (0.9 µL of 200
mM stock solutions in DMF, 200 equiv). The 96-well plate was sealed with foil and allowed to
incubate at 37 °C for 8 hours. The reaction mixtures were pooled in a Falcon tube and quenched
with 0.1 vols 5 M NaCl and 2.5 vols cold EtOH to precipitate the DNA. After incubation at -20 °C
for 12 hours, the Falcon tube was spun at 4,300 RPM for 2 hours at 4 °C. The supernatant was
removed, and the pellet was allowed to air dry.
The DNA pellet was re-dissolved in a minimal amount of H2O, pooled with an aqueous
solution of the crude Step 3b product, purified via semi-preparative reverse-phase HPLC, and
recovered via lyophilization. To remove any excess HPLC additives, the recovered DNA was
dissolved in H2O, re-precipitated with NaCl and EtOH, and spun down to afford a white pellet (79
nmol, 77% yield). The purified product (Steps 3a and 3b) was stored in 100 mM NaHCO3 buffer
(pH 8.5).
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Step 3b: Sulfonylation
A 270 µM solution of pooled Step 2 products was split into 42 different wells (3.3 µL/0.9
nmol per well). To each well was added 1 µL 10X ligation buffer, 3.3 µL H2O, one of 42 Cycle 2
tags (2 µL of 1 mM stock solutions in H2O), and 0.4 µL T4 DNA ligase (5U/µL). Ligations were
allowed to incubate at RT for 16 hours and were then quenched with 1 µL 5 M NaCl (0.1 vols)
and 30 µL cold EtOH (3 vols) to precipitate the DNA. After incubation at -20 °C for 12 hours, the
96-well plate was spun at 4,300 RPM for 2 hours at 4 °C. The supernatants were removed, and
the pellets were allowed to air dry.
The DNA pellets were then each dissolved in 1.2 µL 100 mM NaHCO3 buffer (pH 8.5). To
each well was added 4.5 µL 1 M phosphate buffer (pH 9.2) and one of the 42 validated sulfonyl
chlorides (1.8 µL of 200 mM stock solutions in MeCN, 400 equiv). The 96-well plate was sealed
with foil and allowed to incubate at RT for 4 hours. The reaction mixtures were pooled in a Falcon
tube and quenched with 0.1 vols 5 M NaCl and 2.5 vols cold EtOH to precipitate the DNA. After
incubation at -20 °C for 12 hours, the Falcon tube was spun at 4,300 RPM for 2 hours at 4 °C.
The supernatant was removed, and the pellet was allowed to air dry. The DNA pellet was redissolved in a minimal amount of H2O, pooled with an aqueous solution of the crude Step 3a
product, and purified according to the procedure outlined above in Step 3a.

Step 4: Suzuki–Miyaura Reaction
A 300 µM solution of pooled Step 3 products was split into 119 different wells (3.0 µL/0.9
nmol per well). To each well was added 1 µL 10X ligation buffer, 3.6 µL H2O, one of 119 Cycle 3
tags (2 µL of 1 mM stock solutions in H2O), and 0.4 µL T4 DNA ligase (5U/µL). Ligations were
allowed to incubate at RT for 16 hours and then were quenched with 1 µL 5 M NaCl (0.1 vols)
and 30 µL cold EtOH (3 vols) to precipitate the DNA. After incubation at -20 °C for 18 hours, the
96-well plates were placed in a centrifuge and spun at 4,300 RPM for 2 hours at 4 °C. The
supernatants were removed, and the pellets were allowed to air dry.
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The DNA pellets were then each dissolved in 1.4 µL 100 mM NaHCO3 buffer (pH 8.5) and
transferred to non-skirted 96-well PCR plates. To each well was added 3.6 µL 1 M phosphate
buffer (pH 9.2), one of the 117 validated boronic acids (0.9 µL of 200 mM stock solutions in EtOH,
200 equiv; NOTE: one well was intentionally left blank and two wells intentionally contained the
same boronic acid), and Pd(dppf)Cl2•DCM (1.1 µL of a 1 mM stock solution in MeCN sparged
with N2, 1.25 equiv). The plates were sealed and allowed to incubate in a thermal cycler raised to
90 °C for 1 hour. The reaction mixtures were each diluted with 20 µL H2O, pooled, and spun at
17k x g for 35 minutes at 4 °C to remove Pd. The supernatant was collected, precipitated with
300 µL 5 M NaCl and 7.5 mL cold EtOH, and allowed to incubate at -20 °C for 18 hours. The
resulting white suspension was then spun at 4,300 RPM for 2 hours at 4 °C. The supernatant was
removed, and the pellet was allowed to air dry.
The DNA pellet was re-dissolved in a minimal amount of H2O, purified via semi-preparative
reverse-phase HPLC, and recovered via lyophilization. To remove any excess HPLC additives,
the recovered DNA was dissolved in H2O, re-precipitated with NaCl and EtOH, and spun down to
afford a white pellet (56 nmol, 52% yield). The purified product was aliquoted and stored at -80
°C in nuclease-free H2O.

2.10.5 Closing primer ligation
To a thawed aliquot (30 µL/1.89 nmol) of the purified Step 4 product from section 2.10.4
was added 4 µL 10X ligation buffer, 1.5 µL H2O, 3.5 µL of closing primer (1 mM in H2O; Figure
2.16), and 1 µL T4 DNA ligase (5U/µL). The ligation was allowed to incubate at RT for 3 hours
and was then quenched with 40 µL 5 M NaCl and 120 µL cold EtOH to precipitate the DNA. After
incubation at -20 °C for 15 hours, the Eppendorf tube was spun at 18k x g for 45 minutes at 4 °C.
The supernatant was removed, the pellet was allowed to air dry, and the purified DEL was redissolved in 189 µL nuclease-free H2O to afford a 10 µM working solution of the final library to be
used directly in screening experiments.
111

top strand (5’ → 3’)

bottom strand (5’ → 3’)

CAGACAAGCTTCACCTGC

GCAGGTGAAGCTTGTCTGAA

Figure 2.16 | Closing primer sequence.
2.11 Experimental methods: screening
2.11.1 Affinity-based DEL screen
I adapted the screening procedure from Usanov et al.59 In summary, immobilization resin
(HRP: 50 µL Pierce streptavidin magnetic beads; CA-IX: 10 µL Co-based Dynabeads His-Tag
Isolation & Pulldown) was washed with 2 x 300 µL TBST (25 mM Tris, 150 mM NaCl, 0.05%
Tween-20, pH 7.5). Protein (HRP: 25 µg; CA-IX: 4 µg) was then diluted in 300 µL TBST and
allowed to incubate with the resin at 4 °C with agitation for 30 minutes. Excess TBST was
removed, and the resin was then washed with an additional 2 x 200 µL TBST and allowed to
incubate with 100 µL blocking buffer (TBST, 0.6 mg/mL sheared salmon sperm DNA, 20 mM
imidazole) at 4 °C with agitation for 15 minutes. After removal of excess blocking buffer, 50 µL
DOS-DEL-1 (2 pmol in 50 µL blocking buffer [40 nM]) was added to the resin and allowed to
incubate at 4 °C with agitation for 1 hour. The resin was then washed with 3 x 200 µL TBST,
switching tubes for each wash to avoid contamination. Finally, the resin was eluted (HRP:
incubation with 50 µL TBST at 75 °C for 10 minutes; CA-IX: incubation with 50 µL TBST, 300 mM
imidazole at RT for 10 minutes).
I collected the data discussed in this chapter from screens against HRP and CA-IX
following the above procedure in duplicate and quadruplicate, respectively. To establish the
“before” distributions for each protein, I followed the above procedure but did not add protein;
these experiments were performed in quadruplicate (HRP; Pierce streptavidin beads) and
duplicate (CA-IX; anti-His Dynabeads).
Biotinylated Pierce horseradish peroxidase (29139), Pierce streptavidin magnetic beads
(88816), Dynabeads His-Tag Isolation & Pulldown (10103D), MagJET Separation Rack (12 x 1.5
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mL tube; MR02), Pierce 20X TBS Tween-20 Buffer (28360), and sheared salmon-sperm DNA
(AM9680) were all obtained from ThermoFisher. His10-tagged human CA-IX protein was obtained
from R&D Systems (2188-CA). Imidazole was purchased from Sigma-Aldrich (I5513).
Screens took place in 1.5 mL Eppendorf LoBind microcentrifuge tubes (VWR, 80077-230).
The resin was washed by thoroughly mixing the resin with the wash solution, placing the
Eppendorf tube on a MagJET Separation Rack for 1 minute to isolate the magnetic beads, and
then removing the wash solution via pipet while the tube was still sitting in the magnetic rack.
Incubations took place in a 4 °C cold room on a VWR Tube Rotator (10136-084); care was taken
to avoid having the incubation mixture come into contact with the closed lid of the Eppendorf tube
to prevent aerosols from forming upon tube opening. Additional precautions taken to avoid
contamination include:
•

The pipettes used to perform the screens were not the same pipettes that were used to
perform or analyze any of the on-DNA chemistry.

•

The screens were performed at a different location from where any of the on-DNA
chemistry was performed or analyzed.

•

The laboratory coat worn while performing the screens was freshly laundered and had
not been worn while performing or analyzing any of the on-DNA chemistry.

•

Wash steps after library incubation were performed in separate tubes—after the resin was
re-suspended in wash buffer, the resulting suspension was transferred to a new tube for
separation and supernatant removal.

2.11.2 Preparation for sequencing
I prepared screening eluents for Illumina sequencing directly without further purification or
manipulation. Illumina adapters were installed via two stages of preparatory PCR. i5 and i7 indices
to enable pooled sequencing runs were installed during the second stage. All PCR primers (Table
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2.5) were obtained from IDT and all PCR experiments were performed using an Applied
Biosystems ProFlex PCR System (ThermoFisher, 4484073). All replicates were sequenced
during the same sequencing run to guarantee similar sequencing depth.
Stage 1 PCR reactions were set up according to the following parameters: 25 µL Roche
2X FastStart PCR Master Mix (Sigma-Aldrich, 4710444001), 1 µL Stage 1 Forward Primer (10
µM in nuclease-free water), 1 µL Stage 1 Reverse Primer (10 µM in nuclease-free water), 13 µL
nuclease-free water, and 10 µL un-diluted eluent. PCR amplification was performed according to
the following method: 5 minutes at 95 °C; 35 cycles of [30 seconds at 92 °C; 15 seconds at 60
°C; 15 seconds at 72 °C]; 5 minutes at 72 °C. After confirmation that amplification was successful,
PCR products were purified via a QIAquick PCR purification kit (Qiagen, 28104) and diluted 1:10
with nuclease-free water.

Table 2.5 | Primers used to amplify DEL screen eluents and install Illumina adapters and
indices
primer
Stage 1 Forward
Stage 1 Reverse
Stage 2 Forward
Stage 2 Reverse

sequence (5’ → 3’)
ACA
ACT
TGG
AAG
AAT
ACA
CAA
GTG

CTC
CCC
AGT
CTT
GAT
CTC
GCA
ACT

TTT
AAA
TCA
GTC
ACG
TTT
GAA
GGA

CCC
TCG
GAC
TG
GCG
CCC
GAC
GTT

TAC ACG CTC TTC CGA TCT NNN NTG
ATG TG
GTG TGC TCT TCC GAT CTG CAG GTG
ACC
TAC
GGC
CAG

GAG
ACG
ATA
ACG

ATC TAC AC INDEX(i5/[8bp])
AC
CGA GAT rcINDEX(i7/[8bp])*
TGT GCT

* rcINDEX = the reverse complement of the index detected by the sequencer

Stage 2 PCR reactions were set up according to the following parameters: 25 µL Roche
2X FastStart PCR Master Mix, 1 µL Stage 2 Forward Primer (10 µM in nuclease-free water; with
appropriate index), 1 µL Stage 2 Reverse Primer (10 µM in nuclease-free water; with appropriate
index), 22.5 µL nuclease-free water, and 0.5 µL diluted Stage 1 PCR product. PCR amplification
was performed according to the following method: 5 minutes at 95 °C; 12 cycles of [30 seconds
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at 92 °C; 15 seconds at 60 °C; 15 seconds at 72 °C]; 5 minutes at 72 °C. After confirmation that
amplification was successful, PCR products were pooled together and purified via a QIAquick gel
extraction kit (Qiagen, 28704). The concentration of the purified sequencing library was
determined via the Qubit 1X dsDNA HS assay.
DNA sequencing was performed using an Illumina NextSeq 500 system loaded with a
mid-output flow cell (Harvard University Bauer Core) or an Illumina HiSeq 2500 system running
in rapid mode (Novartis Institutes for BioMedical Research). Dr. Mathias Wawer wrote a Python
script that extracted candidate barcodes from raw sequencing reads using a regular expression
that required an exact match for the constant forward primer binding site sequence followed by
three arbitrary 9-mers (representing seven-nucleotide barcode sequences plus two-nucleotide
linkers, attached in three successive cycles). We only counted reads for quantification if all three
9-mers matched valid barcodes.

2.11.3 Carbonic anhydrase inhibition assay
I performed carbonic anhydrase inhibition assays using a commercially available
colorimetric carbonic anhydrase inhibitor screening kit (BioVision, K473). Assays were performed
according to the vendor’s protocol in duplicate in Corning 96-well clear flat-bottom polystyrene
microplates (Fisher, 07-200-656), and compounds (6-point, 10-fold dilution, range: 1 nM–100 µM
assay concentration) were stored as 10X stock solutions in DMSO. Colorimetric readout was
measured on a Molecular Devices SpectraMax M5. All IC50 values, standard errors, and plots
were generated using GraphPad Prism v7.04 software. Error bars refer to the standard deviation
of the measurements; error bars were not drawn if they would be shorter than the height of the
symbol.

2.12 Experimental methods: computational chemistry
2.12.1 General methods
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Unless otherwise described, computational analyses performed for this paper were
performed in MATLAB (The MathWorks, Inc.), developed and executed using MATLAB 2018b
(v9.5.0.944444), equipped with the following toolboxes: Bioinformatics, Curve Fitting, Database,
Deep Learning, Image Processing, Mapping, Optimization, Parallel Computing, SignalProcessing, Statistics and Machine Learning, System Identification, and Wavelet. Computations
were performed on a virtual machine (Intel Xeon CPU E5-2695 v4 @ 2x2.10 GHz processors, 32
RAM) running 64-bit Windows Server 2016 Datacenter. All MATLAB scripts and associated
functions are available on GitHub (https://github.com/remontoire-pac/ngc-dosdel/).

2.12.2 Molecular descriptor distributions
For analysis of DOS-DEL-1 structures, I created building-block and reaction
representations using ChemDraw Professional v16.0 (PerkinElmer) and then enumerated an
electronic representation of the library starting with building-block structures using OSIRIS
DataWarrior v4.6.1 (Actelion Pharmaceuticals Ltd.),65 resulting in product structures in structuredefinition file (SDF) format. Dr. Clemons then imported SDF structures into Pipeline Pilot
v8.5.0.200 (Accelrys Software, Inc.) to create canonical SMILES representations and to perform
molecular descriptor and molecular fingerprint calculations. To characterize DOS-DEL-1
compounds with respect to physicochemical properties, Dr. Clemons computed six descriptors
using Pipeline Pilot: molecular weight, LogP, hydrogen-bond donors, hydrogen-bond acceptors,
rotatable bonds, and topological polar surface area. LogP values are computed by an atom-based
method.66 Hydrogen-bond donors and acceptors are counted using Lipinski’s method.42 Rotatable
bonds are defined as single bonds between heavy atoms that are both not in a ring and not
terminal, with an exception made for amide C–N bonds. Topological polar surface area is
computed as a sum of fragment-based contributions.67 Lakeview plots (see Figure 2.5) were
plotted using a procedure modified from Usanov et al.59
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2.12.3 Molecular fingerprint and multi-fusion similarity calculations
To compare DOS-DEL-1 compounds with each other and with members of two previously
published small-molecule collections,29,46 Dr. Clemons computed extended connectivity
fingerprints68 with longest-path substructures up to 6 bonds between heavy atoms (ECFP6). Dr.
Clemons computed ECFP6 fingerprints for 107,616 unique DOS-DEL-1 compounds plus five sets
of published comparison compounds: 6,152 commercial compounds, 2,477 natural products, and
6,623 diversity-oriented synthesis compounds from Clemons et al.,29 plus 12,011 known actives
and PubChem screening hits and 19,149 diversity-oriented synthesis compounds from Wawer et
al. (673 compounds marked as unknown provenance were omitted from the latter source)46.
Analysis of fingerprint substructure identifier lists exported from Pipeline Pilot v8.5.0.200 (Accelrys
Software, Inc.) revealed a total of 206,011 distinct substructures across all 154,701 compounds,
of which we initially kept 86,507 bits corresponding to substructures that occur in at least two
compounds. They were stored as fixed-length bit-strings in MATLAB, which was used to perform
all subsequent steps.
The resulting 86,507-bit fingerprints were still very sparse, averaging 393 compounds per
substructure (0.25%) and 220 substructures per compound (0.25%), with low average pairwise
Tanimoto similarity (T) between compounds (Tmean = 0.31; Tmedian = 0.27). To make better use of
the range of potential Tanimoto similarities in our analyses, Dr. Clemons performed lossy folding
of fingerprints and evaluated different folding levels for distribution shape using random sampling.
First, all fingerprints were padded with zeros to reach the next base-2 number (44,565 empty
bits), then all bits were sorted by increasing difference between their % coverage of compounds
and 50% (decreasing individual entropy). For each of 16 folding steps, the fingerprints were folded
in half using the union of the first half of bits with the second half of bits, repeating an entropybased sort before each fold. At each step, 23 random samples were taken of 47 compounds each
(with replacement), and these 23*(1/2)*(47)*(46) = 24,863 pairwise Tanimoto similarities were
accumulated as a sampling distribution, for which the distribution shape was estimated using
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percentiles from 1% to 99%. To choose an optimal folding level, Dr. Clemons maximized the
linearity of percentiles by linear regression and chose 8 folding steps (r2 = 0.9920). This folding
protocol results in a 512-bit representation with the middle 98% of sample distances spanning a
Tanimoto range of T1% = 0.16 to T99% = 0.72, and a more central (and less skewed) average
pairwise Tanimoto similarity between compounds (Tmean = 0.43; Tmedian = 0.42).
Using this optimized fingerprint representation, Dr. Clemons computed pairwise Tanimoto
similarities among all members of DOS-DEL-1, and between each member of DOS-DEL-1 and
each member of the comparison sets. Within DOS-DEL-1, and between DOS-DEL-1 and other
sets, he recorded the mean and maximum similarity overall, as well as similarity percentiles for
each compound among members of each of 8 subsets (az/pyr x ald/sc x Suz/no Suz), including
the subset to which the compound belongs (e.g. black clouds in Figure 2.6). He used medians of
these values when an average value for a quantile (e.g. medians or maxima) was needed (e.g.
gold shapes in Figure 2.6). Dr. Clemons and I summarized and visualized these results using
multi-fusion similarity plots (Figures 2.6 and 2.7) using methods adapted from Medina-Franco et
al.44

2.12.4 DNA barcode enrichment in DEL screens
To measure the increase in representation upon screening for any individual DNA
barcode, Dr. Clemons and I wished to account for our experiment design providing estimates of
both pre- (B = “before”) and post-screen (A = “after”) abundance by using beads-only no-target
controls to account for the possibility of compounds binding the immobilization matrix. Due to the
non-uniform distribution of read counts across barcodes in each of these distributions, we initially
observed that fold-change ratios derived directly from such scores have much higher variance at
low read counts than at higher read counts, making interpretation of low-read-count barcodes
difficult.
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To account for this difference in variation, Dr. Clemons and I developed a method to
compute conservative estimates of “normalized fold-change” scores based on a statistical model
involving Poisson distributions, which are appropriate for counting relatively rare events. For each
sequencing sample, we first normalized the total read count across all barcodes to parts-permillion to account for overall sample-to-sample variation. Next, for each barcode, we fit a Poisson
distribution to the n=2 or n=4 replicate values for each of the 4 different screening experiments, 2
beads-only control sets (“B”) and 2 experimental sets (“A”). From these distributions, we recorded
not only the expectation value (λ) of the Poisson distribution, but also its 95% confidence interval
values (CI95), whose range of values I designate (λ-, λ+).
For each protein, HRP and CA-IX, we defined, reported, and visualized (Figure 2.11 and
2.13) normalized fold-change (Fn) scores according to:
𝐹𝑛 =

𝜆𝐴−
𝜆+
𝐵

This definition normalizes the value of “no change” to represent a constant confidence
across all values of input read count. In particular, Fn = 1 corresponds to a (0.975)2 = ~95.1%
confidence that enrichment is observed upon binding protein rather than beads alone. All else
being equal, both a larger number of replicates and a larger read-count value perforce improve
the confidence interval and therefore make the ratio Fn closer to F = (λA / λB). This method also
avoids division by zero when a barcode was not detected in the control eluent, since λB+ > 0 even
for very large numbers of replicates missing a barcode (here, λB+ = 1.84 for n=2 replicates and
λB+ = 0.92 for n=4 replicates). Because it both overestimates the control counts and
underestimates the protein-bound counts, this procedure produces smaller enrichment values,
but it is more robust to outliers, and allows a fair comparison between barcodes across the range
of input representation.
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2.12.5 Building-block representation enrichment
To evaluate SAR among members of DOS-DEL-1 enriched for binding specific proteins,
Dr. Clemons and I envisaged a procedure to evaluate SAR among sets of top-scoring (by DNAbarcode enrichment) compounds using our normalized fold-change metric (Fn). Rather than
provide a fixed cutoff for Fn in advance, we sought a method that could automate discovery both
of enriched diversity elements and of an Fn cutoff at which overall building-block representation
enrichment is maximized, considering both individual diversity elements and pairs of diversity
elements.
To accomplish this, Dr. Clemons devised a method to determine the collective enrichment
for individual diversity elements and pairs of such elements simultaneously. For each of these 3
sets of candidate elements and 3 sets of candidate element pairs, he computed a chi value
according to observed (fobserved) and expected (fexpected) frequencies:
𝜒𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 =

𝑓𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝑓𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
√𝑓𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

In general, we compared the (“observed”) representation of diversity elements among the
top k compounds ranked by Fn relative to that among the top k compounds ranked by the beadcontrol input (“expected”) representation (λB) each normalized by appropriate weighting factors
(vide infra). Each single diversity position (scaffold, BB1, BB2) was separately evaluated as an
appropriately-sized vector of χ values, and each pair of diversity positions (scaffold x BB1, scaffold
x BB2, BB1 x BB2) was separately evaluated as an appropriately-sized matrix of χ values.
To account for asymmetry in library design, Dr. Clemons derived normalization weights
(wnorm) to account for library design parameters, both for individual positions (i.e. 8 choices for
scaffold, 114 choices for BB1, and 119 choices for BB2) and for pairs of positions (i.e. 8 x 114 =
912 choices for scaffold x BB1, 8 x 119 = 952 choices for scaffold x BB2, and 114 x 119 = 13,566
choices for BB1 x BB2). These weights were collectively normalized so that Σwnorm = 1.
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To account for asymmetry both in input distributions and in beads-only controls, Dr.
Clemons derived two sets of weights (wbase and wbead, respectively) to account for these beadcount baselines. As with library-design parameters, these weights were derived both for individual
positions and for pairs of positions as vectors and matrices, respectively. These weights were
each normalized so that Σwbase = 1 and Σwbead = 1.
Finally, Dr. Clemons derived a weighting factor whits to account for different numbers of
compounds when considering the top k normalized fold-change scores for a given protein,
recapitulating our parts-per-million normalization (vide supra), specifically whits = k/106.
Using these normalization factors, Dr. Clemons evaluated all choices of k for which Fn >
1 for each protein. Compactly, he expressed elements of fobserved for each vector (single diversity
elements) or matrix (pairs of diversity elements) in terms of the number nk of occurrences of each
diversity position among the top k compounds ranked by Fn:
fobserved = whits x wbase x wbead x wnorm x (1+nk)
and define the total density Dobs of each vector as Σfobserved or each matrix as ΣΣfobserved.
To compute expected values, Dr. Clemons performed a similar operation on all choices of
k for which observed values were computed. He expressed elements of frawexpected for each vector
(single diversity elements) or matrix (pairs of diversity elements) in terms of the number n rawk of
occurrences of each diversity position among the top k compounds ranked by λB.
frawexpected = whits x wbase x wbead x wnorm x (1+nrawk)
To ensure the appropriate comparison of observed and expected values for chigram
analysis, he first normalized each vector (single position) or matrix (position pair) of expected
values to F’ = Σfrawexpected =1 or F’ = ΣΣfrawexpected =1 and then multiplied by the appropriate value of
Dobs to give:
fexpected = Dobs x F’
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Using a sum over these χ values for each protein, Dr. Clemons selected an optimal value of k for
each protein (HRP: k=2,389; CA-IX: k=1,120) for which SAR among top-scoring compounds was
maximal, as judged by summing χ values across all diversity elements at all diversity positions.
Using these optimized values of k, for each protein (HRP and CA-IX), we scored each
diversity element (Figure 2.12A and Figure 2.14A) or pair of elements (Figure 2.12B and Figure
2.14B) using chigram analysis to depict the appropriate building-block representation enrichment
analysis.
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Chapter 3
Screening DOS-DEL-1 against challenging protein
targets implicated in human disease
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Collaborator Contributions: Dr. Fred Rubino prepared and purified all the proteins screened in
section 3.4 and performed all follow-up experiments with MurJ assay positives. Atsushi Taguchi
prepared and purified all the proteins screened in section 3.5. Dr. Andrew Reidenbach prepared
and purified all the proteins screened in section 3.6 and performed all follow-up experiments with
prion protein assay positives. Dr. Zhenhua Yang synthesized compounds 84–86. Dr. Luciano
DiTacchio prepared and purified all the proteins screened in section 3.7. Dr. Michael Durney
and Xiebin Gu prepared and purified all the proteins screened in section 3.8.

3.1 Introduction
In this chapter, I describe the screening of DOS-DEL-1 against a variety of challenging
protein targets of implicated in disease. I first describe my careful study of the factors that raise
or lower the signal in DEL screens by systematically changing various assay parameters in
screens against the test protein CA-IX. I then performed screens against 1) four homologs of the
Lipid II flippase MurJ (provided by Dr. Fred Rubino), 2) five proteins related to peptidoglycan
polymerization and cross-linking (provided by Atsushi Taguchi), including the polymerase FtsW,
3) two constructs of the human prion protein (provided by Dr. Andrew Reidenbach), 4) four
members of the JARID1 family of histone demethylases (provided by Dr. Luciano DiTacchio), and
5) the wild-type and risk-conferring variants of Atg16l1 (provided by Dr. Ramnik Xavier’s
laboratory), which is involved in inflammatory bowel disease. I analyzed the resulting data using
the framework established in Chapter 2 with the goal of identifying compounds for off-DNA
synthesis. Though not every screen yielded results worthy of follow-up experiments, I synthesized
off-DNA analogs of assay positives for two proteins (MurJ and prion protein) for biochemical and
biophysical validation. If properly and rigorously validated, the positive results described in this
chapter would be the first set of compelling evidence that DELs with under-represented structural
features can engage challenging—if not “undruggable”—targets.
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3.2 What makes a target “challenging”?
Historically, certain types of proteins and biomolecular targets have been challenging to
engage with organic small molecules in a potent and selective manner. This unequal susceptibility
to small-molecule modulation is evident in the distribution of proteins targeted by FDA-approved
drugs, which is dominated by a handful of protein classes, such as G-protein coupled receptors
(GPCRs), ion channels, and kinases.1 On the other end of the spectrum, proteins and protein
classes can be deemed “undruggable” if screening campaigns fail routinely to identify chemical
matter that can be advanced to a chemical probe or drug lead. Many of these challenging targets
play key roles in a wide range of diseases, so “drugging the undruggable” has become a common
refrain in biomedical research.2–6
Various structural features contribute to a protein’s tendency to bind small molecules. Most
compounds engage proteins in lipophilic “pockets” where a combination of electrostatic and
hydrophobic interactions drive a thermodynamically favorable binding interaction.7 Bioinformatic
studies, however, suggest that roughly 85-90% of the proteins in the human genome lack such a
hydrophobic pocket,8 which can hamper the development of a potent and selective smallmolecule modulator. Furthermore, many proteins achieve their biological functions by engaging
in protein–protein interactions (PPIs) with one or multiple protein binding partners. While not
impossible,9 disrupting these contacts between large, shallow surfaces with a small molecule has
proved difficult.
Despite these challenges, the literature is peppered with examples of proteins previously
deemed “undruggable” that can now be modulated and studied with small molecules. For
example, kinases were originally considered undruggable due to the structural similarities of their
active sites and the need for candidate inhibitors to compete with millimolar concentrations of ATP
in cells.10 But now, as mentioned previously, kinases are one of the most commonly drugged
targets in the proteome.1,11
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These results, among others, suggest that a more appropriate alternative to the fatalistic
term “undruggable” may be “yet to be drugged.”3 As I described in Chapter 1, many examples
exist of compounds with rare structures exhibiting novel biological activities. And bioinformatic
studies have concluded that there are hundreds of proteins of proteins with “target-like” properties
that FDA-approved drugs have not yet engaged.12,13 Therefore, instead of attributing negative
experimental results to an intrinsic property of the protein target, perhaps a chemistry-based
perspective would be more productive. The experiments described in the remainder of this
chapter are examples of how I applied this perspective to DEL-mediated target-based screening.

3.3 Optimizing the DOS-DEL-1 screening procedure

Figure 3.1 | Primary sulfonamides found in DOS-DEL-1. Red balls indicate both possible
configurations at that position.

To maximize my ability to discover small-molecule binders to challenging protein targets,
I first studied how changes to various assay parameters affected the enrichments of known
binders in DEL screens. As described in Chapter 2, I performed test screening experiments with
CA-IX to validate the on-DNA chemistry, and I observed significant enrichment of compounds
containing both para and meta primary sulfonamides at the BB2 position (Figure 3.1). Not only
did enrichment seem to be largely independent of the rest of the compound, but the para
sulfonamides were also more highly enriched than the corresponding meta isomers; both
observations were confirmed via a biochemical CA-IX inhibition assay with off-DNA analogs (see
Table 2.3). I therefore used the enrichment of primary sulfonamide–containing compounds as a
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proxy for assay signal as I systematically varied several assay parameters (e.g. library amount,
protein amount, and number of washes) in screens of DOS-DEL-1 against CA-IX.

Figure 3.2 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 5 pmol DOS-DEL-1, 4
µg CA-IX, 10 µL immobilization resin, three washes, and no imidazole.

I first performed a set of screens using 5 pmol DOS-DEL-1, 4 µg CA-IX, 10 µL cobalt
Dynabeads, three washes, and no imidazole in the blocking buffer. I then calculated the average
enrichment for each set of compounds containing a given BB2 appendage (Figure 3.2). Unlike in
Figures 2.12 and 2.14, I did not perform chigram analysis because I wanted to incorporate data
from all the barcodes into my calculations (rather than a small subset used to determine SAR
among assay positives). Instead, I grouped all compounds with the same building block together,
calculated the means of their normalized abundances, and determined enrichment scores from
those mean abundance values in the experimental and baseline conditions. This process resulted
in a mean enrichment of 1.38 for para sulfonamides and 1.35 for meta sulfonamides, which were
the two most highly enriched sets of compounds.
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Figure 3.3 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 25 pmol DOS-DEL-1,
4 µg CA-IX, 10 µL immobilization resin, three washes, and no imidazole.

Figure 3.4 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 5 pmol DOS-DEL-1, 4
µg CA-IX, 10 µL immobilization resin, three washes, and 20 mM imidazole in the blocking buffer.

Next, I performed screens using 25 pmol DOS-DEL-1 instead of 5 pmol (the other
parameters were identical to those described above). I observed lower enrichments of both sets
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of sulfonamides: para = 1.17 and meta = 1.01 (Figure 3.3). Furthermore, while the para analogs
remained the most highly enriched group, the meta analogs fell to 56th. It is known that not using
enough library can dampen assay signal,14 but I had not expected to see such a dramatic
reduction by increasing the library amount just fivefold. I therefore continued my optimization
experiments using no more than 5 pmol DOS-DEL-1 per screen.

Figure 3.5 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 5 pmol DOS-DEL-1, 4
µg CA-IX, 2 µL immobilization resin, three washes, and 20 mM imidazole in the blocking buffer.

I then decided to include a low concentration of imidazole (20 mM) in the blocking buffer.
In my two previous sets of screens, I had observed enrichment of compounds containing metalchelating groups (e.g. 8-hydroxyquinolines), which I hypothesized had been due to compounds
binding the cobalt-based immobilization resin. Gratifyingly, these screens yielded the highest
enrichments of primary sulfonamides yet: para = 2.10 and meta = 1.50 (Figure 3.4). Given this
dramatic improvement, I decided to include imidazole in all my remaining screening experiments.
To further mitigate non-specific binding to the immobilization resin, I lowered the volume
of resin from 10 µL to 2 µL for my next set of experiments. These screens yielded similar
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sulfonamide enrichments those from Figure 3.4: para = 2.08 and meta = 1.59 (Figure 3.5). I
therefore used this lower amount of resin moving forward.

Figure 3.6 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 5 pmol DOS-DEL-1, 8
µg CA-IX, 2 µL immobilization resin, three washes, and 20 mM imidazole in the blocking buffer.

Next, I raised the amount of CA-IX from 4 µg to 8 µg. Though computational studies have
suggested that low-affinity binders are more likely to become enriched at higher protein
concentrations with low-quality DELs,15 I wanted to see if increasing protein concentration could
further improve the assay signal with DOS-DEL-1. This twofold increase in protein amount
dramatically increased the amount of sulfonamide enrichment I observed: para = 3.14 and meta
= 1.89 (Figure 3.6). This result is consistent with the fact that the protein concentration in DEL
screens is typically much higher than the library concentration—roughly 100-fold for this set of
experiments—to “capture” as many small-molecule binding partners as possible.
I then tested the other side of that equation by lowering the amount of library I used from
5 pmol to 2 pmol (screened against 4 µg CA-IX). While not quite as impressive as the results from
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Figure 3.6, this 60% reduction in library concentration also afforded high levels of enrichment:
para = 3.01 and meta = 1.67 (Figure 3.7).

Figure 3.7 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 2 pmol DOS-DEL-1, 4
µg CA-IX, 2 µL immobilization resin, three washes, and 20 mM imidazole in the blocking buffer.

I next performed a set of experiments in which I increased the number of post-incubation
washes from three to six. These wash steps are meant to remove non-binders, so perhaps more
washes would increase the enrichment of strong binders. Instead, compared to the results from
Figure 3.5, I observed a similar amount of enrichment of primary sulfonamide–containing
compounds: para = 2.02 and meta = 1.69 (Figure 3.8).
Finally, I performed a set of experiments in which DOS-DEL-1 underwent two rounds of
enrichment; the eluent from the first round of screening was used as the input library for the
second round of screening. This process is commonly used (especially in industry) to increase
the signal of large libraries.16,17 Unfortunately, I did not recover amplifiable DNA after the second
round of screening, even though I had raised to amount of input library to 100 pmol.
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Figure 3.8 | Rank ordering of the average enrichments of compounds containing the same BB2.
Primary sulfonamides represented by filled blue bars. Screen parameters: 5 pmol DOS-DEL-1, 4
µg CA-IX, 2 µL immobilization resin, six washes, and 20 mM imidazole in the assay buffer.

The results from these experiments are summarized in Table 3.1. Overall, I achieved
higher assay signal—as measured by enrichment of primary sulfonamides—by including
imidazole in the assay buffer (entry 1 vs. entry 3), increasing the amount of protein in the assay
(entry 4 vs. entry 5), and decreasing the amount of library in the assay (entry 4 vs. entry 6). On
the other hand, lowering the amount of immobilization resin (entry 3 vs. entry 4) and increasing
the amount of washes (entry 4 vs. entry 7) did not appear to have a major effect on assay signal,
and raising the amount of library in the assay (entry 1 vs. entry 2) significantly decreased signal.

Table 3.1 | Summary of DOS-DEL-1 screening optimization experiments with CA-IX
entry
1
2
3
4
5
6
7

library
(pmol)
5
25
5
5
5
2
5

imidazole
in buffer
no
no
yes
yes
yes
yes
yes

CA-IX (µg)
4
4
4
4
8
4
4

resin
(µL)
10
10
10
2
2
2
2
137

#
washes
3
3
3
3
3
3
6

enrichment
of para
1.38
1.17
2.10
2.08
3.14
3.01
2.02

enrichment
of meta
1.35
1.01
1.50
1.59
1.89
1.67
1.69

Having optimized and studied the DOS-DEL-1 screening process systematically, I began
screening DOS-DEL-1 against challenging protein targets that have been implicated in a variety
of diseases.

3.4 MurJ
3.4.1 Target overview
As I first mentioned in Chapter 1, the emergence of multidrug-resistant bacteria is an
imminent threat to human health that has rendered many established antibiotics less effective.18,19
In the United States alone, roughly two million infections are developed every year during hospital
visits, almost 100 thousand of which will kill the patient.20 Recent projections state that the number
of annual deaths attributable to antimicrobial-resistant infections worldwide—which currently
resides around 700 thousand—may reach up to 10 million by 2050, though the exact numbers
are disputed.21 Dramatic action must be taken to avoid a global catastrophe.
One of the most highly targeted pathways in antimicrobial development is the biosynthesis
of the bacterial cell wall, which is composed of a polymer called peptidoglycan. Bacteria
synthesize peptidoglycan via polymerization of a disaccharide-pentapeptide monomer called
Lipid II.22 Lipid II is synthesized at the inner leaflet of the plasma membrane, so it must be “flipped”
across the membrane for peptidoglycan synthesis to occur either outside the cell (Gram-positive
bacteria) or in the periplasmic space (Gram-negative bacteria). This “flippase” is MurJ, an integral
membrane protein that is a member of the multidrug/oligo-saccharidyl-lipid/polysaccharide (MOP)
exporter superfamily.23,24 Inhibition of MurJ, therefore, is a promising strategy for antibiotic
development, but no small-molecule inhibitors or binders of MurJ are currently known.

3.4.2 DEL screen
I performed DEL screens with four FLAG-tagged homologs of MurJ, all of which were
expressed and purified by Dr. Fred Rubino from Dr. Dan Kahne’s laboratory: 1) wild-type MurJ
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from Escherichia coli (EC-WT), 2) wild-type MurJ from Thermosipho africanus (TA-WT), 3) MurJ
from E. coli that is locked in a conformation open to the periplasmic space (“outward open”; ECOO), and 4) MurJ from T. africanus that is also locked in the “outward open” conformation (TAOO). Proteins from these two bacterial species exhibit only 28% sequence identity, but they share
a set of highly conserved structural features due to their functional similarity.25

Figure 3.9 | Normalized fold-change plots for DOS-DEL-1 members binding four isoforms of MurJ
as a function of baseline representation rank.

For the remaining experiments described in this chapter, I performed all DEL screens in
duplicate and calculated normalized barcode enrichment scores according to the procedure
outlined in Chapter 2.
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Normalized fold-change plots (Figure 3.9) reveal a handful of assay positives with all four
proteins (fully annotated plots can be found in Appendix A). Recall that each point on a
normalized fold-change plot is a separate barcode, with the vertical coordinate corresponding to
the enrichment score for the compound that the barcode represents, and the horizontal coordinate
corresponding to the rank ordering of that barcode’s abundance in the beads-only “baseline”
experiment (from least to most abundant).
I first noticed that each experiment yielded a set of highly enriched compounds, as defined
in this case as barcodes with enrichment scores over 3; the cutoff is arbitrary, but most barcodes
appear to have enrichment scores between 0 and 2.5 for each target. Those four sets contain
many of the same compounds, which indicates that the proteins interacted with DOS-DEL-1 in
similar ways. And given the low degree of sequence similarity between MurJ from E. coli and T.
africanus, it may indicate that the enriched compounds interacted with the conserved portion(s)
of the proteins during the screen.
The structures of the assay positives are strikingly similar to one another (Figure 3.10):
the bottom-right portion of each molecule is highly hydrophobic, the upper-left portion contains a
biphenyl motif with a carboxylic acid, and each one has a linear, rod-like structure centered around
an azetidine core. This set of common structural features can be mapped onto the structure of
Lipid II (Figure 3.10), with the carboxylic acid mimicking the Lipid II pyrophosphate group, and the
rest of the linear, hydrophobic portions of the azetidines resembling the polyisoprenyl chain.
I found the strong similarities between the assay positives to be very encouraging; as with
any high-throughput screen, clusters of structurally related compounds are more compelling than
singleton molecules that may be assay artifacts. Furthermore, I did not think that the signal was
due to the compounds having detergent-like properties, which would make them prone to nonspecific interactions with integral membrane proteins. If the signal was due to detergent effects,
then I would have expected to see enrichment of the corresponding cis azetidines, pyrrolidines,
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and other structurally related compounds. I did not observe enrichment among any of these sets
of library members.

Figure 3.10 | Structures of highly enriched DOS-DEL-1 members upon screening with MurJ (top)
and the structure of Lipid II (bottom). Shared structural motifs highlighted in teal.

These screening results also highlight the power of the Poisson-based normalization
framework that I developed with Dr. Clemons (see section 2.6.2) to identify highly enriched
barcodes. Without normalization, the fold-change plots are more challenging to interpret because
the enrichment scores of low-abundance barcodes can be artificially inflated due to assay noise,
even when the underlying (non-uniform) distribution of barcodes is considered. Our statistical
framework, however, accounts for this increased enrichment among some low-abundance
barcodes. In the case of EC-OO (Figure 3.11), the normalized data show that the barcodes circled
in green, blue, and purple are highly enriched, while the raw data are much less definitive about
the status of the green and purple barcodes. All three barcodes correspond to compounds with
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similar structures, which gave me confidence that the normalization procedure was increasing the
true assay signal.

Figure 3.11 | Comparison of non-normalized (left) and normalized (right) fold-change plots for
DOS-DEL-1 screen against EC-OO MurJ. Barcodes of interest are identified in each plot with
colored circles, and the corresponding compound structures are shown below the plots.

When I considered both 1) the structural similarity of the assay positives to Lipid II, and 2)
the sequence dissimilarity of MurJ from E. coli and T. africanus, I hypothesized that the DOSDEL-1 compounds were acting as Lipid II mimetics. High-resolution crystal structures of wild-type
MurJ from E. coli and an “inward open” isoform of MurJ from T. africanus have been reported,25,26
but neither structure includes bound Lipid II. Therefore, I synthesized off-DNA analogs of several
assay positives for biochemical and biophysical characterization and validation.
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3.4.3 Assay positive synthesis and preliminary follow-up experiments
I synthesized azetidines 73–83 according to the procedure outlined in Scheme 3.1 (and
first described in Scheme 2.6). In summary, methyl amides 72 and ent-72 were functionalized via
a three-step sequence—Suzuki reaction, Boc deprotection, and reductive amination—to yield the
final azetidines. These compounds were too polar to be purified via traditional silica gel
chromatography, so I used reverse-phase flash chromatography and preparative-scale HPLC.

Scheme 3.1 | General synthetic scheme and structures of off-DNA assay positives synthesized
for MurJ validation experiments.

Dr. Rubino first assessed these compounds’ ability to kill E. coli cells. Cell killing alone
does not necessarily indicate MurJ modulation, but true MurJ inhibitors would likely exhibit
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toxicity.27 Unfortunately, Dr. Rubino observed that wild-type E. coli and tolC-negative E. coli
(which lack efflux pumps) are resistant to all 11 azetidines in Scheme 3.1 up to concentrations of
128 µg/mL. Because MurJ resides in the inner membrane, we hypothesized that this lack of
activity might be due to the compounds’ inability to penetrate the outer membrane. Dr. Rubino,
therefore, tested the azetidines in the imp4213 strain of E. coli that contains a permeabilized outer
membrane.28 In these experiments, cyclooctane 82 exhibited an MIC of 32 µg/mL; all others had
MICs >128 µg/mL. Finally, Dr. Rubino performed inhibition assays against an E. coli strain in
which MurJ expression can be controlled by an arabinose-inducible promoter. Under low-MurJ
conditions (no arabinose), several azetidines showed weak antibacterial activity, with the most
potent being cyclooctanes 80 (MIC = 16 µg/mL) and 82 (MIC = 32 µg/mL). Under high-MurJ
conditions (0.2% arabinose), the only compound to cause cell killing at any concentration was 75
(MIC = 128 µg/mL). These results suggest that the azetidines do not inhibit MurJ in live cells in a
manner that causes cell death.

Figure 3.12 | E. coli spheroplast-based MurJ inhibition assay results. Dark band (as seen with 4
µg/mL vancomycin) indicates Lipid II buildup caused by MurJ inhibition.

To asses inhibition directly, Dr. Rubino tested the compounds in a Lipid II accumulation
assay in E. coli spheroplasts that lack both an outer membrane and a peptidoglycan layer (Figure
3.12).27 As a positive control, treatment with 4 µg/mL vancomycin resulted in significant Lipid II
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buildup; reducing the concentration twofold (and below the IC50 of vancomycin in the assay)
afforded significantly less Lipid II accumulation. Though no azetidine recapitulated the effects of
4 µg/mL vancomycin, 32 µg/mL 77 appears to be more potent than 2 µg/mL vancomycin, and 75
seems roughly equipotent. These compounds, however, were neither the most highly enriched
molecules in the DEL screens nor the most potent compounds in the cell growth assays.
Therefore, it seems likely that none of the azetidines is a potent MurJ inhibitor.

3.4.4 Proposed biophysical experiments to assess binding
To this point, all the validation experiments have tested the azetidines’ ability to inhibit
MurJ. The data from the DEL screens, however, merely suggest that these compounds bind MurJ,
with no indication that such a binding event alters protein function. Therefore, Dr. Rubino and I
plan to perform biophysical experiments that could detect protein–small molecule binding events.
First, we intend to perform differential scanning fluorimetry (DSF), in which a fluorescent
dye is used to identify the characteristic temperature at which half of the molecules in a purified
protein sample unfold.29 This melting temperature (Tm) can be altered by small-molecule binders
that either stabilize (ΔTm > 0) or destabilize (ΔTm < 0) the protein. Therefore, a significant change
in Tm upon incubation with ligand would indicate a ligand–protein interaction.
One potential complicating factor is that MurJ is a highly hydrophobic protein that requires
solubilization with detergent (LMNG or DDM) to maintain its proper fold. Even small amounts of
detergent are known to disrupt DSF experiments with the commonly used SYPRO Orange dye,
which fluoresces and generates high levels of background signal in the presence of micelles.30
Dyes such as DCVJ or BODIPY FL-L-cystine, however, have been used successfully in DSF
experiments where detergent was present.30,31 DCVJ is a molecular rotor dye that can detect
changes in solution viscosity caused by protein unfolding, but it typically requires high protein
concentrations.30,32 BODIPY FL-L-cystine fluoresces upon exposure to cysteine residues that are
typically buried within the transmembrane helices of properly folded membrane proteins. 33 Wild145

type MurJ from E. coli contains two such cysteines (residues 314 and 419; MurJ from T. africanus
contains none), so this may be a viable strategy.
Other methods to assess binding are saturation-transfer difference (STD) NMR and
differential static light scattering (DSLS) experiments. STD NMR has been performed successfully
with a DDM-solubilized GPCR—the adenosine receptor A2AR.34 Similarly, DSLS has been used
to identify ligands to detergent-solubilized and highly hydrophobic proteins, such as transporters
(MsbA) and ion channels (CorA).35

3.5 FtsW, RodA, and PBPs
3.5.1 Target overview
In addition to Lipid II transport via MurJ, another point in the cell wall biosynthesis pathway
that can be targeted for antibiotic development is the polymerization of peptidoglycan. This
essential process is mediated in part by members of the highly conserved and SEDS (shape,
elongation, division, and sporulation) family of bacterial proteins.36,37 One such member, FtsW,
was recently identified as a peptidoglycan polymerase that requires complexation with its cognate
penicillin-binding protein (PBP) for activity in vitro and in vivo.38 Therefore, direct inhibition of FtsW
polymerase activity or disruption of the FtsW–PBP binding interaction could be a promising
strategy for antibiotic development.

3.5.2 DEL screen
I screened DOS-DEL-1 against six His-tagged targets—provided by Atsushi Taguchi from
Dr.

Suzanne

Walker’s

laboratory—involved

in

peptidoglycan

biosynthesis:

1)

FtsW

(Streptococcus thermophilus), 2) PBP2x (S. thermophilus), 3) FtsW complexed with PBP2x (S.
thermophilus), 4) FtsW complexed with PBP2x (Streptococcus pneumoniae), 5) PBP1a (S.
pneumoniae), 6) the peptidoglycan glycosyltransferase RodA complexed with PBP1a (S.
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pneumoniae). I was not able to obtain amplifiable DNA from DEL screens with PBP2x, so I will
discuss the screens against the other five proteins.
None of the screens yielded particularly strong enrichment of any one barcode (all the
normalized enrichment scores were below 3.5). But within each screen, the most highly enriched
compounds often had similar chemical structures; fully annotated fold-change plots can be found
in Appendix A.

Figure 3.13 | Normalized fold-change plot for DOS-DEL-1 members binding StFtsW (left) and
select assay positives (right). Shared structural motifs within each class highlighted in teal.

The screen with StFtsW (Figure 3.13) yielded two sets of assay positives, all of which are
azetidines (all four stereoisomers are represented). The first set (“class I”) are characterized by
sterically bulky esters and amides at the para position of the biphenyl motif and arene-containing
substituents at the azetidine nitrogen. The second set (“class II”) all contain the same 2(dimethylamino)pyrimidine building block, and most were derived from meta-substituted aryl
aldehydes. The enrichment scores for the class I compounds are higher, but the class II
compounds’ structures are more similar to one another, and their barcodes are more abundant in
the baseline distribution, which means that their enrichment scores are less prone to influence
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from assay noise. Therefore, while I believe both sets of compounds are worth pursuing, I would
prioritize class II for off-DNA synthesis and validation.

Figure 3.14 | Normalized fold-change plot for DOS-DEL-1 members binding complexed
StFtsW/PBP2x (left) and select assay positives (right). Shared structural motifs highlighted in teal.

The screen with complexed FtsW/PBP2x from S. thermophilus (Figure 3.14) offered more
conclusively positive results. Not only were more barcodes significantly enriched than with StFtsW
alone, but also nearly all the corresponding compounds had been synthesized using glyoxylic
acid as the N-capping reagent. The resulting α-amino acid motif is similar to the one found in
penicillins and other β-lactam antibiotics, which target PBPs. The similarity extends to the
nitrogen-containing four-membered ring that defines β-lactam antibiotics. Both azetidines and
pyrrolidines were enriched in the DEL screen, however, which suggests that a four-membered
ring is not a requirement for binding. The Suzuki-derived portions of the assay positives also show
striking similarities, especially the furan-containing azetidines. Finally, I noticed that both sets of
assay positives from the screen with StFtsW alone (see Figure 3.13) did not appear to be enriched
in this experiment. This result suggests that the putative StFtsW binders may interact with an area
of StFtsW that is blocked when the protein is complexed to PBP2x.
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Figure 3.15 | Normalized fold-change plot for DOS-DEL-1 members binding complexed
SpFtsW/PBP2x (left) and select assay positives (right). Notable structural motifs highlighted in
teal.

Surprisingly, the results from the screen with complexed FtsW/PBP2x from S. pneumoniae
(Figure 3.15) differed substantially from those from the screen with StFtsW/PBP/2x. Of the handful
of compounds that could be considered assay positives, only a few show structural similarities;
the sulfonamides in Figure 3.15 that differ only in the stereochemistry at the 3-position of the
azetidine ring are the most notable example. I also observed a compound whose structure mimics
the “pharmacophore” seen in the class II assay positives from the StFtsW screen, but no other
structurally related compounds were enriched in this experiment.
One potentially important experimental difference between the two FtsW/PBP2x screens
is that I formed the S. thermophilus complex by combining the two purified, isolated components
immediately before I performed the screen, while the S. pneumoniae species was prepared and
purified as an entire complex. According to BLAST sequence alignments, SpFtsW and StFtsW
share 62% sequence identity, and SpPBP2x and StPBP2x share 51% sequence identity, so it is
plausible that the two complexes would yield different results in DEL screens. Performing another
round of DEL screening in which each of the two complexes had been prepared using the same
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method would help identify whether these disparate experimental results are due to differences
in protein structure.

Figure 3.16 | Normalized fold-change plot for DOS-DEL-1 members binding PBP1a (left) and
select assay positives (right). Shared structural motifs highlighted in teal.

The results from the screen with PBP1a (Figure 3.16) mirrored those from the
StFtsW/PBP2x screen: though no one barcode achieved a particularly high enrichment score,
almost all the most highly enriched compounds share a common structural feature. In this case,
that feature is the para-substituted phenylacetic acid motif introduced via the Suzuki reaction.
Interestingly, while an acetic acid–containing building block appears to drive enrichment in both
the StFtsW/PBP2x and PBP1a screens, those building blocks are at the opposite ends of the
molecules and positives from one screen are not positives in the other.
The structural similarities among the assay positives extend beyond the phenylacetic acid
motif. Almost all the compounds are 2S,3R trans azetidines, and many contain hydrophobic Nalkyl substituents of similar length and orientation. Also, while not shown in Figure 3.16, several
of the assay positives without a phenylacetic acid moiety contain 2-aminopyrimidine motifs
reminiscent of the positives from the StFtsW and SpFtsW/PBP2x screens.
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Figure 3.17 | Normalized fold-change plot for DOS-DEL-1 members binding complexed
RodA/PBP1a (left) and select assay positives that match positives from other screens (right).

Finally, the screen with complexed RodA/PBP1a (Figure 3.17) did not yield promising
results. As with SpFtsW/PBP2x, the most highly enriched compounds did not share many
structural elements, and even the most highly enriched barcodes had normalized fold changes of
less than 2.5.
I did, however, observe enrichment of two compounds that closely resemble positives from
other screens. First, the sulfone-containing cis azetidine in Figure 3.17 is also a strong positive in
the PBP1a screen, though it does not resemble the other assay positives in either screen. While
this lack of similarity is concerning, its enrichment in two screens containing PBP1a may point to
a specific binding interaction with that target. Second, the enantiomer of the 2(dimethylamino)pyrimidine in Figure 3.17 was also an assay positive in the StFtsW screen. The
repeated appearance of 2-aminopyrimidine-containing azetidines in this section suggests that
those compounds may be interacting with conserved structural elements (in proteins) that are
required for peptidoglycan biosynthesis. These compounds do not appear as positives in my
screens with MurJ, however, so I do not believe that they are acting as Lipid II mimetics.
Overall, the DEL screens with FtsW and related bacterial proteins yielded several results
worth exploring further. Despite the low enrichment scores across all targets, the high degree of
151

structural similarity between assay positives both within and across screens gives me confidence
that these enrichments are due to protein binding (and not merely due to assay noise).
In consultation with the Walker laboratory, I plan to synthesize a handful of these
compounds for biochemical and biophysical validation. In particular, compounds will be tested in
a polyacrylamide gel electrophoresis assay that can detect peptidoglycan polymerization in vitro.38
Both FtsW/PBP2x and PBP1a will be tested for their ability to synthesize peptidoglycan in the
presence of candidate binders. Binding does not necessarily imply inhibition—as I have
mentioned previously—but the potential therapeutic consequences of FtsW inhibition make such
experiments a high priority.

3.6 PrP
3.6.1 Target overview
Human prion diseases (e.g. Creutzfeldt–Jakob disease, fatal familial insomnia, and kuru)
are neurodegenerative diseases caused by “proteinaceous infectious particles” known as
prions.39 Prions arise from a misfolding of the prion protein (PrP), which is predominantly
expressed in the cells of the central nervous system. The misfolded isoform, known as the scrapie
prion protein (PrPSc), can catalyze the misfolding of properly folded PrP (PrPC) into PrPSc, which
can continue for years or decades without causing symptoms.40 Once neurodegenerative
symptoms (e.g. dementia, insomnia, and hallucinations) emerge, the disease progresses rapidly
and is typically fatal within a few months.41
Prion diseases are exceedingly rare (roughly 1 death per 1 million people annually),42 but
there are currently no treatment options.43 One potential therapeutic strategy is to prevent the
conversion of PrPC to PrPSc. Depletion of PrPC in prion-infected mice can slow neuronal loss and
the progression of symptoms,44 and human genetic data suggest that PrPC reduction would be
safe long-term.45 A small-molecule inhibitor of prion replication was recently described, but it does
not engage PrPC.46 DELs could be used to identify a stabilizing small-molecule binder of PrPC that
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prevents misfolding to PrPSc, which would be a valuable chemical tool and potential drug lead.
PrPC, however, is a challenging target due to its lack of a hydrophobic binding pocket, its
intrinsically disordered N-terminal domain, and other factors.

3.6.2 DEL screen
Dr. Andrew Reidenbach provided me with a fragment of the human prion protein for DEL
screening: HuPrP90-231. Not only is this fragment a commonly used model system to study PrP
and prion neurotoxicity,47 but it also lacks the unstructured N terminus, which has been reported
to cause interactions with oligonucleotides.48 Though the construct lacks a traditional epitope tag
for immobilization, the wild-type protein is capable of binding Ni- or Co-based magnetic beads as
if it contained a His-tag. Therefore, I immobilized the protein using the same Co-based Dynabeads
I used in previous screens (see sections 2.6.3 and 3.5.2).

Figure 3.18 | Normalized fold-change plot for DOS-DEL-1 members binding HuPrP90-231 (no
epitope tag) as a function of baseline representation rank.

Unfortunately, analysis of the normalized screening data suggest that no compounds had
been significantly enriched (Figure 3.18). Rather than being caused by true binding events, the
high fold-change values are likely due to insufficient sequencing depth of the screening eluents
(~1.8X coverage). Achieving insufficient library coverage makes it challenging to determine the
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baseline distribution of barcodes accurately, which leads to the high “noise threshold” seen in
Figure 3.18.
Despite this high baseline, I would still have expected the normalization procedure to
identify strong binders were they to exist in the data. I observed a handful of barcodes residing
slightly above the noise, but the corresponding compounds share no common structural features.
Therefore, I surmised that these enrichments were likely not due to compound–protein binding
interactions.

Figure 3.19 | Normalized fold-change plot for DOS-DEL-1 members binding FLAG-HuPrP90-231
as a function of baseline representation rank.

While it was convenient to immobilize HuPrP90-231 using its native residues, doing so
precludes those residues from participating in potential binding events with DOS-DEL-1 members.
Therefore, Dr. Reidenbach prepared a variant of HuPrP90-231 for additional DEL screens that
contained a FLAG tag at the N terminus.
Though few barcodes were clearly separated from the noise in the normalized fold-change
plot (Figure 3.19), several of the most highly enriched compounds contain the 2R,3R azetidine
scaffold, a pyridine-containing building block at the BB1 position, and a morpholine-containing
building block at the BB2 position (an annotated plot can be found in Appendix A). Therefore,
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even though the signal was low, I selected a handful of compounds for off-DNA synthesis and
validation.

3.6.3 Assay positive synthesis and follow-up experiments

Scheme 3.2 | General synthetic scheme and structures of off-DNA assay positives synthesized
for PrP validation experiments.

Dr. Zhenhua Yang and I synthesized azetidines 84–88 (Scheme 3.2). For all compounds
but sulfonamide 85, we followed the Suzuki–deprotection–amination sequence described in
Schemes 2.6 and 3.1. For 85, Dr. Yang performed a sulfonylation as the last step instead of a
reductive amination.
Dr. Reidenbach tested these compounds using DSF, STD NMR, and transverse
relaxation-optimized spectroscopy (TROSY) NMR experiments with HuPrP90-231. Unfortunately,
none of the five azetidines (tested at both 200 µM and 1 mM) altered the Tm of HuPrP90-231 by
greater than 1 °C, and neither of the NMR-based experiments (200 µM compound) indicated
protein binding. Therefore, we concluded that 84–88 are not true binders of HuPrP90-231. While
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disappointing, this result was not entirely surprising given the poor sequencing depth and the low
signal of the putative assay positives in the DEL screen. As I moved forward, I prioritized
sequencing depth to minimize assay noise and, ideally, the appearance of false positives.

3.7 JARID1
3.7.1 Target overview
Histone lysine methylation (and demethylation) is one of the primary mechanisms by
which cells regulate transcription.49 The JARID1 (Jumonji AT-rich interactive domain 1) family of
demethylases is responsible for removing methyl groups from mono-, di-, and trimethylated
H3K4,50 and are thus responsible for regulating the transcription of hundreds of genes involved in
a wide variety of cellular processes.51 JARID1 mutations and dysregulation have been linked to
cancer,52,53 mental retardation,54,55 and aberrant circadian rhythms.56 Histone demethylase
inhibition is a validated anti-cancer therapeutic strategy, but current JARID1 inhibitors lack
selectivity.57 Small molecules that inhibit or bind individual JARID1 family members, therefore,
would be valuable chemical tools to study epigenetic regulation and interrogate additional
therapeutic hypotheses.

3.7.2 DEL screen
Dr. Luciano DiTacchio at the University of Kansas Medical Center provided me with four
FLAG-tagged JARID1 members for DEL screening: JARID1AWT, JARID1AH483A (no demethylase
activity), JARID1B, and JARID1C.
Unfortunately, the normalized fold-change plots suggest that no compounds were
significantly enriched (Figure 3.20). One contributing factor may have been the low amounts of
protein that were used; Dr. DiTacchio was only able to supply 2 µg JARID1AWT, 3 µg
JARID1AH483A, 3.5 µg JARID1B, and 2 µg JARID1C per screen. All four species are large (>175
kDa) multi-domain proteins, so the molar concentration of protein in each screen was likely too
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low to enrich all but the tightest binders. Given this limitation, I was more accepting of low
enrichment scores when searching for assay positives, but I did not detect any SAR among the
handful of compounds with the highest fold-change scores. Therefore, I did not synthesize any
off-DNA compounds for validation experiments.

Figure 3.20 | Normalized fold-change plots for DOS-DEL-1 members binding four JARID1
demethylases as a function of baseline representation rank.

3.8 ATG16L1
3.8.1 Target overview
Genetic studies have revealed that a common single-nucleotide polymorphism in the
ATG16L1 gene (T300A) confers increased susceptibility to Crohn’s disease,58,59 which is a form
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of inflammatory bowel disease. ATG16L1 encodes a protein involved in autophagy, the
maintenance process by which cells recycle and degrade cellular materials; for a more detailed
discussion, please see section 1.5.4. The T300A variant undergoes rapid caspase-mediated
degradation, which decreases autophagic flux.60,61 Recent studies have connected T300AATG16L1 to the dysregulation of the gut microbiota and immune system in mice, 62 but the exact
mechanism by which this allele contributes to Crohn’s disease risk is not yet fully understood.
An ideal small-molecule binder of Atg16l1T300A would decrease its vulnerability to caspasemediate proteolysis. While it would be challenging to identify binders—let alone stabilizers—
directly via traditional high-throughput screening methods, DELs are well-suited for this task.
Assay positives from DEL screens would be validated via biochemical, biophysical, and cellular
experiments to determine which ones confer stabilization. Such compounds would be useful tools
to study autophagy and interrogate a potential therapeutic hypothesis for Crohn’s disease.

3.8.2 DEL screen
I performed DEL screens with FLAG-tagged Atg16l1T300A and Atg16l1WT provided by Dr.
Ramnik Xavier’s laboratory. Because Atg16l1 contains several cysteine residues, the Xavier
laboratory typically includes 1 mM TCEP in buffers to prevent surface cross-linking. Reducing
agents like DTT can be used in DEL screens when needed, but it was unclear whether TCEP
should be included in the Atg16l1 screens. Therefore, I screened each protein under two
conditions: one with 1 mM TCEP in all buffers, and the other with no reducing agent present.
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Figure 3.21 | Normalized fold-change plots for DOS-DEL-1 members binding wild-type (left) or
T300A (right) variants of Atg16l1 in the absence (top) or presence (bottom) of reducing agent as
a function of baseline representation rank.

Unfortunately, as with the JARID1 histone demethylases, none of the four screening
experiments yielded promising assay positives (Figure 3.21). Very few barcodes achieved
enrichment scores greater than 2, and those that did are mostly low-abundance barcodes that
can be found on the left side of the normalized fold-change plots; the Poisson-based normalization
attempts to correct this artifact but failed to completely remove it in this case. The most highly
enriched compounds are also not structurally similar to other potential assay positives (either in
the same screen or in different screens). Taken together, these observations suggest that the
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highest enrichment scores are due to noise rather than protein binding. Therefore, no compounds
were identified and selected for off-DNA synthesis. And without a detectable signal, no
conclusions could be reached regarding the behavior of the protein in the absence of reducing
agent. Future DEL screens with Atg16l1 should continue to incorporate both reducing and nonreducing conditions to determine if this parameter alters the number and types of binders that can
be identified for this target.

3.9 Conclusions
While the scope of this chapter was limited to DEL screens and a handful of preliminary
follow-up experiments, these results represent important early steps towards addressing some of
the most pressing issues in DEL screening and therapeutics science.
In showing that DOS-DEL-1 can be screened against a variety of challenging targets in a
manner that produces reproducible results with strong SAR among the assay positives (see
sections 3.4 and 3.5), I supported the validation experiments described in Chapter 2. The
enrichment of Lipid II-like compounds upon screening with MurJ and penicillin-like compounds
upon screening with PBP1a are not only strong pieces of evidence that the screens detected real
protein-based interactions, but they also could represent valuable new leads for antibiotic
development. Though none of the MurJ off-DNA analogs are strong inhibitors of flippase activity,
it remains possible (if not likely) that the compounds bind MurJ without significantly affecting its
ability to transport Lipid II. Furthermore, DOS-DEL-1 yielded different results with MurJ and
StFtsW under very similar assay conditions, which suggests that neither protein’s set of assay
positives is due to an artifact involved in the screening of membrane proteins. A validated binder
of either target would be a valuable addition to the microbiologist’s chemical toolbox to study
bacterial cell division.
Even in screens that did not yield obvious assay positives, I learned lessons that I could
apply to future experiments. In particular, I observed that high protein concentration and
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sequencing depth are important factors in separating signal from noise. These factors are
especially important when screening challenging targets, as it is difficult for DELs to consistently
identify compounds that bind with double-digit micromolar affinity or weaker.14 For some targets,
this level of binding potency is a best-case scenario.
Over the course of the screening experiments in these past two chapters, I also noticed
that certain classes of compounds often did not appear among a screen’s most highly enriched
compounds. For example, azetidines (especially trans azetidines) were more often highly
enriched than the corresponding pyrrolidines, even when the binding interactions seemed to be
dominated by a single appendage. Pyrrolidine barcodes are less abundant than azetidine
barcodes (see Figure 2.9), but my analytical framework accounts for this discrepancy. Similarly, I
observed enrichment of very few compounds that were synthesized using sulfonyl chloride Ncapping reagents. While it is possible that the targets that I screened are inherently less receptive
to these types of compounds, it seems more likely that these differences are due to systematically
lower reaction yields during DOS-DEL-1 synthesis. Additional screening experiments are required
to address this concern.
Whether or not stereochemical diversity and topographic complexity benefit DEL design
remains an open question, but my work with DOS-DEL-1 thus far has revealed several promising
threads. Irrespective of where those threads may lead, additional DOS-inspired DELs—such as
ones synthesized using the chemistry described in Chapter 4—will be needed to provide a
definitive answer.

3.10 Experimental methods: chemistry
3.10.1 General methods
All chemicals and solvents were purchased from Combi-Blocks, Enamine, Oakwood
Chemical, MilliporeSigma, or Strem. Chemicals were used without further purification. Chemical
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reactions sensitive to oxygen and/or moisture were performed in flame-dried glassware under an
atmosphere of N2.
Reaction progress was monitored by analytical thin-layer chromatography (TLC),
analytical liquid chromatography-mass spectrometry (LC-MS), and 1H NMR spectroscopy. TLC
analyses were performed using E. Merck silica gel 60 F254 pre-coated plates (250 µm). A
handheld 254 nm UV lamp and potassium permanganate staining solution (with light heating)
were used for detection. LC-MS analysis was performed on a Waters 2795 separations module
connected to a 3100 single quadrupole mass detector; low-resolution mass spectrometry (LRMS)
data were also collected on this system.
Flash column chromatography was performed using a Teledyne ISCO CombiFlash Rf+
purification system with RediSep Rf Gold Normal-Phase Silica columns (average particle size:
20–40 µm; average pore size: 60 Å) or RediSep Rf Reverse-Phase C18 columns (average particle
size: 40–63 µm; average pore size: 60 Å). Preparative-scale reverse-phase HPLC was performed
on a Teledyne ACCQPrep HP125 purification system outfitted with an XTerra Prep RP18 column
(5 µm, 10 x 150 mm).
NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer using residual
non-deuterated solvent as an internal standard—CDCl3: 7.26 (1H), 77.16 (13C) ppm; CD3OD: 3.31
(1H), 49.00 (13C) ppm. Multiplicity abbreviations are as follows: s = singlet, br s = broad singlet, d
= doublet (dd = doublet of doublets, etc.), t = triplet, q = quartet, p = pentet, m = multiplet. NMR
data were collected at 300 K unless otherwise noted. All deuterated solvents were purchased
from Cambridge Isotope Laboratories.

3.10.2 Synthetic methods and characterization of intermediates and final compounds
General Procedure A: Suzuki coupling–Boc deprotection–reductive amination
To a 1 dram vial charged with the corresponding secondary amide (1 equiv) was added
1,4-dioxane (0.2 M), H2O (1 M), the corresponding boronic acid (1.8 equiv), and Cs2CO3 (1 equiv).
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The reaction mixture was then sparged with N2 for 10 minutes, after which Pd(dppf)Cl2•DCM (0.1
equiv) was added and the resulting orange suspension was stirred vigorously at 90 °C for 1 hour.
The resulting black mixture was concentrated under reduced pressure, diluted with EtOAc,
washed twice with H2O and once with brine, dried over Na2SO4, and concentrated under reduced
pressure.
The crude Suzuki product was dissolved in DCM (0.05 M) and treated with a 4 M 1,4dioxane solution of HCl (30 equiv); NOTE: adding MeOH to the reaction mixture, as was done in
Chapter 2, results in significant Fischer esterification of the carboxylic acid to the methyl ester.
The resulting solution was stirred at RT for 18–24 hours, after which the reaction mixture was
concentrated under a stream of air (to remove excess HCl) and concentrated under reduced
pressure and high vacuum.
The crude amine was dissolved in THF (0.1 M) and treated with glacial acetic acid (20
equiv) and the corresponding aldehyde (4 equiv). The resulting slurry was stirred at RT for 10
minutes, after which NaCNBH3 (4 equiv) was added, causing significant bubbling. The reaction
mixture was stirred at RT for 15–60 minutes, quenched with saturated aqueous NaHCO3, and
partitioned between H2O and 3:1 CHCl3:iPrOH. The phases were separated, and the aqueous
phase was extracted twice more with 3:1 CHCl3:iPrOH. The organic extracts were pooled, dried
over Na2SO4, and concentrated under reduced pressure and high vacuum. The crude product
was purified via flash column chromatography (ISCO, Silica, 0-10% MeOH in DCM), reversephase flash column chromatography (ISCO, C18, 10-50% MeCN [0.1% formic acid] in water
[0.1% formic acid]), or preparative-scale reverse-phase HPLC (ACCQPrep, 10-50% MeCN [0.1%
formic acid] in water [0.1% formic acid]) to afford the desired tertiary amine.

General Procedure B: Suzuki coupling–Boc deprotection–sulfonylation
To a 1 dram vial charged with the corresponding secondary amide (1 equiv) was added
1,4-dioxane (0.2 M), H2O (1 M), the corresponding boronic acid (1.8 equiv), and Cs2CO3 (1 equiv).
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The reaction mixture was then sparged with N2 for 10 minutes, after which Pd(dppf)Cl2•DCM (0.1
equiv) was added and the resulting orange suspension was stirred vigorously at 90 °C for 1 hour.
The resulting black mixture was concentrated under reduced pressure, diluted with EtOAc,
washed twice with H2O and once with brine, dried over Na2SO4, and concentrated under reduced
pressure.
The crude Suzuki product was dissolved in DCM (0.05 M) and treated with a 4 M 1,4dioxane solution of HCl (30 equiv). The resulting solution was stirred at RT for 18–24 hours, after
which the reaction mixture was concentrated under a stream of air (to remove excess HCl) and
concentrated under reduced pressure and high vacuum.
The crude amine was dissolved in DMF (0.3 M) and treated with DIPEA (6 equiv) and the
corresponding sulfonyl chloride (1.5 equiv). The resulting solution was stirred at RT for 1 hour,
quenched with 1 M HCl, and diluted with EtOAc. The phases were separated, and the organic
phase was washed once more with 1 M HCl, twice with water, and once with brine, dried over
Na2SO4, and concentrated under reduced pressure and high vacuum. The crude product was
purified via flash column chromatography (ISCO, Silica, 0-10% MeOH in DCM) to afford the
desired tertiary amine.

Compounds

2-(4-(tert-butyl)phenyl)acetaldehyde (S1)
To a flame-dried 50 mL round-bottom flask under an atmosphere of N2 was added Dess–
Martin periodinane (950 mg, 2 equiv) and anhydrous DCM. The resulting white suspension was
placed in an ice bath and allowed to cool to 0 °C. Then, 2-(4-tert-butylphenyl)ethan-1-ol (200 mg,
1.12 mmol, 1 equiv) was added in small portions, turning the reaction mixture bright yellow. The
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reaction was stirred vigorously for 1 hour at 0 °C, at which point the reaction flask was taken out
of the ice bath, allowed to warm to RT, and stirred for an additional 3 hours. Then, the reaction
mixture was diluted with EtOAc, transferred to a separatory funnel, and washed with saturated
aqueous Na2S2O3, 10% NaOH, and brine, dried over Na2SO4, and concentrated under reduced
pressure. The crude viscous yellow oil was purified via flash column chromatography (ISCO,
Silica, 0-5% EtOAc in hexanes) to afford the title compound as a colorless liquid (196 mg, 99%
yield). Characterization data consistent with those reported in the literature. 1H NMR (400 MHz,
CDCl3) δ 9.76 (t, J = 2.5 Hz, 1H), 7.41 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.3 Hz, 2H), 3.66 (d, J =
2.5 Hz, 2H), 1.34 (s, 9H).

4'-((2S,3S)-1-(4-(tert-butyl)phenethyl)-2-(methylcarbamoyl)azetidin-3-yl)-6-methoxy-[1,1'biphenyl]-3-carboxylic acid (73)
General procedure A was followed using azetidine 72 (17 mg, 0.041 mmol), 5-carboxy-2methoxyphenylboronic acid, and aldehyde S1 to afford the title compound as a white amorphous
solid (7 mg, 35% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 8.35 (br s, 1H), 8.01 (dd,
J = 8.6, 2.2 Hz, 1H), 7.93 (d, J = 2.2 Hz, 1H), 7.46 (d, J = 8.2 Hz, 2H), 7.37 (m, 4H), 7.16 (dd, J =
17.5, 8.4 Hz, 3H), 3.93 (t, J = 7.4 Hz, 1H), 3.86 (s, 3H), 3.72 (d, J = 8.0 Hz, 1H), 3.62 (q, J = 8.2
Hz, 1H), 3.23 (dd, J = 8.7, 6.9 Hz, 1H), 2.94 – 2.81 (m, 2H), 2.75 – 2.65 (m, 5H), 1.32 (s, 9H).
LRMS (ESI+) m/z calculated for C31H36N2O4 [M+H]+ 501.28, found: 501.47.
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4'-((2R,3R)-1-(4-(tert-butyl)phenethyl)-2-(methylcarbamoyl)azetidin-3-yl)-6-methoxy-[1,1'biphenyl]-3-carboxylic acid (74)
General procedure A was followed using azetidine ent-72 (13 mg, 0.031 mmol), 5carboxy-2-methoxyphenylboronic acid, and aldehyde S1 to afford the title compound as a white
amorphous solid (6 mg, 39% yield over three steps). LRMS (ESI+) m/z calculated for C31H36N2O4
[M+H]+ 501.28, found: 501.47.

1-(4'-((2S,3S)-1-(3-ethynylbenzyl)-2-(methylcarbamoyl)azetidin-3-yl)-[1,1'-biphenyl]-4yl)cyclopropane-1-carboxylic acid (75)
General procedure A was followed using azetidine 72 (20 mg, 0.048 mmol), 1-[4(dihydroxyboranyl)phenyl]cyclopropane-1-carboxylic acid, and 3-ethynylbenzaldehyde to afford
the title compound as a white amorphous solid (12 mg, 54% yield over three steps). 1H NMR (400
MHz, CD3OD) δ 8.41 (br s, 1H), 7.60 – 7.52 (m, 5H), 7.45 – 7.35 (m, 6H), 7.32 (t, J = 7.5 Hz, 1H),
3.81 – 3.70 (m, 4H), 3.64 (q, J = 8.2 Hz, 1H), 3.48 (s, 1H), 3.20 (dd, J = 8.7, 6.7 Hz, 1H), 2.69 (s,
3H), 1.59 (q, J = 3.9 Hz, 2H), 1.21 (q, J = 3.9 Hz, 2H). LRMS (ESI+) m/z calculated for C30H28N2O3
[M+H]+ 465.22, found: 465.39.
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1-(4'-((2R,3R)-1-(3-ethynylbenzyl)-2-(methylcarbamoyl)azetidin-3-yl)-[1,1'-biphenyl]-4yl)cyclopropane-1-carboxylic acid (76)
General procedure A was followed using azetidine ent-72 (23 mg, 0.055 mmol), 1-[4(dihydroxyboranyl)phenyl]cyclopropane-1-carboxylic acid, and 3-ethynylbenzaldehyde to afford
the title compound as a white amorphous solid (11 mg, 43% yield over three steps). LRMS (ESI+)
m/z calculated for C30H28N2O3 [M+H]+ 465.22, found: 465.42.

3-(4'-((2S,3S)-1-(3-ethynylbenzyl)-2-(methylcarbamoyl)azetidin-3-yl)-[1,1'-biphenyl]-3yl)propanoic acid (77)
General procedure A was followed using azetidine 72 (20 mg, 0.048 mmol), 3-(2carboxyethyl)phenylboronic acid, and 3-ethynylbenzaldehyde to afford the title compound as a
colorless residue (8 mg, 37% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 7.61 – 7.53
(m, 3H), 7.50 – 7.46 (m, 1H), 7.45 – 7.30 (m, 7H), 7.23 – 7.19 (m, 1H), 3.87 – 3.79 (m, 3H), 3.68
(q, J = 8.3 Hz, 1H), 3.49 (s, 1H), 3.35 – 3.32 (m, 1H), 3.30 – 3.28 (m, 1H), 2.98 (t, J = 7.6 Hz, 2H),
2.71 – 2.61 (m, 5H). LRMS (ESI+) m/z calculated for C29H28N2O3 [M+H]+ 453.22, found: 453.44.
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4'-((2R,3R)-1-(3-ethynylbenzyl)-2-(methylcarbamoyl)azetidin-3-yl)-5-methoxy-[1,1'biphenyl]-3-carboxylic acid (78)
General procedure A was followed using azetidine ent-72 (23 mg, 0.055 mmol), 5carboxy-3-methoxyphenylboronic acid, and 3-ethynylbenzaldehyde to afford the title compound
as a colorless residue (14 mg, 56% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 8.28
(br s, 1H), 7.85 (s, 1H), 7.61 (d, J = 8.0 Hz, 2H), 7.56 – 7.52 (m, 2H), 7.45 – 7.29 (m, 6H), 3.90
(s, 3H), 3.83 – 3.73 (m, 4H), 3.69 – 3.61 (m, 1H), 3.48 (s, 1H), 3.22 (dd, J = 8.7, 6.7 Hz, 1H), 2.69
(s, 3H). LRMS (ESI+) m/z calculated for C28H26N2O4 [M+H]+ 455.20, found: 455.42.

4'-((2S,3S)-1-(3-ethynylbenzyl)-2-(methylcarbamoyl)azetidin-3-yl)-6-methoxy-[1,1'biphenyl]-3-carboxylic acid (79)
General procedure A was followed using azetidine 72 (20 mg, 0.048 mmol), 5-carboxy-2methoxyphenylboronic acid, and 3-ethynylbenzaldehyde to afford the title compound as a white
amorphous solid (9 mg, 41% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 8.51 (br s,
1H), 8.01 (dd, J = 8.6, 2.2 Hz, 1H), 7.93 (d, J = 2.2 Hz, 1H), 7.56 – 7.52 (m, 1H), 7.48 – 7.44 (m,
2H), 7.44 – 7.29 (m, 5H), 7.13 (d, J = 8.6 Hz, 1H), 3.87 (s, 3H), 3.83 – 3.70 (m, 4H), 3.65 (q, J =
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8.1 Hz, 1H), 3.48 (s, 1H), 3.22 (dd, J = 8.7, 6.7 Hz, 1H), 2.69 (s, 3H). LRMS (ESI+) m/z calculated
for C28H26N2O4 [M+H]+ 455.20, found: 455.42.

3-(4'-((2S,3S)-1-(cyclooctylmethyl)-2-(methylcarbamoyl)azetidin-3-yl)-[1,1'-biphenyl]-3yl)propanoic acid (80)
General procedure A was followed using azetidine 72 (20 mg, 0.048 mmol), 3-(2carboxyethyl)phenylboronic acid, and cyclooctanecarbaldehyde to afford the title compound as a
colorless residue (11 mg, 50% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 8.46 (br s,
1H), 7.58 (d, J = 8.2 Hz, 2H), 7.49 – 7.45 (m, 1H), 7.42 (dt, J = 7.9, 1.4 Hz, 1H), 7.38 (d, J = 8.2
Hz, 2H), 7.34 (t, J = 7.6 Hz, 1H), 7.21 (dt, J = 7.6, 1.4 Hz, 1H), 3.87 (t, J = 6.9 Hz, 1H), 3.69 –
3.60 (m, 2H), 3.17 – 3.10 (m, 1H), 2.98 (t, J = 7.6 Hz, 2H), 2.83 (s, 3H), 2.69 – 2.61 (m, 2H), 2.42
(dd, J = 7.1, 1.8 Hz, 2H), 1.83 – 1.70 (m, 4H), 1.63 – 1.48 (m, 9H), 1.37 – 1.26 (m, 2H). LRMS
(ESI+) m/z calculated for C29H38N2O3 [M+H]+ 463.30, found: 463.50.
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4'-((2S,3S)-1-(cyclooctylmethyl)-2-(methylcarbamoyl)azetidin-3-yl)-6-methoxy-[1,1'biphenyl]-3-carboxylic acid (81)
General procedure A was followed using azetidine 72 (13 mg, 0.031 mmol), 5-carboxy-2methoxyphenylboronic acid, and cyclooctanecarbaldehyde to afford the title compound as a white
amorphous solid (6 mg, 43% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 8.43 (br s,
1H), 8.01 (dd, J = 8.7, 2.2 Hz, 1H), 7.93 (d, J = 2.2 Hz, 1H), 7.46 (d, J = 8.3 Hz, 2H), 7.36 (d, J =
8.3 Hz, 2H), 7.13 (d, J = 8.7 Hz, 1H), 3.91 – 3.84 (m, 4H), 3.70 – 3.61 (m, 2H), 3.20 – 3.13 (m,
1H), 2.84 (s, 3H), 2.44 (dd, J = 7.1, 1.3 Hz, 2H), 1.85 – 1.66 (m, 4H), 1.66 – 1.43 (m, 9H), 1.39 –
1.26 (m, 2H). LRMS (ESI+) m/z calculated for C28H36N2O4 [M+H]+ 465.28, found: 465.49.

4'-((2R,3R)-1-(cyclooctylmethyl)-2-(methylcarbamoyl)azetidin-3-yl)-6-methoxy-[1,1'biphenyl]-3-carboxylic acid (82)
General procedure A was followed using azetidine ent-72 (13 mg, 0.031 mmol), 5carboxy-2-methoxyphenylboronic acid, and cyclooctanecarbaldehyde to afford the title compound
as a white amorphous solid (7 mg, 48% yield over three steps). LRMS (ESI+) m/z calculated for
C28H36N2O4 [M+H]+ 465.28, found: 465.49.
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4'-((2R,3R)-1-(4-(tert-butyl)phenethyl)-2-(methylcarbamoyl)azetidin-3-yl)-6-ethoxy-[1,1'biphenyl]-3-carboxylic acid (83)
General procedure A was followed using azetidine ent-72 (20 mg, 0.048 mmol), 5carboxy-2-ethoxyphenylboronic acid, and aldehyde S1 to afford the title compound as a white
amorphous solid (15 mg, 61% yield over three steps). 1H NMR (400 MHz, CD3OD) δ 8.01 – 7.90
(m, 2H), 7.49 (d, J = 7.9 Hz, 2H), 7.40 – 7.31 (m, 4H), 7.17 (d, J = 7.9 Hz, 2H), 7.09 (d, J = 8.6
Hz, 1H), 4.13 (q, J = 6.9 Hz, 2H), 3.91 (t, J = 7.3 Hz, 1H), 3.69 (d, J = 8.0 Hz, 1H), 3.61 (t, J = 8.2
Hz, 1H), 3.19 (t, J = 7.7 Hz, 1H), 2.93 – 2.77 (m, 2H), 2.68 (s, 5H), 1.33 (d, J = 13.0 Hz, 12H).
LRMS (ESI+) m/z calculated for C32H38N2O4 [M+H]+ 515.29, found: 515.50.

(2R,3R)-1-((3-methoxypyridin-2-yl)methyl)-N-methyl-3-(4'-morpholino-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (84)
General procedure A was followed using azetidine ent-72 (10 mg, 0.024 mmol), 4morpholinophenylboronic acid, and 3-methoxypyridine-2-carbaldehyde to afford the title
compound as a colorless residue (5 mg, 44% yield over three steps). 1H NMR (400 MHz, CDCl3)
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δ 8.19 (dd, J = 4.5, 1.6 Hz, 1H), 7.74 (br s, 1H), 7.51 (dd, J = 8.5, 1.9 Hz, 4H), 7.39 (d, J = 8.0 Hz,
2H), 7.24 – 7.15 (m, 2H), 6.97 (d, J = 8.8 Hz, 2H), 4.05 (d, J = 13.2 Hz, 1H), 3.93 – 3.78 (m, 10H),
3.74 – 3.64 (m, 1H), 3.46 – 3.40 (m, 1H), 3.23 – 3.18 (m, 4H), 2.79 (d, J = 5.0 Hz, 3H). 13C NMR
(100 MHz, CDCl3) δ 172.96, 154.00, 150.61, 147.30, 140.83, 139.34, 139.18, 132.66, 127.86,
127.65, 126.70, 123.50, 117.50, 115.92, 73.79, 67.06, 58.35, 58.17, 55.58, 49.38, 41.40, 25.68.
LRMS (ESI+) m/z calculated for C28H32N4O3 [M+H]+ 473.26, found: 473.93.

(2R,3R)-1-((3,5-dimethylphenyl)sulfonyl)-N-methyl-3-(4'-morpholino-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (85)
General procedure B was followed using azetidine ent-72 (9 mg, 0.022 mmol), 4morpholinophenylboronic acid, and 3,5-dimethylbenzenesulfonyl chloride to afford the title
compound as a light-yellow oil (8 mg, 70% yield over three steps). 1H NMR (400 MHz, CDCl3) δ
7.51 (s, 2H), 7.43 (d, J = 8.7 Hz, 2H), 7.38 (s, 1H), 7.31 (d, J = 8.3 Hz, 2H), 7.14 (d, J = 4.9 Hz,
1H), 6.95 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.3 Hz, 2H), 4.26 (d, J = 6.3 Hz, 1H), 4.19 – 4.09 (m,
1H), 3.91 – 3.85 (m, 4H), 3.79 – 3.71 (m, 2H), 3.24 – 3.17 (m, 4H), 2.93 (d, J = 4.9 Hz, 3H), 2.43
(s, 6H).

13

C NMR (100 MHz, CDCl3) δ 170.13, 150.82, 140.25, 140.12, 137.06, 135.84, 132.70,

131.99, 127.81, 127.47, 126.87, 126.46, 115.86, 70.09, 67.00, 54.95, 49.25, 38.63, 26.29, 21.45.
LRMS (ESI+) m/z calculated for C29H33N3O4S [M+H]+ 520.23, found: 520.47.
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(2R,3R)-1-((2-hydroxypyridin-4-yl)methyl)-N-methyl-3-(4'-morpholino-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (86)
General procedure A was followed using azetidine ent-72 (10 mg, 0.024 mmol), 4morpholinophenylboronic acid, and 2-hydroxypyridine-4-carbaldehyde to afford the title
compound as a light-yellow residue (6 mg, 55% yield over three steps). 1H NMR (400 MHz, CDCl3)
δ 12.73 (br s, 1H), 7.57 – 7.46 (m, 4H), 7.34 (t, J = 7.4 Hz, 3H), 7.20 (d, J = 5.0 Hz, 1H), 6.97 (d,
J = 8.2 Hz, 2H), 6.59 (s, 1H), 6.23 (d, J = 6.7 Hz, 1H), 3.97 – 3.82 (m, 6H), 3.77 – 3.65 (m, 2H),
3.46 (d, J = 14.8 Hz, 1H), 3.26 – 3.11 (m, 5H), 2.88 (d, J = 5.0 Hz, 3H). 13C NMR (100 MHz, CDCl3)
δ 172.18, 165.44, 152.76, 150.69, 139.66, 138.44, 134.36, 132.40, 127.86, 127.44, 126.81,
118.34, 115.91, 107.26, 73.34, 67.03, 61.22, 58.25, 49.33, 41.34, 25.89. LRMS (ESI+) m/z
calculated for C27H30N4O3 [M+H]+ 459.24, found: 459.50.
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(2R,3R)-1-((3-methoxypyridin-2-yl)methyl)-N-methyl-3-(3'-morpholino-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (87)
General procedure A was followed using azetidine ent-72 (12 mg, 0.029 mmol), 3morpholinophenylboronic acid, and 3-methoxypyridine-2-carbaldehyde to afford the title
compound as a colorless residue (8 mg, 59% yield over three steps). 1H NMR (400 MHz, CDCl3)
δ 8.19 (dd, J = 4.5, 1.6 Hz, 1H), 7.73 (d, J = 5.1 Hz, 1H), 7.52 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.2
Hz, 2H), 7.33 (t, J = 8.2 Hz, 1H), 7.24 – 7.16 (m, 2H), 7.11 – 7.06 (m, 2H), 6.93 – 6.87 (m, 1H),
4.05 (d, J = 13.1 Hz, 1H), 3.92 – 3.86 (m, 9H), 3.80 (d, J = 13.2 Hz, 1H), 3.69 (q, J = 8.2 Hz, 1H),
3.43 (dd, J = 8.9, 6.8 Hz, 1H), 3.24 – 3.20 (m, 4H), 2.79 (d, J = 5.1 Hz, 3H). 13C NMR (100 MHz,
CDCl3) δ 173.00, 153.99, 151.81, 147.28, 142.34, 140.87, 140.20, 140.06, 129.63, 127.63,
127.43, 123.47, 119.28, 117.46, 114.84, 114.72, 73.75, 67.12, 58.41, 58.13, 55.57, 49.63, 41.40,
25.67. LRMS (ESI+) m/z calculated for C28H32N4O3 [M+H]+ 473.26, found: 473.84.
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(2R,3R)-1-((2-hydroxypyridin-4-yl)methyl)-N-methyl-3-(3'-morpholino-[1,1'-biphenyl]-4yl)azetidine-2-carboxamide (88)
General procedure A was followed using azetidine ent-72 (12 mg, 0.029 mmol), 3morpholinophenylboronic acid, and 2-hydroxypyridine-4-carbaldehyde to afford the title
compound as a light-yellow residue (10 mg, 76% yield over three steps). 1H NMR (400 MHz,
CDCl3) δ 12.85 (br s, 1H), 7.53 (d, J = 8.2 Hz, 2H), 7.40 – 7.31 (m, 4H), 7.20 (d, J = 5.1 Hz, 1H),
7.10 – 7.06 (m, 2H), 6.93 – 6.88 (m, 1H), 6.59 (s, 1H), 6.24 (dd, J = 6.7, 1.6 Hz, 1H), 3.96 – 3.84
(m, 6H), 3.76 – 3.68 (m, 2H), 3.46 (d, J = 14.7 Hz, 1H), 3.26 – 3.19 (m, 4H), 3.16 (dd, J = 8.8, 7.0
Hz, 1H), 2.88 (d, J = 5.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 172.16, 165.51, 152.75, 151.83,
142.12, 140.54, 139.29, 134.41, 129.68, 127.56, 127.40, 119.22, 118.31, 114.83, 114.78, 107.29,
73.28, 67.09, 61.23, 58.20, 49.59, 41.33, 25.89. LRMS (ESI+) m/z calculated for C27H30N4O3
[M+H]+ 459.24, found: 459.47.

3.11 Experimental methods: DEL screening and follow-up biology
3.11.1 General methods
See section 2.11 for a comprehensive list. The materials and procedures of particular
importance to the experiments discussed in this chapter are described below.
PCR amplifications were analyzed via gel electrophoresis using an E-Gel Safe Imager
Real-Time Transilluminator connected to an E-Gel iBase Power System. E-Gel EX agarose gels
(2% [G402002] and 4% [G401004]) and E-Gel DNA ladders (Ultra Low Range [10488096] and
50-bp [10488099] for 4% and 2% agarose gels, respectively) were obtained from Life
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Technologies, Inc./ThermoFisher. Oligonucleotide concentrations were determined using an
Invitrogen Qubit 4 Fluorometer (1X dsDNA HS Assay). 1.5 mL Eppendorf LoBind microcentrifuge
tubes (VWR, 80077-230) were spun using a Thermo Scientific Heraeus Fresco 21 refrigerated
microcentrifuge with a 24 x 1.5/2.0 mL rotor with a ClickSeal biocontainment lid.

3.11.2 DEL screening
Please refer to section 2.11.1 for details regarding the general screening procedure and
the precautions taken to prevent contamination of the post-screen eluents.
Dynabeads His-Tag Isolation & Pulldown (10103D), MagJET Separation Rack (12 x 1.5
mL tube; MR02), Pierce 20X TBS Tween-20 Buffer (28360), and sheared salmon-sperm DNA
(AM9680) were all obtained from ThermoFisher. His10-tagged human CA-IX protein was obtained
from R&D Systems (2188-CA). Imidazole (I5513) and Anti-FLAG M2 Magnetic Beads (M8823)
were purchased from Sigma-Aldrich.
All screens were performed in duplicate. To establish the “before” distributions for each
protein, I followed the usual screening procedure but did not add protein (these experiments were
also performed in duplicate). His-tagged proteins were immobilized using the Co-based
Dynabeads from ThermoFisher and eluted with 500 mM imidazole in assay buffer. FLAG-tagged
proteins were immobilized using the anti-FLAG M2 beads from Sigma-Aldrich and eluted with 400
µg/mL FLAG peptide in assay buffer. I collected the data discussed in sections 3.4–3.8 from the
screens described in Table 3.2. All screens used 2 pmol DOS-DEL-1 (40 nM assay concentration)
and included 20 mM imidazole in the blocking and library buffers.
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Table 3.2 | Summary of DOS-DEL-1 screening experiments with challenging targets
protein

tag

assay buffer

protein
(µg)

resin
(µL)

MurJ (EC-WT)
MurJ (TA-WT)
MurJ (EC-OO)
MurJ (TA-OO)
FtsW
StFtsW/2x*
PBP1a
SpFtsW/2x
RodA/PBP1a
HuPrP90-231

FLAG
FLAG
FLAG
FLAG
His
His
His
His
His
—

20 mM HEPES pH 7.5, 250 mM NaCl, 0.01% LMNG
20 mM HEPES pH 7.5, 250 mM NaCl, 0.01% LMNG
20 mM HEPES pH 7.5, 250 mM NaCl, 0.01% LMNG
20 mM HEPES pH 7.5, 250 mM NaCl, 0.01% LMNG
50 mM HEPES pH 7.4, 150 mM NaCl, 0.05% DDM
50 mM HEPES pH 7.4, 150 mM NaCl, 0.05% DDM
50 mM HEPES pH 7.4, 150 mM NaCl, 0.05% DDM
50 mM HEPES pH 7.4, 150 mM NaCl, 0.01% LMNG
50 mM HEPES pH 7.4, 150 mM NaCl, 0.01% LMNG
25 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20

20
6
6
6
25
62.5
40
50
50
30

33
10
10
10
30
30
40
40
40
25

HuPrP90-231

FLAG

25 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20

30

50

JARID1AWT
JARID1AH483A
JARID1B
JARID1C
Atg16l1WT

FLAG
FLAG
FLAG
FLAG
FLAG

40 mM Tris pH 8.0, 150 mM NaCl, 0.5% Triton-X100
2
10
40 mM Tris pH 8.0, 150 mM NaCl, 0.5% Triton-X100
3
12
40 mM Tris pH 8.0, 150 mM NaCl, 0.5% Triton-X100
3.5
14
40 mM Tris pH 8.0, 150 mM NaCl, 0.5% Triton-X100
2
10
25 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20
20
40
25 mM Tris pH 7.5, 150 mM NaCl, 1 mM TCEP,
Atg16l1WT
FLAG
20
40
0.05% Tween-20
Atg16l1T300A
FLAG 25 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20
20
40
25
mM
Tris
pH
7.5,
150
mM
NaCl,
1
mM
TCEP,
Atg16l1T300A
FLAG
20
40
0.05% Tween-20
*FLAG-tagged StFtsW and His-tagged StPBP2x were combined and allowed to incubate at 4 °C for 15
minutes before immobilization on resin.

3.11.3 Preparation for sequencing
Please refer to section 2.11.2 for details regarding the procedures followed to prepare the
post-screen eluents for sequencing, including PCR protocols, primer sequences, and purification
steps.
I made only two modifications for the experiments described in this chapter. First, I used
an equimolar mixture of four “tiled” primers (4–7 N’s) in place of the single “Stage 1 Forward”
primer (4 N’s) depicted in Table 2.5. Second, DNA sequencing was performed using Illumina
MiSeq systems located at the Broad Institute and the New Research Building at Harvard Medical
School outfitted with 150-cycle v3 sequencing kits (Illumina, MS-102-3001).
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Chapter 4
Development of a DNA-compatible [3+2] nitrone–
olefin cycloaddition suitable for DEL syntheses

Portions of this chapter are reproduced with permission from the following publication:
Gerry, C. J.; Yang, Z.; Stasi, M.; Schreiber, S. L. “DNA-Compatible [3+2] Nitrone–Olefin
Cycloaddition Suitable for DEL Syntheses” Organic Letters 2019, 21, 1325, DOI:
10.1021/acs.orglett.9b00017.1
Copyright 2019 American Chemical Society.
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Collaborator Contributions: Michele Stasi synthesized compounds S2–S4. Dr. Zhenhua Yang
synthesized compounds S8–S14.

4.1 Introduction
In this chapter, I discuss how I developed a new DNA-compatible complexity-generating
reaction and confirmed that it can be used for DEL synthesis. I studied the intramolecular [3+2]
nitrone–olefin cycloaddition using an on-DNA salicylaldehyde-based model system that furnishes
tricyclic isoxazolidines upon treatment with N-alkylhydroxylamines (Figure 4.1). After achieving
success with N-methylhydroxylamine, I studied the scope of the reaction by testing 15 additional
structurally diverse hydroxylamines. I observed that the reaction is compatible with a wide range
of functional groups but is highly sensitive to steric effects. To assess the scope of the on-DNA
olefin—and to see if favorable electronics could accelerate the reaction—Dr. Zhenhua Yang,
Michele Stasi, and I synthesized 10 additional allylated salicylaldehydes. Several of these
substrates yielded high amounts of isoxazolidine under mild conditions, so I tested them with over
a dozen N-alkylhydroxylamines each and achieved high (≥80%) isoxazolidine formation routinely.
Finally, I confirmed that the cycloaddition did not preclude subsequent enzymatic DNA ligation or
PCR amplification, or alter the information contained in the DNA barcode. Overall, this
methodology facilitates the synthesis of DELs containing topographically complex compounds
with under-explored chemical features.

Figure 4.1 | General representation of the on-DNA [3+2] nitrone–olefin cycloaddition.

184

4.2 The need for new DNA-compatible chemistry
As I argued in Chapter 2, it is possible that the full potential of DEL-mediated target-based
screening has not been realized because the types of structural features found in DELs remain
limited.2 In particular, current libraries often contain compounds rich in sp2-hybridized carbons or
amide bonds. While these types of compounds (both on- and off-DNA) have continually yielded
chemical probes and drug leads, many classes of potential therapeutic targets (e.g. transcription
factors and oncogenic GTPases) remain difficult to engage in a potent and selective manner. 3
Therefore, just as novel chemistry has yielded nMoA compounds via phenotypic screening (as
described in Chapter 1), expanding the types of molecular architectures found in DELs might
facilitate the search for binders to these challenging targets.4
One of the main reasons behind the lack of structural diversity in DNA-barcoded
compounds is the dearth of chemical reactions suitable for DEL construction. Because the DNA
barcode is present during split–pool DEL synthesis, all reactions must be compatible with the
presence of DNA and significant amounts of water; in turn, the chemistry must not alter the DNA
barcode in a way that prevents its amplification or ablates the structural information it contains.
DEL reactions must also be capable of achieving high yields while being performed at very low
(<1 mM) concentrations.5 These limitations have severely restricted the types of chemistry that
may be used to build DELs, especially regarding C–C and C–O bond-forming reactions.6 As a
result, many of the most robust and commonly used transformations for DEL synthesis (e.g. crosscouplings, amidations, and SNAr reactions) tend to produce compounds rich in the limited set of
structural features described above.7–9 Recent efforts from industry and academia alike have
begun to expand the toolbox of DNA-compatible chemistry to include radical-based C–C bond
formations,10 C–H activation chemistry,11 inverse electron-demand Diels–Alder reactions,12 and
photoredox catalysis,13,14 among others.15–17 Despite these impressive advances, however,
significant gaps remain in DNA- and DEL-compatible synthetic methodology.
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A transformation that can fill some of those gaps is the [3+2] nitrone–olefin cycloaddition.
This reaction converts sp2-rich starting materials to sp3-rich isoxazolidines containing at least two
stereogenic elements. The isoxazolidine motif is rarely found in DELs, but it resides in several
alkaloid natural products and other bioactive compounds.18,19 Furthermore, unlike most other ringforming reactions (e.g. ring-closing metathesis), it can introduce appendage diversity via
condensation of N-alkylhydroxylamines with aldehydes to form nitrones in situ (Scheme 4.1). The
ability to perform ring closure and appendage diversification simultaneously is appealing because
split–pool synthesis often makes post-reaction purification challenging. Therefore, DEL pathways
should be limited to a handful of steps to mitigate buildup of DNA damage and unwanted byproducts, among other factors.5

Scheme 4.1 | In situ nitrone formation enables simultaneous ring closure and appendage
diversification.
Earlier reports had shown this reaction to be both water- and DNA-compatible.20,21
However, it had never been used for DEL synthesis, and previous DNA-compatible examples
were performed using DNA-templated synthesis with activated olefins and pre-formed nitrones.20
While these results were encouraging from a feasibility standpoint, I recognized that adapting this
transformation to split–pool DEL synthesis remained a significant challenge.

4.3 Substrate synthesis and initial optimization efforts
Though my goal was to develop a set of general conditions that could be used for a wide
variety of scaffolds and DEL syntheses, all the experiments described in this chapter were
performed on an allylated salicylaldehyde model system. To generate my first on-DNA substrate
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(Scheme 4.2), I treated commercially available phenol 89 with allyl bromide to yield allyl ether 90.
Saponification of the methyl ester followed by NHS esterification furnished NHS ester 91.
Incubation with the amine-functionalized dsDNA “headpiece” commonly used in split–pool DEL
synthesis7 (and in Chapter 2) afforded on-DNA cycloaddition substrate 92.

Scheme 4.2 | Synthesis of on-DNA salicylaldehyde derivative 92.

I first treated 92 with N-methylhydroxylamine. My initial experiments suggested that
conversion to the desired isoxazolidine 93 could be increased by raising the reaction temperature
(Table 4.1; entries 1–2). Performing the reaction at 100 °C, however, resulted in decomposition
of the DNA barcode via depurination that was detectable by UPLC-MS analysis (Table 4.1; entry
3). The use of organic base (Table 4.1; entry 4) or additional hydroxylamine (Table 4.1; entry 5)
resulted in low conversion and substantial by-product formation. Although high conversions could
be achieved in 4 h at 90 °C in basic phosphate buffer (Table 4.1; entry 6), I observed even higher
conversions in acidic phosphate buffer (Table 4.1; entry 7). However, the substrate was more
prone to depurination in acidic conditions (Table 4.1; entry 8), so I explored milder buffering
systems (Table 4.1; entries 9–12). Ultimately, eight volumes of 0.1 M NaOAc buffer yielded the
highest conversion (Table 4.1; entry 12). I confirmed the cis ring fusion of 93 via NMR-based
characterization of an off-DNA analog (see section 4.8.2).
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Table 4.1 | Initial optimization of on-DNA nitrone–olefin cycloaddition

entry
time (h)
temp (°C)
MeNHOH (equiv)
buffer
buffer volsg
93 (%)h
1
12
70
25
Na2HPO4a
2
70
2
12
90
25
Na2HPO4a
2
88
a
3
12
100
25
Na2HPO4
2
84f
4
12
70
25
pyrrolidineb
0.1
54
a
5
12
90
100
Na2HPO4
2
64
a
6
4
90
25
Na2HPO4
0.5
86
7
4
90
25
NaH2PO4c
0.1
93
c
8
12
90
25
NaH2PO4
0.5
81f
9
4
90
25
NaH2PO4d
2
90
d
10
4
90
25
NaH2PO4
8
71
e
11
4
90
25
NaOAc
2
91
12
4
90
25
NaOAce
8
>98
a1.0 M aqueous buffer (pH 9.2). b0.2 M DMA solution. c1.0 M aqueous buffer (pH 4.2). d0.1 M aqueous
buffer (pH 5.9). e0.1 M aqueous buffer (pH 5.0). fSignificant DNA damage observed. gCompared to
amount of 92 stock solution (0.8 mM) added. hDetermined by UPLC-MS.

4.4 Exploration of hydroxylamine scope
I then studied the compatibility of this transformation with additional hydroxylamines,
though I had to modify the reaction conditions slightly to account for the increased complexity and
steric bulk of the nitrone intermediates. While methyl-, ethyl-, and n-hexylhydroxylamine afforded
clean conversions to the desired isoxazolidines (Table 4.2; entries 1–3), by-products were
observed when 92 was treated with iPrNHOH (Table 4.2; entry 4). I identified one species as the
obligatory nitrone intermediate; it both had the same mass as the desired isoxazolidine product
and appeared to convert to it over time. The other species, which was formed regardless of the
hydroxylamine used in the reaction, was an oxime-containing product likely derived from
interception of the nitrone intermediate by an exogenous nucleophile. Both products are
consistent with the increased steric bulk of the nitrone slowing the rate of the intramolecular
cyclization.
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Table 4.2 | Scope of hydroxylamine with substrate 92

isoxazolidine (%)c

nitrone (%)c

oxime (%)c

1

>98

0

0

2

>98

0

0

3

94

0

0

4

77

13

10

5
6a

38
77

9
15

0
0

7

88

0

12

8

82

7

11

9

>98

0

0

10

96

3

0

11

37

0

63

12

>98

0

0

13

87b

0

0

14

31

0

69

15
16a

46
95

0
0

2
5

17

0

0

0

18

0

0

55

entry

hydroxylamine

Reaction conditions: 35 equiv hydroxylamine (50 mM in DMSO) in 0.1 M NaOAc
aqueous buffer (pH 5.0) for 8 h (2 h at 40 °C then 6 h at 90 °C). a140 equiv
hydroxylamine. b50% phthalimide, 37% free amine. cDetermined by UPLC-MS.

The steric bulk of tBuNHOH (Table 4.2; entry 5) hindered both the [3+2] cycloaddition and
condensation to the nitrone; however, increasing the amount of hydroxylamine four-fold (Table
4.2; entry 6) yielded

substantially higher isoxazolidine formation.
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Cyclopentyl-

and

cyclohexylhydroxylamine achieved 88% and 82% conversion, respectively (Table 4.2; entries 7–
8), both of which were higher than iPrNHOH (77%). These differences in reactivity underscore
the outsized impact of steric effects upon the success of the reaction.
I then tested hydroxylamines containing functional groups other than saturated
hydrocarbons. Benzyl-containing hydroxylamines were very successful (Table 4.2; entries 9–10),
but an electrophilic 2-pyridine derivative yielded high amounts of oxime (Table 4.2; entry 11). Both
free and protected amines are compatible with the reaction, though I observed some phthalimide
deprotection (Table 4.2; entries 12–13). N-hydroxy-L-ornithine generated high levels of oxime
(Table 4.2; entry 14), potentially via an intramolecular 5-exo-tet cyclization to generate the onDNA oxime and the presumed ornithine-derived proline. A bulky sulfone-containing reagent
initially afforded low consumption of 92, but additional hydroxylamine furnished excellent results
(Table 4.2; entries 15–16). Finally, treatment with aromatic hydroxylamines resulted in no
isoxazolidine formation (Table 4.2; entries 17–18).

4.5 Exploration of olefin scope
Next, I studied the effect of olefin substitution. Along with Dr. Zhenhua Yang and Michele
Stasi, two visiting scientists whom I supervised and mentored, I synthesized ten additional onDNA substrates (94–103), all of which were prepared in 4–5 steps from phenol 89 (see section
4.8.2 for synthetic details).
I initially tested each substrate with three hydroxylamines (Figure 4.2). Unsurprisingly, due
to the sensitivity of the reaction to steric effects (see Table 4.2; entries 1–8), all experiments with
prenylated substrate 94 resulted in poor isoxazolidine formation. Having anticipated this
challenge, I had designed 95–103 to feature a variety of electron-withdrawing groups on the
reactive olefin; these compounds would help determine if favorable electronics could outweigh
the penalty of increased steric bulk. Gratifyingly, I observed significant product formation with all
nine substrates after 8 h at just 40 °C. Even under these mild conditions, however, I observed
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low-to-moderate amounts of saponification of esters 95–98. Of these four compounds, isopropyl
ester 97 exhibited the lowest susceptibility to hydrolysis. In contrast, 99–101 often yielded high
conversions and simple reaction profiles (i.e. few by-products were generated, if any). Though
treatment of 99 and 101 with iPrNHOH resulted in low isoxazolidine formation, in each case the
only other major product was the nitrone intermediate, which was encouraging. Nitrile 102, on the
other hand, always generated a complex mixture of products that could not be easily distinguished
and identified by UPLC-MS analysis alone. Finally, sulfone 103 afforded moderate isoxazolidine
formation with all three hydroxylamines.

Figure 4.2 | Conversions to isoxazolidines for on-DNA substrates 94–103. Reactions carried out
with 40 equiv hydroxylamine (50 mM in DMSO) in 1.0 M NaOAc aqueous buffer (pH 5.0) for 8 h
at 40 °C. a35 equiv hydroxylamine for 2 h at 40 °C then 6 h at 90 °C.

Having seen that activated olefins accelerate on-DNA cyclizations dramatically, I studied
the hydroxylamine scope further with substrates 97 and 99–101 (Table 4.3). I tailored the reaction
parameters for each substrate to yield maximal isoxazolidine formation under the mildest possible
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conditions; 100 achieved very similar results with the harsher conditions associated with 99 and
101 (see Appendix A), which suggests 99–101 (or derivatives) could be pooled for DEL
synthesis.

Table 4.3 | Scope of hydroxylamine with 97 and 99–101

R1

isoxazolidine
(%)e

R1

isoxazolidine
(%)e

1a
2b
3c
4b

CO2iPr
CO2H
CF3
CONHiPr

67 •
>98 •
98 •
96 •

29a
30b
31c
32b

CO2iPr
CO2H
CF3
CONHiPr

52 •
90 •
92 •
>98 •

5a
6b
7c
8b

CO2iPr
CO2H
CF3
CONHiPr

62 •
>98 •
96 •
97 •

33a
34b
35c
36b

CO2iPr
CO2H
CF3
CONHiPr

63 •
88 •
91 •
90 •

9a
10b
11c
12b

CO2iPr
CO2H
CF3
CONHiPr

59 •
94 •
97 •
>98 •

37a
38b
39c
40b

CO2iPr
CO2H
CF3
CONHiPr

36 •
N.D.
>98 •
18 •

13a
14b
15c
16b

CO2iPr
CO2H
CF3
CONHiPr

54 •
85 •
84 •
84 •

41a
42b
43c
44b

CO2iPr
CO2H
CF3
CONHiPr

52 •
95 •
97 •
>98 •

17a
18b
19c
20b

CO2iPr
CO2H
CF3
CONHiPr

52d •
50 •
18 •
51 •

45a
46b
47c
48b

CO2iPr
CO2H
CF3
CONHiPr

58 •
79 •
>98 •
95 •

21a
22b
23c
24b

CO2iPr
CO2H
CF3
CONHiPr

50 •
89 •
81 •
86 •

49a
50b
51c
52b

CO2iPr
CO2H
CF3
CONHiPr

N.D.
36 •
31 •
37 •

entry hydroxylamine

entry hydroxylamine

25a
CO2iPr
56 •
53a
CO2iPr
60 •
b
26
CO2H
95 •
54b
CO2H
>98 •
27c
CF3
93 •
55c
CF3
90 •
b
28
CONHiPr
93 •
56b
CONHiPr
>98 •
Reaction conditions: 100 equiv hydroxylamine (50 mM in DMSO) in 1.0 M NaOAc aqueous buffer (pH
5.0). a8 h at 50 °C. b8 h at 60 °C. c4 h at 40 °C. d250 equiv hydroxylamine. eDetermined by UPLC-MS;
green = 80-100%; yellow = 50-79%; red = 0-49%; N.D. = not determined.
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Using these optimized conditions, methyl-, ethyl-, and n-hexylhydroxylamines largely
resulted in excellent isoxazolidine formation (Table 4.3; entries 1–12). Experiments with ester 97
were less successful due to incomplete consumption of starting material and the formation of
saponification by-products; this trend continued throughout the study. All substrates yielded
slightly lower conversions with iPrNHOH (Table 4.3; entries 13–16). I observed lower conversions
still with tBuNHOH (Table 4.3; entries 17–20) due to sluggish nitrone formation and cyclization.
Cyclopentylhydroxylamine behaved similarly to iPrNHOH (Table 4.3; entries 21–24), but reactions
with the bulkier cyclohexyl reagent were superior due to decreased oxime formation (Table 4.3;
entries 25–28). Next, reactions with benzyl-containing hydroxylamines proceeded smoothly
(Table 4.3; entries 29–36). Most experiments with the pyridine-containing reagent, however,
suffered from high rates of oxime formation, though 100 was sufficiently reactive to undergo
cyclization before this side-reaction could occur (Table 4.3; entries 37–40). Both free and
phthalimide-protected amines were again tolerated (Table 4.3; entries 41–48), and minimal
deprotection was observed under these milder conditions. N-hydroxy-L-ornithine generally
furnished high amounts of oxime by-product and complex reaction profiles (Table 4.3; entries 49–
52), but the sulfone-containing hydroxylamine yielded excellent results (Table 4.3; entries 53–56).
I did not observe products of conjugate addition—which is a known DNA-compatible reaction22—
in any experiment, though it is possible they formed transiently.

4.6 Assessment of DNA integrity
Thus far, I have shown that this methodology can achieve high yields with a variety of
substrates and building blocks. But to be suitable for DEL synthesis, it must also leave the DNA
barcode capable of undergoing enzymatic DNA ligation and PCR amplification.23 To assess postreaction DNA integrity (Figure 4.3), I performed cycloadditions with substrates 92, 100, and 101
using each scaffold’s optimized reaction conditions. Then, I ligated an oligonucleotide to the
reaction products to generate a barcode comparable in size to those found in a 3-cycle DEL.
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Finally, I successfully amplified all three barcodes by PCR (Figure 4.4) and detected no loss of
informational integrity as confirmed by Sanger sequencing.

Figure 4.3 | Schematic for three-step assessment of DNA integrity.

Figure 4.4 | Assessment of DNA ligation and PCR amplification via gel electrophoresis (E-Gel
EX 4% agarose).

4.7 Conclusions
In this chapter, I have described the development of a DNA-compatible [3+2] nitrone–
olefin cycloaddition capable of generating polycyclic isoxazolidines. This transformation routinely
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eclipses 80% product formation with a variety of N-alkylhydroxylamines and olefin-containing
substrates, which makes it appealing for DEL construction. I also confirmed that the reaction
conditions do not damage the DNA barcode or prevent subsequent ligation and amplification
steps required for DEL synthesis.
Despite the lack of large numbers of commercially available N-alkylhydroxylamines, the
compatibility of this transformation with several commonly used functional groups in DNAcompatible chemistry—free and protected amines, carboxylic acids, and aryl halides—highlights
its utility for DEL design. In strategically designed on-DNA chemical pathways, such as the one
depicted in Scheme 4.3, these chemical handles would be functionalized either before or after
cyclization to enable to the construction of large, combinatorial DELs containing rare structural
features. These DELs may begin to fill some of the structural—and perhaps functional—gaps left
by current on- and off-DNA small-molecule libraries.

Scheme 4.3 | Potential synthetic pathway for a DEL that incorporates the [3+2] nitrone–olefin
cycloaddition as a key complexity-generating step.

4.8 Experimental methods: off-DNA chemistry
4.8.1 General methods
All chemicals and solvents were purchased from AK Scientific, Alfa Aesar, Ark Pharm,
Enamine, MilliporeSigma, Oakwood Chemical, and Strem. Chemicals were used without further
purification. Chemical reactions sensitive to oxygen and/or moisture were performed in flamedried glassware under an atmosphere of N2.
Reaction progress was monitored by analytical thin-layer chromatography (TLC),
analytical liquid chromatography-mass spectrometry (LC-MS), and 1H NMR spectroscopy. TLC
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analyses were performed using E. Merck silica gel 60 F254 pre-coated plates (250 µm). A
handheld 254 nm UV lamp and potassium permanganate staining solution (with light heating)
were used for detection. LC-MS analysis was performed on a Waters 2795 separations module
and a 3100 single quadrupole mass detector.
Flash column chromatography was performed using a Teledyne ISCO CombiFlash Rf+
purification system with RediSep Rf Gold Normal-Phase Silica columns (average particle size:
20–40 µm; average pore size: 60 Å).
NMR spectra were recorded on Bruker UltraShield 300 MHz and Ascend 400 MHz
spectrometers using residual non-deuterated solvent as an internal standard—CDCl3: 7.26 (1H),
77.16 (13C) ppm; (CD3)2SO: 2.50 (1H), 39.52 (13C) ppm. Multiplicity abbreviations are as follows:
s = singlet, br s = broad singlet, d = doublet (dd = doublet of doublets, etc.), t = triplet, q = quartet,
m = multiplet. NMR data were collected at 300 K unless otherwise noted. All deuterated solvents
were purchased from Cambridge Isotope Laboratories.
High-resolution mass spectrometry data were collected on an Agilent 6230 Time-of-Flight
mass spectrometer connected to an Agilent 1290 UHPLC. The TOF was equipped with a dual
jetstream

electrospray

source

operated

in

either

positive

or

negative

ion

mode. Chromatographically, mobile phase A consisted of 0.1% formic acid in water, while mobile
phase B consisted of 0.1% formic acid in acetonitrile. The gradient ran from 5% to 95% mobile
phase B over 2 min at 0.9 mL/min. A Waters Acquity BEH C18, 1.7 µm, 2.1 x 50 mm column was
used with column temperature maintained at 65 °C. Compounds were diluted in water/acetonitrile
at a nominal concentration of 5 µM, and 2 µL of this solution was injected. Masses were confirmed
using the “Find by Formula” feature in MassHunter Qualitative Analysis vB.07.00. All values are
averages of three independent measurements.
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4.8.2 Synthetic methods and characterization of intermediates and final compounds

(E)-((3-bromoprop-1-en-1-yl)sulfonyl)benzene (S2)
Title compound synthesized according to an established procedure. Characterization data
consistent with those reported in the literature.24

(E)-4,4,4-trifluorobut-2-en-1-yl 4-methylbenzenesulfonate (S3)
Title compound synthesized according to an established procedure. Characterization data
consistent with those reported in the literature.25

isopropyl (E)-4-bromobut-2-enoate (S4)
Title compound synthesized according to an established procedure. Characterization data
consistent with those reported in the literature.26

methyl 4-(allyloxy)-3-formylbenzoate (90)
To a flame-dried round-bottom flask was added methyl 3-formyl-4-hydroxybenzoate (600
mg, 3.33 mmol), K2CO3 (699 mg, 1.5 equiv), anhydrous DMF (3.33 mL), and allyl bromide (430
µL, 1.5 equiv). The resulting bright yellow suspension was stirred at RT for 24 h, at which point
the reaction mixture was diluted with diethyl ether, washed with H2O (x4), dried over Na2SO4, and
concentrated under reduced pressure and high vacuum. The crude material was purified via flash
column chromatography (ISCO, Silica, 0-20% EtOAc in hexanes) to afford the title compound as
197

a white, oily solid (696 mg, 95% yield). 1H NMR (300 MHz, CDCl3) δ 10.46 (s, 1H), 8.45 (d, J =
2.3 Hz, 1H), 8.16 (dd, J = 8.8, 2.3 Hz, 1H), 6.99 (d, J = 8.8 Hz, 1H), 6.05 (ddt, J = 17.2, 10.5, 5.2
Hz, 1H), 5.49 – 5.30 (m, 2H), 4.70 (dt, J = 5.2, 1.6 Hz, 2H), 3.87 (s, 3H).

13

C NMR (100 MHz,

CDCl3) δ 188.44, 165.67, 163.65, 136.76, 131.61, 130.19, 124.40, 122.76, 118.45, 112.59, 69.38,
51.94. HRMS (ESI+) m/z calculated for C12H12O4 [M+H]+ 221.0809, found: 221.0809.

2,5-dioxopyrrolidin-1-yl 3-formyl-4-hydroxybenzoate (S5)
To a 1 dram vial charged with methyl 3-formyl-4-hydroxybenzoate (50 mg, 0.278 mmol)
was added lithium hydroxide monohydrate (116 mg, 10 equiv) and a 4:2:1 mixture of THF (645
µL), MeOH (322 µL), and H2O (163 µL). The resulting light-yellow suspension was stirred at 60
°C for 16 h, at which point the reaction mixture was partitioned between H2O and EtOAc. The
phases were separated, and the aqueous phase was acidified to pH = 1-2 with 1 M HCl and
extracted with additional EtOAc (x2). All organic extracts were pooled, dried over Na2SO4, and
concentrated under reduced pressure and high vacuum to afford an off-white solid. The crude
material was dissolved in DMF (461 µL) and treated with N-hydroxysuccinimide (48 mg, 1.5 equiv)
and EDC HCl (80 mg, 1.5 equiv). The resulting gold-colored solution was stirred at RT for 2 h, at
which point the reaction was quenched with saturated aqueous NH4Cl and diluted with EtOAc.
The phases were separated, and the organic phase was washed with H2O (x3) and brine, dried
over Na2SO4, and concentrated under reduced pressure and high vacuum. The crude material
was purified via flash column chromatography (ISCO, Silica, 0-40% EtOAc in hexanes) to afford
the title compound as a white residue (49 mg, 67% yield over two steps). 1H NMR (400 MHz,
CDCl3) δ 11.59 (s, 1H), 9.96 (s, 1H), 8.43 (d, J = 2.2 Hz, 1H), 8.25 (dd, J = 8.9, 2.2 Hz, 1H), 7.11
(d, J = 8.9 Hz, 1H), 2.92 (s, 4H).

13

C NMR (100 MHz, CDCl3) δ 196.10, 169.28, 166.62, 160.56,
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138.53, 137.45, 120.40, 118.96, 117.09, 25.81. HRMS (ESI-) m/z calculated for C12H9NO6 [M-H]262.0357, found: 262.0359.

2,5-dioxopyrrolidin-1-yl 4-(allyloxy)-3-formylbenzoate (91)
To a round-bottom flask charged with methyl ester 90 (361 mg, 1.63 mmol) was added
lithium hydroxide monohydrate (478 mg, 7 equiv) and a 4:2:1 mixture of THF (3.79 mL), MeOH
(1.89 mL), and H2O (0.958 mL). The resulting light-yellow suspension was stirred at RT for 7 h,
at which point the reaction was quenched with 1 M HCl and the solvent was removed under
reduced pressure. The resulting slurry was diluted in saturated aqueous NH4Cl and extracted with
EtOAc (x4); if the aqueous phase was still yellow, it was acidified with additional 1 M HCl and
extracted exhaustively with EtOAc. The organic extracts were pooled, dried over Na2SO4, and
concentrated under reduced pressure and high vacuum to afford a light yellow solid. The crude
material was dissolved in DMF (5.4 mL) and treated with N-hydroxysuccinimide (204 mg, 1.1
equiv) and EDC HCl (341 mg, 1.1 equiv). The resulting yellow solution was stirred at RT 12 h, at
which point the reaction was quenched with saturated aqueous NH4Cl and diluted with EtOAc.
The phases were separated, and the organic phase was washed with H2O (x3) and brine, dried
over Na2SO4, and concentrated under reduced pressure and high vacuum. The crude material
was purified via flash column chromatography (ISCO, Silica, 0-75% EtOAc in hexanes) to afford
the title compound as a colorless oil (407 mg, 83% yield over two steps). 1H NMR (400 MHz,
CDCl3) δ 10.48 (s, 1H), 8.59 (d, J = 2.4 Hz, 1H), 8.25 (dd, J = 8.9, 2.4 Hz, 1H), 7.09 (d, J = 8.9
Hz, 1H), 6.06 (ddt, J = 17.3, 10.5, 5.2 Hz, 1H), 5.50 – 5.34 (m, 2H), 4.76 (d, J = 5.3 Hz, 2H), 2.89
(s, 4H).

13

C NMR (100 MHz, CDCl3) δ 188.10, 169.29, 165.11, 160.88, 137.84, 131.90, 131.34,
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125.06, 119.20, 117.82, 113.38, 69.88, 25.76. HRMS (ESI+) m/z calculated for C15H13NO6
[M+Na]+ 326.0635, found: 326.0636.

2,5-dioxopyrrolidin-1-yl 3-formyl-4-((3-methylbut-2-en-1-yl)oxy)benzoate (S6)
To a solution of phenol S5 (40 mg, 0.152 mmol) in anhydrous DMF (1.26 mL) was added
K2CO3 (23 mg, 1.1 equiv) and 1-bromo-3-methylbut-2-ene (21 µL, 1.2 equiv). The resulting bright
yellow suspension was stirred at RT for 3 h, at which point the reaction mixture was diluted with
EtOAc, washed with H2O (x3) and brine, dried over Na2SO4, and concentrated under reduced
pressure and high vacuum. The crude material was purified via flash column chromatography
(ISCO, Silica, 0-50% EtOAc in hexanes) to afford the title compound as a colorless oil (43 mg,
85% yield). 1H NMR (400 MHz, CDCl3) δ 10.45 (s, 1H), 8.59 (d, J = 2.3 Hz, 1H), 8.26 (dd, J = 8.8,
2.4 Hz, 1H), 7.09 (d, J = 8.9 Hz, 1H), 5.55 – 5.43 (m, 1H), 4.74 (d, J = 6.7 Hz, 2H), 2.89 (s, 4H),
1.81 (s, 3H), 1.77 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 188.40, 169.32, 165.62, 160.99, 140.21,
137.83, 131.86, 125.12, 117.99, 117.47, 113.42, 66.29, 25.90, 25.79, 18.50. HRMS (ESI+) m/z
calculated for C17H17NO6 [M+Na]+ 354.0948, found: 354.0950.

2,5-dioxopyrrolidin-1-yl (E)-3-formyl-4-((4-methoxy-4-oxobut-2-en-1-yl)oxy)benzoate (S7)
The procedure described directly above for the synthesis of NHS ester S6 was followed
using methyl (E)-4-bromobut-2-enoate (24 µL, 1.2 equiv) to afford the title compound as a white,
oily solid (32 mg, 58% yield). 1H NMR (400 MHz, CDCl3) δ 10.50 (s, 1H), 8.60 (d, J = 2.3 Hz, 1H),
8.27 (dd, J = 8.8, 2.4 Hz, 1H), 7.14 – 7.06 (m, 2H), 6.22 (dt, J = 15.8, 2.0 Hz, 1H), 4.95 (dd, J =
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4.3, 2.1 Hz, 2H), 3.77 (s, 3H), 2.91 (s, 4H). 13C NMR (100 MHz, CDCl3) δ 187.63, 169.22, 166.03,
164.27, 160.77, 140.14, 137.97, 132.40, 125.24, 123.06, 118.63, 113.11, 67.54, 52.07, 25.81.
HRMS (ESI+) m/z calculated for C17H15NO8 [M+Na]+ 384.0690, found: 384.0694.

2,5-dioxopyrrolidin-1-yl (E)-3-formyl-4-((3-(phenylsulfonyl)allyl)oxy)benzoate (S8)
To a solution of phenol S5 (30 mg, 0.114 mmol) in anhydrous MeCN (1.5 mL) was added
K2CO3 (24 mg, 1.5 equiv) and allyl bromide S2 (45 mg, 1.5 equiv). The resulting bright yellow
suspension was stirred at 40 °C for 4 h, at which point the reaction mixture was concentrated
under reduced pressure and high vacuum. The crude material was purified via flash column
chromatography (ISCO, Silica, 0-80% EtOAc in hexanes) to afford the title compound as an
amorphous, foaming white solid (39 mg, 77% yield). 1H NMR (400 MHz, CDCl3) δ 10.41 (s, 1H),
8.59 (d, J = 2.3 Hz, 1H), 8.27 (dd, J = 8.8, 2.3 Hz, 1H), 7.95 – 7.90 (m, 2H), 7.69 – 7.63 (m, 1H),
7.60 – 7.55 (m, 2H), 7.16 (dt, J = 15.2, 3.6 Hz, 1H), 7.03 (d, J = 8.9 Hz, 1H), 6.82 (dt, J = 15.2,
2.1 Hz, 1H), 4.97 (dd, J = 3.6, 2.1 Hz, 2H), 2.91 (s, 4H).
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C NMR (100 MHz, CDCl3) δ 187.33,

169.17, 163.54, 160.64, 139.72, 138.02, 137.89, 134.05, 133.01, 132.81, 129.68, 128.02, 125.22,
119.07, 112.95, 66.55, 25.82. HRMS (ESI+) m/z calculated for C21H17NO8S [M+Na]+ 466.0567,
found: 466.0583.

2,5-dioxopyrrolidin-1-yl (E)-3-formyl-4-((4,4,4-trifluorobut-2-en-1-yl)oxy)benzoate (S9)
To a solution of phenol S5 (30 mg, 0.114 mmol) in anhydrous MeCN (1.0 mL) was added
K2CO3 (24 mg, 1.5 equiv) and tosylate S3 (35 mg, 1.1 equiv). The resulting bright yellow
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suspension was stirred at 40 °C for 20 h, at which point the reaction mixture was concentrated
under reduced pressure and high vacuum. The crude material was purified via flash column
chromatography (ISCO, Silica, 0-60% EtOAc in hexanes) to afford the title compound as an
amorphous, foaming white solid (19 mg, 45% yield). 1H NMR (400 MHz, CDCl3) δ 10.49 (s, 1H),
8.63 (d, J = 2.3 Hz, 1H), 8.31 (dd, J = 8.8, 2.3 Hz, 1H), 7.08 (d, J = 8.8 Hz, 1H), 6.65 – 6.56 (m,
1H), 6.19 – 6.06 (m, 1H), 4.94 – 4.84 (m, 2H), 2.91 (s, 4H). 13C NMR (100 MHz, CDCl3) δ 187.47,
169.20, 163.97, 160.73, 138.03, 132.99 (q, JC,F = 6.5 Hz), 132.76, 125.27, 123.93, 121.07 (q, JC,F
= 34.8 Hz), 118.87, 112.96, 66.74, 25.82. 19F NMR (376 MHz, CDCl3) δ -64.62. HRMS (ESI+) m/z
calculated for C16H12F3NO6 [M+Na]+ 394.0509, found: 394.0510.

2,5-dioxopyrrolidin-1-yl (E)-4-((3-cyanoallyl)oxy)-3-formylbenzoate (S10)
To a solution of phenol S5 (20 mg, 0.076 mmol) in anhydrous MeCN (1.0 mL) was added
K2CO3 (16 mg, 1.5 equiv) and (E)-4-bromobut-2-enenitrile (17 mg, 1.5 equiv). The resulting bright
yellow suspension was stirred at 40 °C for 4 h, at which point the reaction mixture was
concentrated under reduced pressure and high vacuum. The crude material was purified via flash
column chromatography (ISCO, Silica, 0-60% EtOAc in hexanes) to afford the title compound as
a white residue (18 mg, 72% yield). 1H NMR (400 MHz, CDCl3) δ 10.43 (s, 1H), 8.63 (d, J = 2.3
Hz, 1H), 8.32 (dd, J = 8.8, 2.3 Hz, 1H), 7.06 (d, J = 8.9 Hz, 1H), 6.90 (dt, J = 16.3, 3.9 Hz, 1H),
5.93 (dt, J = 16.3, 2.3 Hz, 1H), 4.92 (dd, J = 3.9, 2.3 Hz, 2H), 2.92 (s, 4H).

13

C NMR (100 MHz,

CDCl3) δ 187.31, 169.17, 163.39, 160.63, 146.11, 138.05, 133.48, 125.33, 119.20, 116.29,
112.94, 102.53, 67.22, 25.83. HRMS (ESI+) m/z calculated for C16H12N2O6 [M+Na]+ 351.0587,
found: 351.0592.
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2,5-dioxopyrrolidin-1-yl (E)-4-((4-ethoxy-4-oxobut-2-en-1-yl)oxy)-3-formylbenzoate (S11)
To a solution of phenol S5 (20 mg, 0.076 mmol) in anhydrous MeCN (1.0 mL) was added
K2CO3 (16 mg, 1.5 equiv) and ethyl (E)-4-bromobut-2-enoate (22 mg, 1.5 equiv). The resulting
bright yellow suspension was stirred at 40 °C for 3 h, at which point the reaction mixture was
concentrated under reduced pressure and high vacuum. The crude material was purified via flash
column chromatography (ISCO, Silica, 0-50% EtOAc in hexanes) to afford the title compound as
an oily white solid (19 mg, 67% yield). 1H NMR (400 MHz, CDCl3) δ 10.51 (s, 1H), 8.62 (d, J = 2.3
Hz, 1H), 8.28 (dd, J = 8.8, 2.3 Hz, 1H), 7.12 – 7.02 (m, 2H), 6.20 (dt, J = 15.8, 2.0 Hz, 1H), 4.94
(dd, J = 4.3, 2.0 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 2.90 (s, 4H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR
(100 MHz, CDCl3) δ 187.66, 169.23, 165.58, 164.31, 160.77, 139.81, 137.95, 132.29, 125.20,
123.44, 118.55, 113.13, 67.55, 61.00, 25.79, 14.31. HRMS (ESI+) m/z calculated for C18H17NO8
[M+H]+ 376.1027, found: 376.1027.

2,5-dioxopyrrolidin-1-yl (E)-3-formyl-4-((4-(isopropylamino)-4-oxobut-2-en-1yl)oxy)benzoate (S12)
To a solution of allyl ether 91 (30 mg, 0.099 mmol) in DCM (1.5 mL) was added Nisopropylacrylamide (224 mg, 20 equiv) and Hoveyda-Grubbs 2nd Generation Catalyst (6.2 mg,
0.1 equiv). The reaction mixture was stirred for 72 h at 40 °C, at which point an additional 0.1
equiv metathesis catalyst was added and the mixture was stirred for an additional 72 h at 40 °C.
The solvent was then removed under reduced pressure and high vacuum, and the crude material
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was purified via flash column chromatography (ISCO, Silica, 0-100% EtOAc in hexanes) to afford
the title compound as a foaming, amorphous white solid (17 mg, 44% yield). 1H NMR (400 MHz,
CDCl3) δ 10.48 (s, 1H), 8.55 (d, J = 2.3 Hz, 1H), 8.24 (dd, J = 8.7, 2.3 Hz, 1H), 7.07 (d, J = 8.8
Hz, 1H), 6.93 (dt, J = 15.4, 3.6 Hz, 1H), 6.09 (d, J = 15.3 Hz, 1H), 5.97 (d, J = 7.9 Hz, 1H), 4.94
(s, 2H), 4.17 – 4.02 (m, 1H), 2.91 (s, 4H), 1.15 (d, J = 6.6 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ
188.02, 169.40, 164.51, 163.62, 160.74, 138.05, 135.49, 132.15, 125.27, 124.94, 118.19, 113.37,
67.62, 41.74, 25.81, 22.71. HRMS (ESI+) m/z calculated for C19H20N2O7 [M+H]+ 389.1344, found:
389.1351.

2,5-dioxopyrrolidin-1-yl (E)-3-formyl-4-((4-isopropoxy-4-oxobut-2-en-1-yl)oxy)benzoate
(S13)
To a solution of phenol S5 (30 mg, 0.114 mmol) in anhydrous MeCN (1.0 mL) was added
K2CO3 (24 mg, 1.5 equiv) and allyl bromide S4 (35 mg, 1.5 equiv). The resulting bright yellow
suspension was stirred at 40 °C for 6 h, at which point the reaction mixture was concentrated
under reduced pressure and high vacuum. The crude material was purified via flash column
chromatography (ISCO, Silica, 0-50% EtOAc in hexanes) to afford the title compound as an
amorphous, foaming white solid (27 mg, 61% yield). 1H NMR (400 MHz, CDCl3) δ 10.51 (s, 1H),
8.62 (d, J = 2.3 Hz, 1H), 8.28 (dd, J = 8.8, 2.3 Hz, 1H), 7.12 – 7.01 (m, 2H), 6.17 (dt, J = 15.8, 2.0
Hz, 1H), 5.08 (hept, J = 6.3 Hz, 1H), 4.93 (dd, J = 4.3, 2.0 Hz, 2H), 2.90 (s, 4H), 1.28 (d, J = 6.3
Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 187.70, 169.22, 165.13, 164.36, 160.79, 139.47, 137.99,
132.34, 125.23, 123.97, 118.59, 113.11, 68.56, 67.59, 25.81, 21.97. HRMS (ESI+) m/z calculated
for C19H19NO8 [M+H]+ 390.1184, found: 390.1183.
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2,5-dioxopyrrolidin-1-yl (E)-4-((4-(benzyloxy)-4-oxobut-2-en-1-yl)oxy)-3-formylbenzoate
(S14)
To a solution of allyl ether 91 (30 mg, 0.099 mmol) in DCM (1.5 mL) was added benzyl
acrylate (321 mg, 20 equiv) and Hoveyda-Grubbs 2nd Generation Catalyst (3.1 mg, 0.05 equiv).
The reaction mixture was stirred for 24 h at 40 °C, at which point an additional 0.05 equiv
metathesis catalyst was added and the mixture was stirred for an additional 72 h at 40 °C. The
solvent was then removed under reduced pressure and high vacuum, and the crude material was
purified via flash column chromatography (ISCO, Silica, 0-60% EtOAc in hexanes) to afford the
title compound as a foaming, amorphous white solid (31 mg, 72% yield). 1H NMR (400 MHz,
CDCl3) δ 10.50 (s, 1H), 8.63 (d, J = 2.3 Hz, 1H), 8.28 (dd, J = 8.8, 2.4 Hz, 1H), 7.42 – 7.30 (m,
5H), 7.14 (dt, J = 15.8, 4.1 Hz, 1H), 7.06 (d, J = 8.8 Hz, 1H), 6.26 (dt, J = 15.8, 2.0 Hz, 1H), 5.22
(s, 2H), 4.94 (dd, J = 4.1, 2.0 Hz, 2H), 2.90 (s, 4H). 13C NMR (100 MHz, CDCl3) δ 187.61, 169.21,
165.38, 164.25, 160.76, 140.48, 137.96, 135.68, 132.33, 128.75, 128.55, 128.49, 125.21, 123.07,
118.61, 113.09, 67.52, 66.84, 25.80. HRMS (ESI+) m/z calculated for C23H19NO8 [M+Na]+
460.1003, found: 460.1015.

(E)-4-(4-(((2,5-dioxopyrrolidin-1-yl)oxy)carbonyl)-2-formylphenoxy)but-2-enoic acid (S15)
To a solution of allyl ether 91 (30 mg, 0.099 mmol) in DCM (2 mL) was added acrylic acid
(0.678 mL, 100 equiv) and Hoveyda-Grubbs 2nd Generation Catalyst (6.2 mg, 0.1 equiv). The
reaction mixture was stirred for 24 h at 40 °C, after which it was cooled to RT and eluted through
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a plug of silica (5% MeOH in dichloromethane). The solvent was then removed under reduced
pressure and high vacuum, and the crude material was purified via reverse-phase flash column
chromatography (ISCO, C18, 10-50% MeCN [0.1% formic acid] in water [0.1% formic acid]).
Fractions containing the desired carboxylic acid were pooled, frozen in a -78 °C bath, and placed
on a lyophilizer to afford the title compound as a white residue (28 mg, 82% yield). 1H NMR (400
MHz, (CD3)2SO) δ 12.63 (br s, 1H), 10.41 (s, 1H), 8.38 (d, J = 2.4 Hz, 1H), 8.33 (dd, J = 8.8, 2.4
Hz, 1H), 7.47 (d, J = 8.8 Hz, 1H), 6.99 (dt, J = 15.9, 4.2 Hz, 1H), 6.19 (dt, J = 15.9, 2.0 Hz, 1H),
5.11 (dd, J = 4.2, 2.0 Hz, 2H), 2.89 (s, 4H).
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C NMR (100 MHz, (CD3)2SO) δ 188.30, 170.26,

166.60, 164.29, 160.75, 140.89, 137.45, 130.72, 124.67, 123.01, 116.90, 115.01, 67.63, 25.52.
HRMS (ESI-) m/z calculated for C16H13NO8 [M-H]- 346.0568, found: 346.0568.

(±) methyl (3aR,9bS)-1-methyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole-8carboxylate (S16)
To a glass vial charged with methyl ester 90 (18 mg, 0.82 mmol) was added EtOH (0.82
mL), N,N-diisopropylethylamine (16 µL, 1.1 equiv), and N-methylhydroxylamine hydrochloride (14
mg, 2.0 equiv). The reaction mixture was stirred at 80 °C for 1 h, at which point the solvent was
removed under reduced pressure and high vacuum. The crude material was purified via flash
column chromatography (ISCO, Silica, 0-40% EtOAc in hexanes) to afford the title compound as
a colorless oil (18 mg, 89% yield). 1H NMR (400 MHz, (CD3)2SO, 353 K) δ 7.94 (d, J = 2.2 Hz,
1H), 7.79 (dd, J = 8.6, 2.2 Hz, 1H), 6.94 (d, J = 8.6 Hz, 1H), 4.30 – 4.19 (m, 2H), 4.10 (dd, J =
11.3, 7.2 Hz, 1H), 3.87 (d, J = 6.9 Hz, 1H), 3.84 (s, 3H), 3.63 (dd, J = 8.1, 4.8 Hz, 1H), 3.22 – 3.11
(m, 1H), 2.75 (s, 3H). 13C NMR. (100 MHz, (CD3)2SO) δ 165.73, 159.21, 132.73, 129.92, 122.09,

206

121.40, 116.88, 66.36, 65.60, 62.61, 51.86, 43.27, 38.62. HRMS (ESI+) m/z calculated for
C13H15NO4 [M+H]+ 250.1074, found: 250.1073.
2D NMR spectra confirming the cis ring fusion can be found in Appendix B.

4.9 Experimental methods: on-DNA chemistry
4.9.1 General methods
DNA “headpiece” (DNA-HP) was purchased as a custom order from LGC Biosearch
Technologies as lyophilized powder. Oligonucleotides ligated to DNA-HP to interrogate DNA
integrity were purchased as a custom order from MilliporeSigma. Primers used for PCR
amplification and Sanger sequencing were obtained from IDT. PCR experiments were performed
using an Applied Biosystems ProFlex PCR System (4484073) and Roche 2X FastStart PCR
Master Mix (MilliporeSigma, 4710444001). E-Gel EX 4% agarose gels (G401004) and Ultra Low
Range E-Gel DNA ladder (10488096) were obtained from Life Technologies, Inc./ThermoFisher.
T4 DNA ligase was obtained from Life Technologies, Inc./ThermoFisher as a 5 U/µL (EL0014)
solution. LCMS-grade 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; 42060) and triethylamine (TEA;
65897) were purchased from Honeywell Research Chemicals.
High-performance liquid chromatography (HPLC) purification was performed using an
Agilent Technologies 1260 Infinity LC System outfitted with a Waters XBridge Prep C18 column
(5 µm, 10 x 150 mm) heated to 50 °C. Linear gradients of 5% to 50% MeOH in 50 mM
triethylammonium acetate buffer (pH 7.0) were run over 18 minutes at a flow rate of 5 mL/min.
Absorbance at 260 nm and gel electrophoresis were used to identify the fractions to be collected
and pooled.
Tandem ultra-performance liquid chromatography/mass spectrometry (UPLC-MS)
analysis of oligonucleotides and DNA-barcoded compounds was performed on a Waters SQ
Detector 2 mass spectrometer (running in negative ion mode electrospray ionization) connected
to a Waters Acquity UPLC (outfitted with a Waters Acquity UPLC Oligonucleotide BEH C18
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column [130 Å, 1.7 µm, 2.1 x 50 mm]) and a Waters Acquity TUV Detector. Samples were injected
onto the column (heated to 50 °C) and eluted according to the following parameters: 5–50%
solvent B over 4 minutes at a flow rate of 0.1 mL/min; solvent A: 250 mM HFIP, 8 mM TEA in
LCMS-grade water; solvent B: MeOH. Mass spectra were recorded from 500–3000 m/z and
deconvoluted using MaxEnt 1 software to afford the full molecular weight of the parent ions.
Gel electrophoresis was performed and analyzed using an Invitrogen E-Gel Power Snap
Electrophoresis System (G8300) using E-Gel EX Agarose Gels, 4% (G401004) and an Invitrogen
Ultra Low Range DNA Ladder (10597012). Oligonucleotide concentrations were determined
using a Thermo Scientific NanoDrop One Microvolume UV-Vis spectrophotometer (OD260). 15 mL
conical tubes were spun using a Beckman Coulter Allegra X-15R centrifuge with a SX4750A rotor.
1.5 mL Eppendorf tubes were spun using a Thermo Scientific Heraeus Fresco 21 refrigerated
microcentrifuge with a 24 x 1.5/2.0-mL rotor with a ClickSeal biocontainment lid.

4.9.2 Preparation of DNA-conjugated [3+2] nitrone–olefin cycloaddition substrates
General procedure
To a 1.5 mL Eppendorf tube was added 200 µL of a 1 mM solution of DNA-HP in 150 mM
borate buffer (pH 9.4), 200 µL of 100 mM phosphate buffer (pH 8.0), 200 µL DMSO, and the
corresponding NHS ester (40 µL of a 50 mM stock solution in DMSO, 10 equiv), sequentially. The
reaction mixture was allowed to incubate at RT for 2 h, after which it was transferred to a 15 mL
conical tube and quenched with 64 µL of 5 M aqueous NaCl and 1.6 mL cold EtOH to precipitate
the DNA. After incubation at -20 °C for 14 h, the conical tube was spun at 4,000 RPM for 20
minutes at 4 °C. The supernatant was removed, and the pellet was allowed to air dry. The DNA
pellet was then re-dissolved in a minimal amount of H2O, purified via semi-preparative reversephase HPLC, and recovered via lyophilization. The purified product was dissolved in 100 µL of
100 mM phosphate buffer (pH 8.0) and quantified via NanoDrop.
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Substrate preparation

General procedure was followed to afford 106 nmol 92 (53% recovery).

General procedure was followed to afford 99 nmol 94 (50% recovery).

General procedure was followed to afford 62 nmol 95 (31% recovery).

General procedure was followed to afford 69 nmol 96 (35% recovery).

General procedure was followed to afford 86 nmol 97 (43% recovery).
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General procedure was followed to afford 75 nmol 98 (38% recovery).

General procedure was followed to afford 70 nmol 99 (35% recovery).

General procedure was followed to afford 74 nmol 100 (37% recovery).

General procedure was followed to afford 73 nmol 101 (37% recovery).

General procedure was followed to afford 80 nmol 102 (40% recovery).
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General procedure was followed to afford 78 nmol 103 (39% recovery).

4.9.3 Initial optimization of on-DNA [3+2] nitrone–olefin cycloaddition with MeNHOH
To a PCR strip tube was added 0.625 µL of an 800 µM solution of 92 (0.5 nmol) in 100
mM phosphate buffer (pH 8.0), 0.625–5 µL aqueous buffer or organic base solution (0.1–8
volumes, as indicated in Table 4.1), and methylhydroxylamine hydrochloride (50 mM stock
solution in DMSO, 25–100 equiv as indicated in Table 4.1), sequentially. The PCR strip was
capped, placed in a thermal cycler, and heated according to the parameters defined in Table 4.1.
Then, the reaction mixture was diluted with 50 µL water and analyzed via UPLC-MS.

4.9.4 Hydroxylamine scope with on-DNA substrate 92 (see Table 4.2)
General procedure
To a PCR strip tube was added 0.75 µL of an 800 µM solution of 92 (0.6 nmol) in 100 mM
phosphate buffer (pH 8.0), 6 µL of 100 mM NaOAc buffer (pH 5.0), and the corresponding
hydroxylamine (0.42 µL of a 50 mM stock solution in DMSO, 35 equiv), sequentially. The PCR
strip was capped, placed in a thermal cycler, and subjected to the following method: 40 °C for 2
h, then 90 °C for 6 h. Then, the reaction mixture was diluted with 50 µL water and analyzed via
UPLC-MS.
Note: all hydroxylamines were used as their hydrochloride salts except for
phenylhydroxylamine (oxalate salt) and 4-(hydroxyamino)quinoline N-oxide (free base)
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UPLC-MS data
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213

(35 equiv)

(140 equiv)

214

215

216

217

218

(35 equiv)

(140 equiv)
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4.9.5 Initial hydroxylamine scope with on-DNA substrates 94–103 (see Figure 4.2)
To a PCR strip tube was added 3.45 µL of a 145 µM solution of on-DNA cycloaddition
substrate (0.5 nmol) in 100 mM phosphate buffer (pH 8.0), 3.45 µL of 1.0 M NaOAc buffer (pH
5.0), and the corresponding hydroxylamine (0.40 µL of a 50 mM stock solution in DMSO, 40
equiv), sequentially. The PCR strip was capped, placed in a thermal cycler, and heated at 40 °C
for 8 h. Then, the reaction mixture was diluted with 50 µL water and analyzed via UPLC-MS.

4.9.6 Full hydroxylamine scope with on-DNA substrates 97 and 99–101 (see Table 4.3)
General procedure
To a PCR strip tube was added 3.45 µL of a 145 µM solution of on-DNA cycloaddition
substrate (0.5 nmol) in 100 mM phosphate buffer (pH 8.0), 3.45 µL of 1.0 M NaOAc buffer (pH
5.0), and the corresponding hydroxylamine (1 µL of a 50 mM stock solution in DMSO, 100 equiv),
sequentially. The PCR strip was capped, placed in a thermal cycler, and heated (97: 50 °C for 8
h; 99: 60 °C for 8 h; 100: 40 °C for 4 h; 101: 60 °C for 8 h). Then, the reaction mixture was diluted
with 50 µL water and analyzed via UPLC-MS.
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UPLC-MS data

(on-DNA substrate 97)

(on-DNA substrate 99)
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(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)

224

(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)

226

(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)
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(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97; 250 equiv)

(on-DNA substrate 99)
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(on-DNA substrate 100)

(on-DNA substrate 101)

231

(on-DNA substrate 97)

(on-DNA substrate 99)

232

(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)

234

(on-DNA substrate 100)

(on-DNA substrate 101)

235

(on-DNA substrate 97)

(on-DNA substrate 99)

236

(on-DNA substrate 100)

(on-DNA substrate 101)

237

(on-DNA substrate 97)

(on-DNA substrate 99)

not a DNAbased species

238

(on-DNA substrate 100)

(on-DNA substrate 101)

239

(on-DNA substrate 97)
not a DNAbased species

(on-DNA substrate 99)

240

(on-DNA substrate 100)

(on-DNA substrate 101)

241

(on-DNA substrate 97)

(on-DNA substrate 99)

242

(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)
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(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)
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(on-DNA substrate 100)

(on-DNA substrate 101)
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(on-DNA substrate 97)

(on-DNA substrate 99)
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(on-DNA substrate 100)

(on-DNA substrate 101)
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4.9.7 Assessment of DNA integrity
ssDNA oligonucleotides purchased from MilliporeSigma (Table 4.4) were dissolved in
annealing buffer (10 mM Tris, 1 mM EDTA, 50 mM NaCl, pH 8.0), combined, heated to 95 °C for
5 minutes, and then allowed to cool to RT over the course of 45 minutes.

Table 4.4 | ssDNA oligonucleotides purchased for post-cycloaddition ligation
strand

sequence (5’ → 3’)

“Top”

/5Phos/AAA TCG ATG TGG TCA GGA AGC AGG TTC GTC TGC
TGT GAC ATC GTG TTC AGA CAA GCT TCA CCT GC

“Bottom”

/5Phos/GCA GGT GAA GCT TGT CTG AAC ACG ATG TCA CAG
ACG AAC CTG CTT CCT GAC CAC ATC GAT TTG G

On-DNA [3+2] cycloadditions with substrates 92, 100, and 101 (2 nmol each) were
performed with methylhydroxylamine hydrochloride under optimized conditions (see Tables 4.2
and 4.3, and sections 4.9.4 and 4.9.6). Once complete, the reaction mixtures were transferred
to 1.5 mL Eppendorf tubes, quenched with 0.1 vols 5 M NaCl and 3 vols cold EtOH (volumes in
reference to total reaction volume), and allowed to incubate at -20 °C for 4 h. The tubes were then
spun at 14,000 RPM for 5 minutes at 4 °C, the supernatants were removed, and the pellets were
allowed to air dry.
Once dry, the pellets were dissolved in 2 µL 100 mM phosphate buffer (pH 8.0). To each
reaction vessel was added 4 µL 10X ligation buffer, 32 µL annealed 65-mer DNA tag (100 µM
solution in annealing buffer), and 2 µL T4 DNA ligase (5 U/µL). The ligations were allowed to
incubate for 90 minutes at RT, at which point analysis via gel electrophoresis indicated that the
ligations had gone to completion. Each ligation was quenched with 8 µL 5 M NaCl and 120 µL
cold EtOH and allowed to incubate at -20 °C for 12 h. The tubes were then spun at 14,000 RPM
for 5 minutes at 4 °C, the supernatants were removed, and the pellets were allowed to air dry.
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Table 4.5 | PCR primers used to amplify the DNA barcode after the cycloaddition
primer

sequence (5’ → 3’)

Forward

ACA CTC TTT CCC TAC ACG CTC TTC CGA TCT NNN NTG
ACT CCC AAA TCG ATG TG

Reverse

TGG AGT TCA GAC GTG TGC TCT TCC GAT CTG CAG GTG
AAG CTT GTC TG

Once dry, the pellets were dissolved in 20 µL nuclease-free water. Aliquots were then
diluted 1:10,000 and used in PCR amplification experiments set up according to the following
parameters: 25 µL Roche 2X FastStart PCR Master Mix, 1 µL Forward Primer (10 µM in water;
Table 4.5), 1 µL Reverse Primer (10 µM in water; Table 4.5), 13 µL water, and 10 µL diluted
ligation product. PCR amplification was performed according to the following method: 5 minutes
at 95 °C; 30 cycles of [30 seconds at 92 °C; 15 seconds at 60 °C; 15 seconds at 72 °C]; 5 minutes
at 72 °C. PCR amplification was assessed via gel electrophoresis. To maximize relevance to DEL
synthesis and screening (and to aid detection of successful amplification), primers were designed
to install part of the adapters required for Illumina next-generation DNA sequencing.
PCR products were submitted to GENEWIZ for Sanger sequencing with the following
primer (5’ → 3’): AGT TCA GAC GTG TGC TCT TCC. This primer (which enables sequencing in
the “reverse” direction) was chosen to obtain high-quality data for the region of the barcode that
was present during the cycloaddition. Sequencing data can be found in Appendix A.
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Chapter 5
Conclusions and outlook regarding the incorporation
of DOS into DEL design and synthesis
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5.1 Summary of progress
Over the course of the experiments described in Part I of this dissertation (Chapters 2–
4), I present two approaches to synthesize DELs enriched in topographically complex compounds
with rare structural features. The first approach is to use modern asymmetric synthesis to
generate complex scaffolds that can be attached to DNA readily and decorated with chemistry
already known to be DNA-compatible. This strategy guided my design and synthesis of DOSDEL-1 (Chapter 2), a 107,616-member library that is the first DEL to contain all stereoisomers of
complex scaffolds with multiple stereogenic elements. The second approach is to develop
conditions for complexity-generating transformations that are suitable for DEL synthesis. Along
those lines, I invented a version of the intramolecular [3+2] nitrone–olefin cycloaddition that yields
DNA-barcoded isoxazolidines and is compatible with a wide variety of N-alkylhydroxylamine
building blocks and on-DNA substrates (Chapter 4). I confirmed that this new methodology
neither damages the DNA barcode nor precludes the enzymatic DNA ligation and PCR
amplification steps required for DEL synthesis.
I also performed DEL screening experiments with DOS-DEL-1 against test proteins
(Chapter 2) and challenging targets implicated in human disease (Chapter 3). I first confirmed
that the full DOS-DEL-1 synthesis procedure had been successful via test screens with HRP and
CA-IX. I then screened DOS-DEL-1 against several protein targets—implicated in infectious
disease, neurodegenerative disease, cancer, and Crohn’s disease—for which no or inadequate
chemical tools exist. Some of these experiments revealed promising sets of assay positives that
I synthesized (or plan to synthesize) for off-DNA validation experiments, which are ongoing.
Finally, along with Dr. Paul Clemons, I developed a statistical framework for analyzing
DEL screening data that accounts for both the non-uniform distribution of library barcodes and
the increased uncertainty surrounding enrichment calculations for low-abundance barcodes. My
data show that this normalization procedure is effective in reducing the artificially high enrichment
scores of low-abundance barcodes, which can also potentially reveal assay positives that would
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have otherwise been obscured. Furthermore, we demonstrate that our Poisson-based method
models DEL barcode distributions more accurately than previously described frameworks based
on negative-binomial statistics.1 We also developed a computational method to identify individual
structural features or pairs of features that are over-represented in DEL screening data.

5.2 Lessons learned
Though I have noted my takeaways from specific experiments and chapters earlier in the
dissertation, here I present some of the broader lessons that I have learned.
The presence of water and DNA during DEL synthesis can make it challenging to
synthesize DNA-barcoded compounds with topographic complexity and stereochemical diversity,
but by no means are such molecules precluded from DELs. Despite being synthesized using
traditional DNA-compatible chemistry, many compounds in DOS-DEL-1 exhibit traditional druglike properties and resemble DOS molecules simultaneously. Scaffold design played a significant
role in achieving this result, but so too did my selection of building blocks. Appendages contribute
substantially to the physicochemical properties of DEL members,2 so I avoided compounds with
high molecular weight and lipophilicity when selecting candidate building blocks.
One of the primary difficulties in handling and synthesizing DNA-barcoded compounds
with multiple stereogenic elements is that it can be challenging to confirm which stereoisomer is
present in the reaction mixture using UPLC-MS analysis alone. I was fortunate that the cis and
trans scaffolds of DOS-DEL-1 (both azetidines and pyrrolidines) could be differentiated using my
analytical UPLC method, which greatly simplified the optimization of the on-DNA Boc deprotection
reaction. Reactions that generate new stereocenters, however, require characterization of offDNA analogs to determine stereochemistry definitively. As an example, I demonstrated the cis
ring fusion of the intramolecular [3+2] nitrone–olefin cycloaddition via 2D NMR–based analysis of
isoxazolidine S16. Even distinguishing between constitutional isomers can be challenging; until I
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performed the on-DNA cycloaddition with 92 at reduced temperatures, it was unclear whether I
had been observing the nitrone intermediate or the desired isoxazolidine product.
As with any screening technology, DELs are not a panacea. While they are an effective
means to screen for small-molecule binders in high throughput, these binding events do not
necessarily alter the activity of the target. Because azetidines 73–83 are not potent inhibitors of
MurJ, Dr. Rubino and I cannot validate or compare their biological activities using readily
measured proxies for activity (e.g. cell killing). Instead, we will perform a set of biophysical
experiments that are made more challenging by the fact that MurJ is a highly hydrophobic
membrane protein. Inhibition of FtsW and PBP1a can be measured easily via a polyacrylamide
gel electrophoresis assay,3 but it is again possible that the DEL screen positives bind without
inhibiting polymerase activity. It is becoming increasingly apparent that small-molecule binders
need not inhibit protein activity to be useful chemical tools,4 so validated binders of any of the
above essential bacterial proteins would be highly valuable.
I also observed that DEL screening is a low-signal assay, which has been noted in the
literature previously.5,6 I performed several screens in which no barcodes were significantly
enriched, and results with FLAG-PrP spuriously suggested that a group of structurally related
morpholine-containing compounds bound PrP. To some extent, a high failure rate should be
expected with challenging targets; otherwise, they would not be challenging. Even in my test
screens with CA-IX, I observed that almost all binders—including several whose off-DNA analogs
had IC50 values in the double-digit nanomolar range—had enrichment scores below 15. These
results highlight the importance of using high protein concentrations, achieving sufficient
sequencing depth (at least 10X coverage), and optimizing other assay parameters to maximize
assay signal.
Regarding sequencing, the modest size of DOS-DEL-1 (at least compared to other DELs)
makes it simpler to obtain high coverage. 10X coverage of DOS-DEL-1 requires ~1.1m
sequencing reads, so roughly 20 assays can be pooled in a single MiSeq sequencing experiment
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while still exceeding that threshold (assuming high data quality). But for very large DELs (>1 billion
members), even the most advanced next-generation sequencing technology is insufficient to
determine the baseline distribution of their barcodes accurately, especially if the libraries were
synthesized using 4 or more synthetic steps (each one introducing additional variability). This type
of data regarding a library’s baseline distribution for a given experiment is especially important
considering the power of the Poisson-based normalization method that Dr. Clemons and I
developed to reduce assay noise. A single “optimal” library size likely does not exist, but there
does appear to be an upper limit above which either the protein amount7 or the sequencing
throughput becomes a limiting factor.

5.3 Future directions
While the initial results described here are promising, the overall impact of incorporating
increased structural complexity into DELs remains an open question. One of the most powerful
pieces of evidence to support this approach would be a validated small-molecule binder to a
previously intractable target, such as MurJ or FtsW. As I mentioned before, Dr. Rubino and I will
be testing azetidines 73–83 in a variety of biophysical experiments with MurJ to assess binding,
and assay positives for FtsW will be tested for inhibition of peptidoglycan polymerization. A more
rigorous examination of this broader question, however, will require the synthesis and testing of
additional DOS-inspired DELs against a wide variety of protein targets. Testing the general
relationship between DEL productivity and compound complexity is challenging for many reasons:
compound “complexity” can be difficult to define and calculate, proteins and compounds often
interact in idiosyncratic ways, and the numbers of DELs, screening experiments, and follow-up
studies needed to control for those idiosyncrasies properly would be prohibitively high. But a
reasonable first step would be to see if complex DNA-barcoded compounds can engage some of
the targets that current libraries cannot address.
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Another area for future study is the ability to more systematically detect assay positives.
To identify positives from the screening data in Chapter 3 and select compounds for off-DNA
synthesis, I used an ad hoc process in which I manually inspected only the most highly enriched
compounds. An alternative would be to set a statistical threshold and synthesize all compounds
whose enrichment scores fall below a particular p-value, but the process by which such a
threshold would be chosen is also arbitrary, and such an analysis does not give appropriate credit
to clusters of structurally related compounds with high enrichment. On the other end of the
spectrum, one common technique to identify assay positives is to look for individual structural
features (or combinations thereof) that are enriched across the entire library.8,9 But as my results
with CA-IX have shown (see Figure 2.14A and Table 2.3), this may be indicative of a binding
interaction that is dominated by a small portion of the molecule, which would suggest that the full
compounds are not the best candidates for off-DNA synthesis. And not all proteins—especially
challenging targets—can engage in such tight interactions with a single functional group or
structural feature. To address this problem, Dr. Paul Clemons and I are planning to extend our
chigram analysis method to incorporate structural similarity between building blocks. Such a tool
would facilitate a more rigorous and systematic way of analyzing DEL screening data, specifically
for the purpose of identifying individual compounds for off-DNA synthesis and validation.

Figure 5.1 | Comparison of a single-barcode DEL coding scheme (left) and a coding scheme that
incorporates degenerate barcoding (right).
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Finally, degenerate barcoding—encoding the same compound with multiple DNA
sequences (Figure 5.1)—may reduce assay noise in screening data. Currently, compounds in
most DELs (including DOS-DEL-1) are each encoded by a single DNA sequence. The same
combinatorial techniques used to synthesize many compounds can be used to generate multiple
barcodes for each building block and, therefore, each final molecule. This coding scheme would
control for sequence-specific biases in the PCR amplification and sequencing steps. It would also
control for enrichment due to binding events between specific barcodes and the protein target.
This feature may be especially useful when screening against DNA-binding proteins, such as
transcription factors and nucleases.
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Chapter 6
Studies of a photochemical rearrangement of Nsubstituted pyrroles to tricyclic aziridines

Portions of this chapter are reproduced with permission from the following publication:
Gerry, C. J.; Hua, B. K.; Wawer, M. J.; Knowles, J. P.; Nelson Jr., S. D.; Verho, O.; Dandapani,
S.; Wagner, B. N.; Clemons, P. A.; Booker- Milburn, K. I.; Boskovic, Z. V.; Schreiber, S. L. “RealTime Biological Annotation of Synthetic Compounds” Journal of the American Chemical Society
2016, 138, 8920, DOI: 10.1021/jacs.6b04614.1
Copyright 2016 American Chemical Society.
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Collaborator Contributions: Dr. Zarko Boskovic identified the Booker-Milburn photoreaction in
the literature, observed that aziridine 108 rearranges upon exposure to high temperatures, and
provided helpful advice and suggestions throughout the course of the experiments described in
this chapter. Bruce Hua helped assemble and maintain the photoreactor. Prof. Kevin BookerMilburn and Dr. Jonathan Knowles determined the general structure of the endocyclic imines
that result from thermal rearrangement of the photoreaction products.

6.1 Introduction
This chapter marks the beginning of Part II of this dissertation, which focuses on efforts
to use high-dimensional phenotypic assays to gain insights into the biological activities of newly
synthesized small molecules. In particular, I focus on the “cell painting”2 and “L1000”3 assays,
which measure compound-induced changes in cell morphology and gene expression,
respectively.
In this chapter, I discuss my studies of a complexity-generating photochemical
rearrangement of N-substituted pyrroles to tricyclic aziridines. Dr. Zarko Boskovic identified this
transformation, originally published by the Booker-Milburn group,4 as a means to generate
structurally complex compounds from readily accessible starting materials. I studied the ability of
this reaction to overcome a variety of steric and electronic challenges, which contributed to an
improved understanding of the reaction scope. I then examined the ability of the resulting tricyclic
aziridines to undergo a thermal rearrangement to endocyclic imines. This work informed the
synthesis of the libraries that I tested in the high-dimensional biological annotation experiments
described in Chapter 7 (cell morphology) and Chapter 8 (cell morphology and gene expression).

6.2 A remarkable photochemical rearrangement
In 2013, the Booker-Milburn laboratory at the University of Bristol disclosed a
photoreaction that converts “flat,” sp2-rich N-but-3-enylpyrroles with an electron-withdrawing
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group at C2 into cup-shaped, tricyclic vinyl aziridines with three contiguous stereocenters.4 The
group’s proposed mechanism for this multi-step transformation (Scheme 6.1) begins with a
photochemical [2+2] cycloaddition between the terminal olefin and the C2–C3 bond of pyrrole 104
to generate cyclobutane 105. Homolytic cleavage of the C2–C3 bond yields diradical 106, which
can rearrange to intermediate 107. This species then undergoes C–C bond formation to afford
tricyclic aziridine 108.

Scheme 6.1 | Proposed mechanism for the photochemical rearrangement of N-but-3-enylpyrroles
to tricyclic aziridines.

Dr. Boskovic and I found this transformation appealing for several reasons. First, it yields
reaction products with under-represented chemical features, such as aziridines and fused tricyclic
ring systems. Second, it generates three-dimensional complexity rapidly; pyrrole 104 contains 3
sp3-hybridized carbons and 0 stereocenters, whereas aziridine 108 contains 7 sp3-hybridized
carbons and 3 stereocenters. Third, the starting materials can be prepared easily. And fourth, UV
light is the sole “reagent.” These factors led us to believe that this transformation could yield a
small library for testing against challenging biological targets, which would help assess the
broader hypothesis of novel chemistry leading to novel mechanisms.
The primary obstacle to using this methodology to synthesize a small library of compounds
was the lack of information regarding the reaction’s scope. The Booker-Milburn group’s original
publication described the synthesis of just 14 aziridines (108–121), all of which derived from
changes on the pyrrole ring alone (Figure 6.1). Identifying additional points for functionalization
would benefit both initial library synthesis efforts and follow-up medicinal chemistry experiments
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(should any assay hits arise). Therefore, I planned to systematically explore and expand the
scope of the reaction, starting with substituents along the but-3-enyl chain.

Figure 6.1 | General transformation and scope of aziridine products of the photoreaction from ref.
4. Unexplored regions of starting material and product are highlighted in blue.

6.3 Preparation of photoreaction substrate

Scheme 6.2 | Photoreaction substrates synthesized via condensation of alkyltosylates with 2acetylpyrrole.
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The first N-substituted pyrroles were synthesized in 2 steps from commercially available
homoallylic alcohols via tosylation followed by alkylation. Treatment of 2-acetylpyrrole with
tosylate and base afforded N-alkylpyrroles (104, 122–127), often in excellent yields (Scheme 6.2).
Pyrroles 122 and 127, however, suffered from significantly lower yields due to the decreased
electrophilicity (and potentially increased susceptibility to elimination) of the corresponding
tosylates. This strategy yielded N-substituted pyrroles with small alkyl substituents at each site
along the but-3-enyl chain. Alkyne-containing pyrrole 128 was also generated using analogous
chemistry to determine if alkynes could undergo the photoreaction in place of alkenes.

Scheme 6.3 | Mitsunobu chemistry can also be used to generate N-substituted pyrroles.

The low yield of pyrrole 127 prompted exploration of other pyrrole alkylation methods. I
identified Mitsunobu chemistry as a potential alternative, but the pKa of 2-acetylpyrrole was too
high. Instead, Laha and Cuny had reported that 2-trichloroacetylpyrrole is sufficiently acidic to
participate in the Mitsunobu reaction.5 Synthesis of pyrrole 129 using but-3-en-1-ol proceeded
smoothly under those conditions, but only trace amounts of pyrrole 130 were obtained (Scheme
6.3). More reactive allylic and benzylic secondary alcohols furnished pyrroles 131 and 132,
respectively, in moderate yields.
I then used the trichloroacetyl motif as a functional handle to generate five structurally
diverse amides (Scheme 6.4). Looking to expand upon the N-ethylamide reported by BookerMilburn (114), I synthesized secondary amides by treating pyrrole 129 with primary amines
containing a bulky adamantyl group (133), a pyrimidine (134), and a morpholine (135). I also
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synthesized tertiary amides 136 and 137 using pyrrolidine and S-prolinol, respectively. All
amidation reactions proceeded in good-to-excellent yields (72–97%).

Scheme 6.4 | Functionalization of the trichloroacetyl motif affords a variety of amides at C2.

Finally, I synthesized pyrrole 139 via a Mitsunobu reaction with 4-bromo-2trichloroacetylpyrrole to yield N-substituted pyrrole 138, followed by amidation (Scheme 6.5). The
Booker-Milburn group had shown that the photoreaction tolerates an acetyl group at C4 (see
Figure 6.1), and a halogen at that position would yield a synthetically useful vinyl halide in the
reaction product.

Scheme 6.5 | Synthesis of brominated pyrrole 139.
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6.4 Exploration of photoreaction scope
With a variety of pyrroles in hand, I began my study of the photoreaction by reproducing
the “base case” of converting pyrrole 104 to aziridine 108. Along with Bruce Hua, who was
studying a different photochemical rearrangement at the time, I set up a Rayonet photoreactor
outfitted with eight 254 nm lamps (4 W each; 32 W total power output). The benefits—particularly
with regard to scale—of performing this reaction in a fluorinated ethylene propylene (FEP) flow
reactor have previously been demonstrated,6,7 but I achieved comparable yields on hundredmilligram scale using traditional batch chemistry in quartz round-bottom flasks. The reaction was
performed under inert atmosphere, and failure to degas the reaction mixture thoroughly via
freeze–pump–thaw or sparging with N2 resulted in rapid decomposition of the starting material.
108 also appeared to decompose upon extended exposure to UV light, so the reaction was always
monitored by TLC carefully and was never allowed to run overnight. Using these best practices,
I was able to isolate 108 in 65% yield, along with 13% yield of the cyclobutane intermediate 105.
Having established that I could reproduce the photoreaction with a known substrate, I
began studying its scope. In total, I tested 15 different pyrroles (Scheme 6.6). The successful
conversion of pyrroles 122 and 123 to aziridines 140 and 141, respectively, shows that the
reaction allows for substitution at the allylic and internal vinylic positions of the but-3-enyl chain.
But the inability of pyrroles 124–127 to yield aziridine products—the starting material decomposed
before any cyclobutane or aziridine were detected—suggests that homoallylic and terminal vinylic
substitution cannot be tolerated. No reaction was observed with alkyne-containing pyrrole 128,
which reaffirms the importance of the olefin. All three secondary amides (133–135) were
successfully converted to aziridines (142–144), suggesting that the reaction is amenable to a wide
variety of secondary amide substituents. The pyrroles containing tertiary amides, however, only
produced trace amounts of product (136) or none whatsoever (137). Finally, both pyrroles with
halogens (129 and 139) underwent rapid decomposition upon exposure to UV light.
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Scheme 6.6 | Overview of photoreaction scope studies.

6.5 An unexpected thermal rearrangement
During his pilot experiments, Dr. Boskovic noted that aziridine 108 converted to a
constitutionally isomeric endocyclic imine upon exposure to high temperatures. Consultation with
Prof. Booker-Milburn and Dr. Jonathan Knowles revealed that he had observed a homodienyl[1,5]-hydrogen shift to imine 145 (Scheme 6.7).8–10
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Scheme 6.7 | Thermal rearrangement of aziridine 108 to imine 145.

While there is ample precedent for the thermal rearrangement of aziridines to azomethine
ylides,11–13 transformations of this type have been less well-documented. The unusual topography
of the substrate is what allows the reaction to proceed under relatively mild conditions; the cupshaped tricyclic skeleton orients the participating atoms in a conformation that is suitable for a
[1,5]-hydrogen shift, and aziridine opening is accompanied by a significant relief of ring strain
throughout the molecule.8
I was intrigued by the applicability of this transformation to the aziridines I had synthesized;
a second consecutive rearrangement would generate triads of constitutional isomers with
dramatically different topographies and reactivities. Dr. Boskovic’s original experiment involved
heating neat 108 to 105 °C for several hours, but these harsh conditions resulted in low yields
due to substantial decomposition. I found that the rearrangement proceeds cleanly in a variety of
solvents at just 70 °C, and the choice of solvent did not appear to significantly alter yield (Scheme
6.8). Neither TLC nor LC-MS could distinguish between substrate and product, so I performed
most of the reactions in CDCl3 to facilitate tracking by 1H NMR.

Scheme 6.8 | Effect of solvent on thermal rearrangement.

I then attempted to perform the thermal rearrangement with aziridines 140–142. I imagined
that additional alkyl substituents or bulky electron-withdrawing groups might distort the
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conformation of the tricyclic ring to the point where the thermal rearrangement was no longer
possible. But all three aziridines successfully rearranged to their corresponding imines (146–148)
in yields comparable to that of 108 (Scheme 6.9).

Scheme 6.9 | Thermal rearrangement of aziridines 140–142 to imines 146–148.

6.6 Conclusions
The results described in this chapter contribute to a significantly improved understanding
of the types of N-substituted pyrroles that can rearrange to tricyclic aziridines upon exposure to
UV light. More broadly, they prompted a variety of chemistry- and biology-based experiments that
will be discussed later in this dissertation.
I have shown that the photoreaction tolerates methyl substitution only at the allylic and
internal vinylic positions of the but-3-enyl chain, though future studies could assess the possibility
of including polar functional groups or bulkier alkyl substituents (especially at the allylic position).
I have also demonstrated that a wide variety of secondary amides can undergo photocyclization,
including those that contain saturated and unsaturated heterocycles common in medicinal
chemistry. I then subjected several of these aziridines to a thermal rearrangement that generates
bicyclic imines under an optimized set of reaction conditions; an additional reaction pathway
stemming from aziridine 108 is described in Chapter 8. As mentioned earlier, this sequence of
consecutive isomerizations is appealing from a library design perspective, especially since both
reactions generate three-dimensionally complex compounds. Synthesis of such a library and its
high-dimensional biological annotation via cell painting are described in Chapter 7.
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6.7 Experimental methods
6.7.1 General methods
All chemicals and solvents were purchased from Acros Organics, Alfa Aesar, AstaTech,
MilliporeSigma, or Oakwood Chemical. Chemicals were used without further purification.
Reaction progress was monitored by analytical thin-layer chromatography (TLC) and 1H
NMR spectroscopy. TLC analyses were performed using E. Merck silica gel 60 F254 pre-coated
plates (250 µm). A handheld 254 nm UV lamp and potassium permanganate staining solution
(with light heating) were used for detection.
Flash column chromatography was performed using a Teledyne ISCO CombiFlash Rf+
purification system with RediSep Rf Gold Normal-Phase Silica columns (average particle size:
20–40 µm; average pore size: 60 Å).
NMR spectra were recorded on Bruker UltraShield 300 MHz and Ascend 400 MHz
spectrometers. 1H and

13

C NMR chemical shifts are reported using residual non-deuterated

solvent as an internal standard – CDCl3: 7.26 (1H), 77.16 (13C) ppm. Multiplicity abbreviations are
as follows: s = singlet, br s = broad singlet, d = doublet (dd = doublet of doublets, etc.), t = triplet,
q = quartet, m = multiplet. All NMR data were collected at 25 °C. All deuterated solvents were
purchased from Cambridge Isotope Laboratories.
Low-resolution mass spectra (LRMS) were acquired on a Waters 2975 LC separations
module coupled to a MicroMass ZQ 2000 single quadrupole mass detector operating in positive
or negative ion mode. High-resolution mass spectra (HRMS) were acquired on an Agilent 1290
Infinity separations module coupled to a 6230 time-of-flight (TOF) mass detector operating in
positive ion mode. Masses were confirmed using the “Find by Formula” feature in MassHunter
Qualitative Analysis vB.06.00. All values are averages of three independent measurements.

6.7.2 Synthetic methods and characterization of intermediates and final compounds
General Procedure A: Tosylation
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To a flame-dried round-bottom flask under an atmosphere of N2 was added tosyl chloride
(1.1 equiv), DMAP (0.15 equiv), anhydrous DCM (0.2 M), anhydrous TEA (2 equiv), and the
corresponding alcohol (1 equiv). The resulting light-yellow solution turned cloudy after 5-10
minutes and was allowed to stir at room temperature for 3 hours. The reaction was quenched with
H2O and diluted with hexanes. The phases were separated, and the organic phase was washed
twice with saturated aqueous NH4Cl, dried over Na2SO4, and concentrated under reduced
pressure. The crude yellow oil was purified via flash column chromatography to afford the desired
tosylate.

General Procedure B: Pyrrole alkylation via SN2 reaction
To a solution of corresponding pyrrole (1 equiv) in anhydrous DMF (0.4 M) was added the
corresponding tosylate (1.6–5 equiv) and Cs2CO3 (2.3 equiv). The reaction mixture was stirred at
85 °C for 16 hours, at which point the reaction vessel was allowed to cool to room temperature
and its contents were partitioned between Et2O and water. The phases were separated, and the
organic phase was washed an additional 3 times with water, dried over Na2SO4, and concentrated
under reduced pressure. The crude product was purified via flash column chromatography to
afford the desired N-substituted pyrrole.

General Procedure C: Pyrrole alkylation via Mitsunobu reaction
To a flame-dried round-bottom flask under an atmosphere of N2 was added corresponding
pyrrole (1 equiv), triphenylphosphine (2.5 equiv), anhydrous THF (0.16 M), and the corresponding
alcohol (1.1–3 equiv). The reaction mixture was cooled to 0 °C in an ice bath. After 10 minutes,
DIAD (2.5 equiv) was added dropwise via syringe over the course of 30 minutes. The ice bath
was allowed to melt slowly, and the reaction mixture was stirred for 24 hours, at which point the
solvent was removed under reduced pressure and the resulting oil was partitioned between 25
mL Et2O and 2 mL H2O. The phases were separated, and the organic phase was washed with an
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additional 2 x 2 mL H2O, dried over Na2SO4, and concentrated under reduced pressure. The crude
product was purified via flash column chromatography to afford the desired N-substituted pyrrole.

General Procedure D: Photochemical rearrangement of N-substituted pyrroles
To a quartz round-bottom flask was added the corresponding pyrrole and acetonitrile (5
mM), and the resulting colorless solution was sparged with N2 for 30 minutes. The reaction flask
was then placed in a Rayonet photochemical reactor outfitted with a cooling fan and eight low
pressure 254 nm (4 W) Hg lamps. The reaction mixture was irradiated until TLC analysis revealed
that the reaction had gone to completion (usually 3–12 hours). The solvent was then removed
under reduced pressure and the crude oil was purified via flash column chromatography to afford
the desired tricyclic aziridine.

General Procedure E: Thermal rearrangement of tricyclic aziridines
To a 1 dram vial was added the corresponding aziridine and CDCl3 (0.1 M). The vial was
tightly capped and placed in a heating block raised to 70 °C. The reaction mixture was allowed to
stir until 1H NMR analysis indicated that the reaction had gone to completion (usually 24–48
hours). The solvent was then removed under reduced pressure and the crude oil was either
filtered through activated charcoal or purified via flash column chromatography to afford the
desired imine.

Compounds

but-3-en-1-yl 4-methylbenzenesulfonate (S17)
General procedure A was followed using but-3-en-1-ol (335 mg, 4.64 mmol) to afford the
title compound as a colorless oil (1.04 g, 99% yield). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.2
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Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 5.67 (ddt, J = 17.1, 10.4, 6.7 Hz, 1H), 5.11 – 5.07 (m, 1H), 5.06
– 5.04 (m, 1H), 4.06 (t, J = 6.7 Hz, 2H), 2.45 (s, 3H), 2.40 (qt, J = 6.7, 1.4 Hz, 2H).

(±) 2-methylbut-3-en-1-yl 4-methylbenzenesulfonate (S18)
General procedure A was followed using 2-methylbut-3-en-1-ol (585 mg, 6.79 mmol) to
afford the title compound as a colorless oil (1.53 g, 94% yield). 1H NMR (400 MHz, CDCl3) δ 7.78
(d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 5.63 (ddd, J = 17.3, 10.4, 7.0 Hz, 1H), 5.08 – 5.01
(m, 2H), 3.92 (dd, J = 9.4, 6.4 Hz, 1H), 3.84 (dd, J = 9.4, 6.9 Hz, 1H), 2.56 – 2.47 (m, 1H), 2.45
(s, 3H), 1.01 (d, J = 6.9 Hz, 3H).

3-methylbut-3-en-1-yl 4-methylbenzenesulfonate (S19)
General procedure A was followed using 3-methylbut-3-en-1-ol (597 mg, 6.93 mmol) to
afford the title compound as a colorless oil (1.52 g, 91% yield). 1H NMR (400 MHz, CDCl3) δ 7.78
(d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 4.77 (br s, 1H), 4.66 (br s, 1H), 4.11 (t, J = 6.9 Hz,
2H), 2.43 (s, 3H), 2.33 (t, J = 6.9 Hz, 2H), 1.64 (s, 3H).

(E)-hex-3-en-1-yl 4-methylbenzenesulfonate (S20)
General procedure A was followed using (E)-hex-3-en-1-ol (169 mg, 1.689 mmol) to afford
the title compound as a colorless oil (380 mg, 88% yield). 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J
= 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 5.58 – 5.44 (m, 1H), 5.22 (dtt, J = 15.3, 6.8, 1.6 Hz, 1H),
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4.00 (t, J = 6.8 Hz, 2H), 2.44 (s, 3H), 2.36 – 2.26 (m, 2H), 2.00 – 1.90 (m, 2H), 0.92 (t, J = 7.5 Hz,
3H).

(Z)-hex-3-en-1-yl 4-methylbenzenesulfonate (S21)
General procedure A was followed using (Z)-hex-3-en-1-ol (169 mg, 1.689 mmol) to afford
the title compound as a colorless oil (408 mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J
= 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 5.55 – 5.44 (m, 1H), 5.25 – 5.16 (m, 1H), 4.01 (t, J = 7.0
Hz, 2H), 2.46 (s, 3H), 2.43 – 2.36 (m, 2H), 2.04 – 1.94 (m, 2H), 0.94 (t, J = 7.5 Hz, 3H).

4-methylpent-3-en-1-yl 4-methylbenzenesulfonate (S22)
General procedure A was followed using 4-methylpent-3-en-1-ol (429 mg, 4.28 mmol) to
afford the title compound as a colorless oil (1.01 g, 94% yield). 1H NMR (400 MHz, CDCl3) δ 7.73
(d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 4.97 – 4.85 (m, 1H), 3.94 (t, J = 7.0 Hz, 2H), 2.39 (s,
3H), 2.28 (q, J = 7.0 Hz, 2H), 1.60 (s, 3H), 1.51 (s, 3H).

(S)-pent-4-en-2-yl 4-methylbenzenesulfonate (S23)
General procedure A was followed using (S)-pent-4-en-2-ol (258 mg, 2.99 mmol) to afford
the title compound as a colorless oil (697 mg, 97% yield). 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J
= 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 5.66 – 5.51 (m, 1H), 5.06 – 5.02 (m, 1H), 5.01 – 5.00 (m,
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1H), 4.63 (h, J = 6.3 Hz, 1H), 2.43 (s, 3H), 2.39 – 2.24 (m, 2H), 1.25 (d, J = 6.3 Hz, 3H). TLC (3/1
hexanes/EtOAc): Rf = 0.57 (UV, KMnO4).

pent-4-yn-1-yl 4-methylbenzenesulfonate (S24)
General procedure A was followed using pent-4-yn-1-ol (90 mg, 1.07 mmol) to afford the
title compound as a colorless oil (219 mg, 86% yield). 1H NMR (300 MHz, CDCl3) δ 7.77 (d, J =
8.5 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 4.12 (t, J = 6.1 Hz, 2H), 2.42 (s, 3H), 2.23 (td, J = 7.0, 2.7
Hz, 2H), 1.87 (t, J = 2.7 Hz, 1H), 1.86 – 1.78 (m, 2H).

1-(1-(but-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (104)
General procedure B was followed using 2-acetyl-1H-pyrrole (678 mg, 6.21 mmol) and
tosylate S17 (2.25 g, 9.94 mmol) to afford the title compound as a colorless oil (950 mg, 94%
yield). 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 4.1, 1.7 Hz, 1H), 6.84 – 6.80 (m, 1H), 6.10 (dd,
J = 4.1, 2.6 Hz, 1H), 5.74 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.06 – 4.98 (m, 2H), 4.36 (t, J = 7.1
Hz, 2H), 2.50 – 2.43 (m, 2H), 2.42 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 188.21, 134.71, 130.31,
130.04, 120.38, 117.17, 107.88, 49.34, 35.76, 27.32. HRMS (ESI+) m/z calculated for C10H13NO
[M+H]+ 164.1070, found: 164.1072.
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(±) 1-(1-(2-methylbut-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (122)
General procedure B was followed using 2-acetyl-1H-pyrrole (227 mg, 2.08 mmol) and
tosylate S18 (800 mg, 3.33 mmol) to afford the title compound as a colorless oil (234 mg, 64%
yield). 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 4.1, 1.7 Hz, 1H), 6.82 – 6.76 (m, 1H), 6.08 (dd,
J = 4.1, 2.5 Hz, 1H), 5.69 (ddd, J = 16.9, 10.6, 7.4 Hz, 1H), 4.97 – 4.88 (m, 2H), 4.23 (dd, J =
13.1, 7.0 Hz, 1H), 4.17 (dd, J = 13.1, 7.6 Hz, 1H), 2.69 – 2.57 (m, 1H), 2.42 (s, 3H), 0.97 (d, J =
6.8 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 188.37, 140.79, 131.05, 130.20, 120.52, 114.93,

107.63, 55.28, 39.36, 27.44, 17.06. HRMS (ESI+) m/z calculated for C11H15NO [M+H]+ 178.1227,
found: 178.1228.

1-(1-(3-methylbut-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (123)
General procedure B was followed using 2-acetyl-1H-pyrrole (97 mg, 0.892 mmol) and
tosylate S19 (343 mg, 1.43 mmol) to afford the title compound as a colorless oil (145 mg, 92%
yield). 1H NMR (400 MHz, CDCl3) δ 6.93 (dd, J = 4.1, 1.7 Hz, 1H), 6.84 – 6.79 (m, 1H), 6.09 (dd,
J = 4.1, 2.5 Hz, 1H), 4.77 – 4.74 (m, 1H), 4.68 – 4.61 (m, 1H), 4.44 – 4.35 (m, 2H), 2.43 – 2.38
(m, 5H), 1.74 (s, 3H).

13

C NMR (100 MHz, CDCl3) δ 188.14, 142.40, 130.19, 129.99, 120.32,

112.27, 107.93, 48.55, 39.63, 27.28, 22.47. HRMS (ESI+) m/z calculated for C11H15NO [M+H]+
178.1227, found: 178.1226.
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(E)-1-(1-(hex-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (124)
General procedure B was followed using 2-acetyl-1H-pyrrole (81 mg, 0.741 mmol) and
tosylate S20 (330 mg, 1.30 mmol) to afford the title compound as a colorless oil (123 mg, 87%
yield). 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 4.1, 1.7 Hz, 1H), 6.84 – 6.79 (m, 1H), 6.10 (dd,
J = 4.1, 2.5 Hz, 1H), 5.51 – 5.41 (m, 1H), 5.39 – 5.27 (m, 1H), 4.32 (t, J = 7.1 Hz, 2H), 2.43 (s,
3H), 2.42 – 2.36 (m, 2H), 2.02 – 1.92 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3)
δ 188.30, 135.06, 130.41, 130.15, 124.88, 120.37, 107.82, 50.00, 34.71, 27.43, 25.70, 13.79.
LRMS (ESI+) m/z calculated for C12H17NO [M+H]+ 192.14, found: 192.39.

(Z)-1-(1-(hex-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (125)
General procedure B was followed using 2-acetyl-1H-pyrrole (93 mg, 0.854 mmol) and
tosylate S21 (380 mg, 1.49 mmol) to afford the title compound as a colorless oil (152 mg, 93%
yield). 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 4.1, 1.7 Hz, 1H), 6.84 – 6.79 (m, 1H), 6.09 (dd,
J = 4.1, 2.5 Hz, 1H), 5.50 – 5.40 (m, 1H), 5.33 – 5.24 (m, 1H), 4.31 (t, J = 7.0 Hz, 2H), 2.50 – 2.43
(m, 2H), 2.43 (s, 3H), 1.97 – 1.88 (m, 2H), 0.87 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ
188.27, 134.73, 130.52, 130.12, 124.48, 120.42, 107.88, 49.66, 29.34, 27.38, 20.50, 14.25.
LRMS (ESI+) m/z calculated for C12H17NO [M+H]+ 192.14, found: 192.24.
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1-(1-(4-methylpent-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (126)
General procedure B was followed using 2-acetyl-1H-pyrrole (74 mg, 0.680 mmol) and
tosylate S22 (278 mg, 1.09 mmol) to afford the title compound as a colorless oil (117 mg, 90%
yield). 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 4.1, 1.7 Hz, 1H), 6.85 – 6.77 (m, 1H), 6.10 (dd,
J = 4.1, 2.5 Hz, 1H), 5.09 (ddt, J = 7.5, 6.0, 1.4 Hz, 1H), 4.27 (t, J = 7.2 Hz, 2H), 2.44 – 2.36 (m,
5H), 1.67 (s, 3H), 1.49 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 188.29, 134.86, 130.46, 130.19,
120.36, 120.13, 107.86, 49.76, 30.36, 27.41, 25.83, 17.59. LRMS (ESI+) m/z calculated for
C12H17NO [M+H]+ 192.14, found: 192.32.

(R)-1-(1-(pent-4-en-2-yl)-1H-pyrrol-2-yl)ethan-1-one (127)
General procedure B was followed using 2-acetyl-1H-pyrrole (82 mg, 0.749 mmol) and
tosylate S23 (900 mg, 3.75 mmol) to afford the title compound as a colorless oil (26 mg, 20%
yield). 1H NMR (400 MHz, CDCl3) δ 7.05 (dd, J = 2.7, 1.7 Hz, 1H), 6.95 (dd, J = 4.0, 1.7 Hz, 1H),
6.15 (dd, J = 4.0, 2.7 Hz, 1H), 5.72 – 5.54 (m, 2H), 5.04 – 4.97 (m, 2H), 2.53 – 2.38 (m, 5H), 1.41
(d, J = 6.8 Hz, 3H). LRMS (ESI+) m/z calculated for C11H15NO [M+H]+ 178.13, found: 178.09. TLC
(2/1 hexanes/EtOAc): Rf = 0.72 (UV, KMnO4).
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1-(1-(pent-4-yn-1-yl)-1H-pyrrol-2-yl)ethan-1-one (128)
General procedure B was followed using 2-acetyl-1H-pyrrole (215 mg, 1.97 mmol) and
tosylate S24 (750 mg, 3.15 mmol) to afford the title compound as a colorless oil (324 mg, 94%
yield). 1H NMR (400 MHz, CDCl3) δ 6.96 (dd, J = 4.0, 1.7 Hz, 1H), 6.90 (dd, J = 2.5, 1.7 Hz, 1H),
6.12 (dd, J = 4.0, 2.5 Hz, 1H), 4.42 (t, J = 6.7 Hz, 2H), 2.41 (s, 3H), 2.12 (td, J = 6.9, 2.6 Hz, 2H),
2.00 (t, J = 2.6 Hz, 1H), 1.98 – 1.90 (m, 2H). LRMS (ESI+) m/z calculated for C11H13NO [M+H]+
176.11, found: 176.04.

1-(1-(but-3-en-1-yl)-1H-pyrrol-2-yl)-2,2,2-trichloroethan-1-one (129)
General procedure C was followed using 2,2,2-trichloro-1-(1H-pyrrol-2-yl)ethanone (300
mg, 1.41 mmol) and but-3-en-1-ol (305 mg, 4.24 mmol) to afford the title compound as a colorless
oil (230 mg, 61% yield). 1H NMR (400 MHz, CDCl3) δ 7.54 (dd, J = 4.4, 1.6 Hz, 1H), 7.00 (dd, J =
2.4, 1.6 Hz, 1H), 6.22 (dd, J = 4.4, 2.4 Hz, 1H), 5.76 (ddt, J = 16.9, 9.8, 7.0 Hz, 1H), 5.08 – 5.02
(m, 2H), 4.39 (t, J = 7.0 Hz, 2H), 2.50 (qt, J = 7.0, 1.3 Hz, 2H). LRMS (ESI+) m/z calculated for
C10H10Cl3NO [M+H]+ 265.99, found: 265.84.
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(S)-2,2,2-trichloro-1-(1-(hexa-1,5-dien-3-yl)-1H-pyrrol-2-yl)ethan-1-one (131)
General procedure C was followed using 2,2,2-trichloro-1-(1H-pyrrol-2-yl)ethanone (319
mg, 1.50 mmol) and hexa-1,5-dien-3-ol (162 mg, 1.65 mmol) to afford the title compound as a
colorless oil (207 mg, 47% yield). 1H NMR (400 MHz, CDCl3) δ 7.56 (dd, J = 4.4, 1.5 Hz, 1H), 7.17
(dd, J = 2.6, 1.5 Hz, 1H), 6.27 (dd, J = 4.4, 2.6 Hz, 1H), 6.09 – 5.99 (m, 1H), 5.99 – 5.92 (m, 1H),
5.69 (ddt, J = 17.2, 10.3, 6.9 Hz, 1H), 5.23 (dt, J = 10.3, 1.2 Hz, 1H), 5.11 – 5.01 (m, 3H), 2.67 –
2.60 (m, 2H). LRMS (ESI+) m/z calculated for C12H12Cl3NO [M+H]+ 292.01, found: 291.82. TLC
(3/1 hexanes/EtOAc): Rf = 0.31 (UV, KMnO4).

(S)-2,2,2-trichloro-1-(1-(1-phenylbut-3-en-1-yl)-1H-pyrrol-2-yl)ethan-1-one (132)
General procedure C was followed using 2,2,2-trichloro-1-(1H-pyrrol-2-yl)ethanone (319
mg, 1.50 mmol) and 1-phenylbut-3-en-1-ol (245 mg, 1.65 mmol) to afford the title compound as a
colorless oil (267 mg, 52% yield). 1H NMR (300 MHz, CDCl3) δ 7.60 (dd, J = 4.4, 1.5 Hz, 1H), 7.39
– 7.23 (m, 6H), 6.56 (t, J = 7.7 Hz, 1H), 6.30 (dd, J = 4.4, 2.6 Hz, 1H), 5.75 (ddt, J = 17.0, 10.2,
6.7 Hz, 1H), 5.17 – 5.03 (m, 2H), 2.96 (t, J = 7.0 Hz, 2H). LRMS (ESI+) m/z calculated for
C16H14Cl3NO [M+H]+ 342.02, found: 342.41.
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1-(but-3-en-1-yl)-N-(adamantan-1-ylmethyl)-1H-pyrrole-2-carboxamide (133)
To a solution of pyrrole 129 (140 mg, 0.525 mmol) in acetonitrile (1.0 mL) was added
triethylamine (0.110 mL, 1.5 equiv) and adamantan-1-ylmethanamine (0.140 mL, 1.5 equiv). The
resulting colorless solution was allowed to stir at 50 °C for 5 hours, during which time the reaction
mixture turned bright orange. The reaction vial was then allowed to cool to room temperature and
its contents were diluted with 75 mL hexanes, washed with 2 x 5 mL saturated aqueous NH4Cl
and 5 mL H2O, dried over Na2SO4, and concentrated under reduced pressure. The crude lightyellow oil was purified via flash column chromatography (ISCO, Silica, 0-10% EtOAc in hexanes)
to afford the title compound as a colorless oil (160 mg, 97% yield). 1H NMR (400 MHz, CDCl3) δ
6.75 (dd, J = 2.5, 1.7 Hz, 1H), 6.52 (dd, J = 3.9, 1.7 Hz, 1H), 6.07 (dd, J = 3.9, 2.5 Hz, 1H), 5.94
(br s, 1H), 5.76 (ddt, J = 17.2, 10.2, 6.9 Hz, 1H), 5.06 – 4.97 (m, 2H), 4.39 (t, J = 7.1 Hz, 2H), 3.07
(d, J = 6.5 Hz, 2H), 2.55 – 2.48 (m, 2H), 2.00 – 1.96 (m, 3H), 1.74 – 1.69 (m, 3H), 1.65 – 1.60 (m,
3H), 1.54 (d, J = 2.9 Hz, 6H).

13

C NMR (100 MHz, CDCl3) δ 162.10, 135.05, 126.84, 125.59,

116.99, 111.28, 107.08, 50.63, 48.53, 40.40, 37.06, 36.26, 34.19, 28.36. HRMS (ESI+) m/z
calculated for C20H28N2O [M+H]+ 313.2275, found: 313.2281.

1-(but-3-en-1-yl)-N-(pyrimidin-5-ylmethyl)-1H-pyrrole-2-carboxamide (134)
To a solution of pyrrole 129 (95 mg, 0.356 mmol) in acetonitrile (0.70 mL) was added
triethylamine (0.062 mL, 1.25 equiv) and pyrimidin-5-ylmethanamine (49 mg, 1.25 equiv). The
resulting colorless solution was allowed to stir at 50 °C for 5 hours, at which point the reaction vial
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was allowed to cool to room temperature and its contents were diluted with 25 mL EtOAc, washed
with 2 x 3 mL H2O, dried over Na2SO4, and concentrated under reduced pressure. The crude
light-yellow oil was purified via flash column chromatography (ISCO, Silica, 0-90% EtOAc in
hexanes) to afford the title compound as a colorless oil (76 mg, 83% yield). 1H NMR (400 MHz,
CDCl3) δ 9.08 (s, 1H), 8.69 (s, 2H), 6.77 (dd, J = 2.6, 1.7 Hz, 1H), 6.68 – 6.62 (m, 1H), 6.58 (dd,
J = 4.0, 1.7 Hz, 1H), 6.05 (dd, J = 4.0, 2.6 Hz, 1H), 5.71 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H), 5.02 –
4.93 (m, 2H), 4.52 (d, J = 6.1 Hz, 2H), 4.37 (t, J = 7.1 Hz, 2H), 2.52 – 2.45 (m, 2H). LRMS (ESI+)
m/z calculated for C14H16N4O [M+H]+ 257.14, found: 257.39.

1-(but-3-en-1-yl)-N-(3-morpholinopropyl)-1H-pyrrole-2-carboxamide (135)
To a solution of pyrrole 129 (95 mg, 0.356 mmol) in acetonitrile (0.70 mL) was added
triethylamine (0.062 mL, 1.25 equiv) and 3-morpholinopropane-1-amine (64 mg, 1.25 equiv). The
resulting colorless solution was allowed to stir at 50 °C for 3 hours, at which point the reaction vial
was allowed to cool to room temperature and its contents were diluted with 25 mL EtOAc, washed
with 3 mL saturated aqueous NH4Cl and 2 x 5 mL H2O, dried over Na2SO4, and concentrated
under reduced pressure. The crude light-yellow oil was purified via flash column chromatography
(ISCO, Silica, 0-10% MeOH in DCM) to afford the title compound as a colorless oil (80 mg, 77%
yield). 1H NMR (400 MHz, CDCl3) δ 7.26 (br s, 1H), 6.76 – 6.70 (m, 1H), 6.54 (dd, J = 4.0, 1.6 Hz,
1H), 6.11 – 6.02 (m, 1H), 5.85 – 5.69 (m, 1H), 5.06 – 4.95 (m, 2H), 4.39 (t, J = 7.1 Hz, 2H), 3.72
(t, J = 4.5 Hz, 4H), 3.46 (m, 2H), 2.57 – 2.43 (m, 8H), 1.75 (p, J = 6.2 Hz, 2H). LRMS (ESI+) m/z
calculated for C16H25N3O2 [M+H]+ 292.20, found: 292.73.
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(1-(but-3-en-1-yl)-1H-pyrrol-2-yl)(pyrrolidin-1-yl)methanone (136)
To a solution of pyrrole 129 (250 mg, 0.938 mmol) in DMF (0.625 mL) was added
pyrrolidine (0.233 mL, 3 equiv). The resulting light-yellow solution was allowed to stir at 50 °C for
20 hours, at which point the reaction was quenched with 1.5 mL 1 M HCl and partitioned between
10 mL EtOAc and 2 mL H2O. The phases were separated, and the aqueous phase was extracted
with an additional 2 x 10 mL EtOAc. The organic extracts were pooled, dried over Na2SO4, and
concentrated under reduced pressure. The crude light-yellow oil was purified via flash column
chromatography (ISCO, Silica, 0-20% EtOAc in hexanes) to afford the title compound as a
colorless oil (185 mg, 90% yield). 1H NMR (300 MHz, CDCl3) δ 6.69 (dd, J = 2.6, 1.7 Hz, 1H), 6.45
(dd, J = 3.9, 1.7 Hz, 1H), 6.05 (dd, J = 3.9, 2.6 Hz, 1H), 5.72 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H),
5.02 – 4.88 (m, 2H), 4.29 (t, J = 7.0 Hz, 2H), 3.61 (s, 4H), 2.54 – 2.41 (m, 2H), 1.96 – 1.80 (m,
4H). LRMS (ESI+) m/z calculated for C13H18N2O [M+H]+ 219.15, found: 219.22.

(S)-(1-(but-3-en-1-yl)-1H-pyrrol-2-yl)(2-(hydroxymethyl)pyrrolidin-1-yl)methanone (137)
To a solution of pyrrole 129 (150 mg, 0.563 mmol) in acetonitrile (1.5 mL) was added
Na2CO3 (179 mg, 3 equiv) and (S)-prolinol (0.082 mL, 1.5 equiv). The resulting light-yellow
solution was allowed to stir at 80 °C for 6 hours, at which point the reaction was allowed to cool
to room temperature and diluted with 50 mL EtOAc, washed with 3 mL H2O and 3 mL brine, dried
over Na2SO4, and concentrated under reduced pressure. The crude brown oil was purified via
flash column chromatography (ISCO, Silica, 0-70% EtOAc in hexanes) to afford the title
compound as a colorless oil (101 mg, 72% yield). 1H NMR (400 MHz, CDCl3) δ 6.73 (dd, J = 2.6,
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1.7 Hz, 1H), 6.48 (dd, J = 3.9, 1.7 Hz, 1H), 6.07 (dd, J = 3.9, 2.6 Hz, 1H), 5.70 (ddt, J = 17.2, 10.3,
6.9 Hz, 1H), 5.01 – 4.93 (m, 2H), 4.44 – 4.31 (m, 2H), 4.23 – 4.11 (m, 1H), 3.88 (ddd, J = 11.1,
7.3, 3.9 Hz, 1H), 3.76 – 3.63 (m, 2H), 3.58 (ddd, J = 10.9, 8.7, 6.5 Hz, 1H), 2.52 – 2.38 (m, 2H),
2.17 – 2.04 (m, 1H), 1.96 – 1.82 (m, 1H), 1.82 – 1.69 (m, 1H), 1.69 – 1.57 (m, 1H). 13C NMR (100
MHz, CDCl3) δ 164.74, 134.96, 126.02, 125.22, 117.06, 114.26, 107.02, 67.50, 61.46, 51.07,
48.24, 36.39, 28.49, 25.17. LRMS (ESI+) m/z calculated for C14H20N2O2 [M+H]+ 249.16, found:
249.08. TLC (3/1 hexanes/EtOAc): Rf = 0.10 (UV, KMnO4).

1-(4-bromo-1-(but-3-en-1-yl)-1H-pyrrol-2-yl)-2,2,2-trichloroethan-1-one (138)
General

procedure

C

was

followed

using

1-(4-bromo-1H-pyrrol-2-yl)-2,2,2-

trichloroethanone (150 mg, 0.515 mmol) and but-3-en-1-ol (41 mg, 0.566 mmol) to afford the title
compound as a colorless oil (103 mg, 58% yield). 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 1.7
Hz, 1H), 6.98 (d, J = 1.7 Hz, 1H), 5.75 (ddt, J = 17.3, 10.5, 7.0 Hz, 1H), 5.13 – 5.01 (m, 2H), 4.36
(t, J = 7.1 Hz, 2H), 2.54 – 2.44 (m, 2H). LRMS (ESI+) m/z calculated for C10H9BrCl3NO [M+H]+
343.90, found: 344.02.

N-((adamantan-1-yl)methyl)-4-bromo-1-(but-3-en-1-yl)-1H-pyrrole-2-carboxamide (139)
To a solution of pyrrole 138 (35 mg, 0.101 mmol) in acetonitrile (.200 mL) was added
triethylamine (0.018 mL, 1.25 equiv) and adamantan-1-ylmethanamine (0.022 mL, 1.25 equiv).
The resulting colorless solution was allowed to stir at 50 °C for 18 hours, during which time the
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reaction mixture turned bright yellow. The reaction vial was then allowed to cool to room
temperature and its contents were diluted with 25 mL hexanes, washed with 2 x 3 mL saturated
aqueous NH4Cl and 3 mL H2O, dried over Na2SO4, and concentrated under reduced pressure.
The crude light-yellow solid was purified via flash column chromatography (ISCO, Silica, 0-10%
EtOAc in hexanes) to afford the title compound as a white solid (32 mg, 81% yield). 1H NMR (400
MHz, CDCl3) δ 6.73 (d, J = 1.8 Hz, 1H), 6.49 (d, J = 1.8 Hz, 1H), 5.85 (br s, 1H), 5.74 (ddt, J =
17.2, 10.3, 6.9 Hz, 1H), 5.08 – 4.96 (m, 2H), 4.35 (t, J = 7.1 Hz, 2H), 3.05 (d, J = 6.5 Hz, 2H), 2.53
– 2.45 (m, 2H), 2.03 – 1.95 (m, 3H), 1.75 – 1.69 (m, 3H), 1.67 – 1.61 (m, 3H), 1.52 (d, J = 2.8 Hz,
6H). LRMS (ESI+) m/z calculated for C20BrN2O [M+H]+ 391.14, found: 391.00.

(±) 1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethan-1-one (108)
General procedure D was followed using pyrrole 104 (230 mg, 1.40 mmol) to afford the
title compound as a yellow oil (149 mg, 65% yield). 1H NMR (400 MHz, CDCl3) δ 6.18 (dddd, J =
10.0, 6.1, 2.0, 0.9 Hz, 1H), 5.74 (dddd, J = 10.0, 4.1, 3.3, 0.9 Hz, 1H), 3.22 (ddd, J = 9.7, 4.3, 2.0
Hz, 1H), 3.16 – 3.06 (m, 1H), 2.80 (d, J = 3.8 Hz, 1H), 2.52 (ddd, J = 11.4, 10.0, 8.0 Hz, 1H), 2.46
– 2.33 (m, 1H), 2.25 – 2.18 (m, 1H), 2.03 (s, 3H), 1.93 – 1.85 (m, 1H), 1.50 – 1.42 (m, 1H).

13

C

NMR (100 MHz, CDCl3) δ 208.46, 135.66, 120.10, 59.52, 49.94, 44.02, 41.10, 31.92, 29.84,
24.26. HRMS (ESI+) m/z calculated for C10H13NO [M+H]+ 164.1070, found: 164.1071.
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(±) 1-((1S,31R,3aS,6aS)-1-methyl-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethan1-one (140)
General procedure D was followed using pyrrole 122 (158 mg, 0.891 mmol) to afford the
title compound as a light-yellow oil (81 mg, 51% yield, d.r. = 6:1); the exo orientation of the methyl
group was confirmed via X-ray crystallography of a structurally related compound (see section
7.8.3). 1H NMR (400 MHz, CDCl3) δ 6.21 (dddd, J = 10.0, 6.0, 2.0, 0.8 Hz, 1H), 5.74 (dddd, J =
10.0, 4.1, 3.2, 1.1 Hz, 1H), 2.83 – 2.78 (m, 2H), 2.76 – 2.71 (m, 2H), 2.29 – 2.20 (m, 1H), 2.08 (s,
3H), 2.01 – 1.92 (m, 2H), 0.99 (d, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 208.63, 135.56,
119.69, 58.47, 56.84, 50.29, 43.56, 40.14, 29.23, 24.08, 22.73. HRMS (ESI+) m/z calculated for
C11H15NO [M+H]+ 178.1227, found: 178.1226.

(±) 1-((31R,3aS,6aS)-6a-methyl-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethan-1one (141)
General procedure D was followed using pyrrole 123 (131 mg, 0.739 mmol) to afford the
title compound as a light-yellow oil (63 mg, 48% yield). 1H NMR (300 MHz, CDCl3) δ 6.19 (ddd, J
= 10.0, 6.2, 2.0 Hz, 1H), 5.78 (dddd, J = 10.0, 4.0, 3.2, 1.0 Hz, 1H), 3.15 (td, J = 11.6, 3.2 Hz,
1H), 2.49 (dt, J = 12.1, 9.0 Hz, 1H), 2.41 (d, J = 3.7 Hz, 1H), 2.33 – 2.23 (m, 1H), 2.13 – 2.02 (m,
4H), 1.88 (dd, J = 17.2, 6.1 Hz, 1H), 1.70 – 1.59 (m, 1H), 1.26 (s, 3H). 13C NMR (100 MHz, CDCl3)
δ 208.48, 136.12, 120.76, 59.74, 48.62, 48.22, 42.05, 41.98, 38.51, 27.59, 26.85. HRMS (ESI+)
m/z calculated for C11H15NO [M+H]+ 178.1227, found: 178.1227.
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(±) (31R,3aS,6aS)-N-((adamantan-1-yl)methyl)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole31(2H)-carboxamide (142)
General procedure D was followed using pyrrole 133 (156 mg, 0.499 mmol) to afford the
title compound as a colorless oily solid (78 mg, 50% yield). 1H NMR (400 MHz, CDCl3) δ 6.68 (br
s, 1H), 6.23 (ddd, J = 10.1, 6.1, 1.9 Hz, 1H), 5.73 (dt, J = 10.1, 3.4 Hz, 1H), 3.14 – 3.03 (m, 3H),
2.68 (dd, J = 13.4, 5.3 Hz, 1H), 2.57 – 2.39 (m, 4H), 1.97 – 1.91 (m, 4H), 1.68 (d, J = 12.3 Hz,
3H), 1.59 (d, J = 12.3 Hz, 3H), 1.47 – 1.38 (m, 7H). 13C NMR (100 MHz, CDCl3) δ 172.62, 135.80,
120.02, 53.35, 50.40, 49.21, 44.81, 41.16, 40.37, 37.09, 34.15, 33.94, 30.16, 28.35. HRMS (ESI+)
m/z calculated for C20H28N2O [M+H]+ 313.2275, found: 313.2278.

(±) (31R,3aS,6aS)-N-(pyrimidin-5-ylmethyl)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole31(2H)-carboxamide (143)
General procedure D was followed using pyrrole 134 (85 mg, 0.332 mmol) to afford the
title compound as a light-yellow residue (24 mg, 28% yield). 1H NMR (400 MHz, CDCl3) δ 9.13 (s,
1H), 8.66 (s, 2H), 7.10 (br s, 1H), 6.26 (ddd, J = 10.3, 6.0, 2.0 Hz, 1H), 5.75 (dtd, J = 10.3, 3.5,
1.0 Hz, 1H), 4.40 (qd, J = 15.3, 6.3 Hz, 2H), 3.16 – 3.04 (m, 2H), 2.58 – 2.40 (m, 4H), 2.00 – 1.93
(m, 1H), 1.54 – 1.47 (m, 1H). LRMS (ESI+) m/z calculated for C14H16N4O [M+H]+ 257.14, found:
256.80.
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(±) (31R,3aS,6aS)-N-(3-morpholinopropyl)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole31(2H)-carboxamide (144)
General procedure D was followed using pyrrole 135 (80 mg, 0.275 mmol) to afford the
title compound as a light-yellow oil (43 mg, 54% yield). 1H NMR (400 MHz, CDCl3) δ 7.18 (br s,
1H), 6.19 (ddd, J = 9.9, 6.0, 1.9 Hz, 1H), 5.70 (dt, J = 9.9, 3.3 Hz, 1H), 3.72 – 3.69 (m, 4H), 3.30
– 3.17 (m, 2H), 3.12 – 3.00 (m, 2H), 2.52 – 2.32 (m, 10H), 1.95 – 1.86 (m, 1H), 1.61 (p, J = 6.6
Hz, 2H), 1.48 – 1.40 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 172.64, 135.64, 120.10, 66.96, 57.48,
53.92, 53.07, 49.27, 44.43, 41.07, 38.32, 34.12, 30.11, 25.84. LRMS (ESI+) m/z calculated for
C16H25N3O2 [M+H]+ 292.20, found: 291.85.

(±) 1-((3aS,7aR)-3,3a,4,5-tetrahydro-7aH-indol-7a-yl)ethan-1-one (145)
General procedure E was followed using aziridine 108 (47 mg, 0.288 mmol) to afford the
title compound as a colorless oil (33 mg, 70% yield). 1H NMR (400 MHz, CDCl3) δ 7.60 (s, 1H),
6.03 (ddd, J = 10.1, 4.4, 3.4 Hz, 1H), 5.95 (dt, J = 10.1, 1.9 Hz, 1H), 2.77 – 2.64 (m, 2H), 2.36
(ddd, J = 16.7, 4.5, 1.3 Hz, 1H), 2.27 (s, 3H), 2.07 – 1.94 (m, 2H), 1.88 – 1.79 (m, 1H), 1.40 –
1.30 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 207.62, 167.51, 131.91, 125.86, 86.66, 42.57, 35.13,
26.39, 24.86, 21.97. HRMS (ESI+) m/z calculated for C10H13NO [M+H]+ 164.1070, found:
164.1070.
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(±) 1-((3S,3aS,7aS)-3-methyl-3,3a,4,5-tetrahydro-7aH-indol-7a-yl)ethan-1-one (146)
General procedure E was followed using aziridine 140 (90 mg, 0.508 mmol) to afford the
title compound as a colorless oil (54 mg, 60% yield). 1H NMR (400 MHz, CDCl3) δ 7.44 (s, 1H),
5.94 (dt, J = 10.2, 3.6 Hz, 1H), 5.82 – 5.77 (m, 1H), 2.76 – 2.67 (m, 1H), 2.35 (s, 3H), 2.25 (dt, J
= 9.3, 4.8 Hz, 1H), 2.07 – 1.92 (m, 3H), 1.71 – 1.63 (m, 1H), 1.15 (d, J = 7.2 Hz, 3H).

13

C NMR

(100 MHz, CDCl3) δ 208.89, 172.36, 130.79, 125.72, 86.48, 47.28, 43.70, 26.45, 21.57, 21.10,
15.36. HRMS (ESI+) m/z calculated for C11H15NO [M+H]+ 178.1227, found: 178.1229.

(±) 1-((3aS,7aS)-3a-methyl-3,3a,4,5-tetrahydro-7aH-indol-7a-yl)ethan-1-one (147)
General procedure E was followed using aziridine 141 (95 mg, 0.536 mmol) to afford the
title compound as a colorless oil (57 mg, 60% yield). 1H NMR (400 MHz, CDCl3) δ 7.68 (s, 1H),
5.90 (dt, J = 10.1, 3.7 Hz, 1H), 5.58 (dt, J = 10.1, 2.2 Hz, 1H), 2.62 (d, J = 17.5 Hz, 1H), 2.28 (s,
3H), 2.23 (dd, J = 17.2, 1.3 Hz, 1H), 2.14 – 2.09 (m, 2H), 1.88 (dt, J = 13.7, 7.8 Hz, 1H), 1.64 (dt,
J = 13.8, 4.8 Hz, 1H), 0.93 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 210.57, 168.21, 128.57, 126.59,
86.61, 48.10, 42.51, 30.07, 29.71, 24.30, 21.62. HRMS (ESI+) m/z calculated for C11H15NO [M+H]+
178.1227, found: 178.1227.
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(±) (3aS,7aR)-N-((adamantan-1-yl)methyl)-3,3a,4,5-tetrahydro-7aH-indole-7a-carboxamide
(148)
General procedure E was followed using aziridine 142 (35 mg, 0.112 mmol) to afford the
title compound as a colorless oil (29 mg, 83% yield). 1H NMR (400 MHz, CDCl3) δ 7.62 (s, 1H),
6.72 (br s, 1H), 5.98 (dt, J = 10.0, 4.0 Hz, 1H), 5.74 (dt, J = 10.0, 2.1 Hz, 1H), 3.01 (dd, J = 13.4,
6.9 Hz, 1H), 2.83 (dd, J = 13.4, 6.1 Hz, 1H), 2.75 – 2.63 (m, 2H), 2.48 – 2.38 (m, 1H), 2.22 – 2.13
(m, 1H), 2.09 – 2.01 (m, 2H), 1.95 (s, 3H), 1.69 (d, J = 12.6 Hz, 3H), 1.60 (d, J = 12.6 Hz, 3H),
1.53 – 1.44 (m, 7H). 13C NMR (100 MHz, CDCl3) δ 174.30, 167.97, 131.00, 127.12, 80.68, 50.77,
41.86, 40.36, 37.27, 37.06, 34.03, 28.33, 24.00, 21.04. HRMS (ESI+) m/z calculated for C20H28N2O
[M+H]+ 313.2275, found: 313.2281.
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Chapter 7
Imaging-based high-dimensional biological
annotation of stereoisomeric triads

Portions of this chapter are reproduced with permission from the following publication:
Gerry, C. J.; Hua, B. K.; Wawer, M. J.; Knowles, J. P.; Nelson Jr., S. D.; Verho, O.; Dandapani,
S.; Wagner, B. N.; Clemons, P. A.; Booker- Milburn, K. I.; Boskovic, Z. V.; Schreiber, S. L. “RealTime Biological Annotation of Synthetic Compounds” Journal of the American Chemical Society
2016, 138, 8920, DOI: 10.1021/jacs.6b04614.1
Copyright 2016 American Chemical Society.
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Collaborator Contributions: Dr. Mathias Wawer processed the raw images and generated the
high-dimensional profiles for each treatment condition. Dr. Zarko Boskovic and Bruce Hua
assisted with analysis of the cell-painting data, and Bruce wrote the code to make Figures 7.3–
7.7. I performed the cell-painting experiment with Drs. Shawn Nelson Jr. and Oscar Verho, with
additional assistance from Kate Hartland. Prof. Kevin Booker-Milburn and Dr. Jonathan
Knowles suggested the competing eliminative aziridine opening pathway that yielded secondary
amines 164–166. Dr. Peter Müller at the Massachusetts Institute of Technology performed the
X-ray crystallography experiments and analysis.

7.1 Introduction
In this chapter, I describe how I performed a pilot study of “real-time” biological annotation
of synthetic compounds. Based on the chemistry described in Chapter 6, I synthesized and tested
10 triads of constitutional isomers that, within triads, differ in the arrangement of their atoms and,
across triads, differ in the appendages of three isomeric skeletons. With Drs. Shawn Nelson Jr.
and Oscar Verho, I used a multiplexed “cell painting” assay to measure changes in 1,140 cellmorphology features induced by compound treatment.2 Dr. Zarko Boskovic, Bruce Hua, and I
analyzed the data, and we examined the effects of varying compound structure and concentration
on these measurements. Our encouraging results are consistent with the ideas that rearranging
the bond connectivity of constitutional isomers can dramatically alter biological activity, and that
similarity between chemical structures correlates poorly with biological performance. I use these
data to argue that cell painting is a valuable tool to rapidly characterize the biological activities of
newly synthesized compounds. Experiments that build upon this proof-of-concept study—
including the expansion of the real-time biological annotation concept to the L1000 assay—are
described in Chapter 8.
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7.2 Real-time biological annotation and the search for bioactives and nMoA compounds
Chemists can synthesize molecules in greater number and chemical complexity than ever
before. Yet, most of these compounds go untested in biological systems, and those that do are
often tested long after the chemist can incorporate these results into synthetic planning. Scientists
at the Broad Institute used 130 cell-based assays to learn retrospectively about the performance
of their synthetic compounds (~100k prepared using DOS) four years after the syntheses were
complete.3 If, instead, chemists could “annotate” their synthetic products in real time—within days
of synthesis and using multiplexed biological measurements—this critical delay in information
feedback could be shortened from years to days. In addition, this method would ideally be capable
of annotating each compound with thousands of measurements relating to cellular performance
(Figure 7.1).

Figure 7.1 | Schematic representation of concurrent structural assignment and biological
annotation of compounds immediately following their synthesis.

While biological annotation may not be sufficiently granular to identify precise molecular
targets consistently, it can reveal which molecules are bioactive. Furthermore, comparisons with
reference compounds having known activities can indicate whether “actives” function by known
or novel MoAs and generate hypotheses for follow-up MoA studies.4,5 This real-time capability
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would provide a more immediate understanding of the consequences of specific chemical
transformations on the biological performance of their reaction products.6
Coupling synthetic reactions with the biological annotation of newly synthesized
compounds could also facilitate the discovery of novel small-molecule drugs and probes.
Whereas physicochemical descriptors are often inadequate predictors of biological performance,
data from high-dimensional cell-based assays can provide a “snapshot” of a compound’s activity
in multiple biological contexts.7 This capability would inform optimization efforts that often focus
on a few key metrics (e.g. potency or specificity) by determining whether underlying cellular
mechanisms have unwittingly been changed. Only through routine biological annotation can
collections of small molecules be curated such that individual members—or, ideally, small sets of
compounds with similar biological profiles—have a distinct MoA, whether they be known or novel.
Thus, real-time biological annotation of synthetic and natural compounds is central to generating
performance-diverse compound collections.3
Providing immediate feedback to chemists, having a better understanding of the molecular
consequences of structural alterations during optimization, and delivering performance-diverse
compound libraries all address another key challenge in modern therapeutics discovery. Human
biology, especially the discovery of risk and protective gene variants and the determination of the
altered activities of the corresponding variant proteins, affords a blueprint for the activities that
drugs should confer on their targets to be safe and effective. Thus, prior to launching a drugdiscovery project, we can know the consequences of modulating a target in the context of human
physiology.8 But the insights gained thus far suggest that these modulations demand challenging
mechanisms of action not yet seen in drug discovery. nMoA compounds are needed to translate
insights from human biology into safe and effective therapeutic agents, and real-time annotation
concurrent with synthesis may help to identify candidate nMoA compounds.
For the rest of the chapter, I describe an experimental and analytical first step toward
these challenging goals.
297

7.3 Synthesis of skeletally isomeric triads
With Dr. Zarko Boskovic, I envisioned a collection of isomeric “triads” that would explore
the effect of different skeletons and appendages on compound activity in cells. Synthesizing and
annotating groups of constitutionally isomeric compounds was appealing because it controls for
variable atom composition within skeletons.

Scheme 7.1 | Synthesis of six additional stereoisomeric triads for high-dimensional biological
annotation.

Using the lessons that I learned from the experiments described in Chapter 6, I
synthesized six additional sets of compounds using complexity-generating photochemical and
thermal rearrangements (Scheme 7.1). I treated 2-cyanopyrrole and ethyl 4-acetyl-3,5dimethylpyrrole-2-carboxylate with tosylates S17–S19 to yield pyrroles 149–154. As expected, all
six pyrroles successfully rearranged to tricyclic aziridines 155–160 upon exposure to UV light. Xray crystallography of a derivative of aziridine 156 confirmed that the methyl group preferentially
occupies the exo position (see section 7.8.3). Heating aziridines 155–157 furnished endocyclic
imines 161–163 as expected, but 158–160 did not yield the anticipated products. Instead, 1H NMR
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analysis revealed in the reaction products no imine proton, the “loss” of a methyl group, and the
emergence of two exo-methylene peaks around 4.7 and 4.9 ppm (see Appendix B). After
consultation with Prof. Booker-Milburn and Dr. Knowles, I determined that I had generated
secondary amines 164–166 via a competing eliminative aziridine opening. Notably, these
compounds contain the same 5,6-fused ring system that characterizes the imines.

Figure 7.2 | Pilot library comprising 10 triads of constitutional isomers synthesized using
photochemical and thermal rearrangements.

As shown in Figure 7.2, my pilot library comprised 10 isomeric triads (see Chapter 6 for
synthetic details for triads 1–3 and 10). To highlight connections between compound structure
and activity (and to minimize confusion), for the rest of this chapter I will refer to these compounds
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by their triad number and their status as a pyrrole (a), aziridine (b), or imine/amine (c); for example,
I will refer to the aziridine in triad five as 5b rather than 156.

Figure 7.3 | Principal moment-of-inertia analysis of the compounds in Figure 7.2. Individual points
indicate the location of a given conformer (up to 5 per compound) in PMI space, as defined by
the ratios of their computed principal moments of inertia (I3 > I2 > I1).
To quantify and represent the differences among the three-dimensional shapes of these
30 compounds, Bruce Hua and I performed principal moment-of-inertia (PMI) analysis (Figure
7.3). Compounds near the top-left vertex have more one-dimensional “rod-like” character;
compounds near the bottom vertex have more two-dimensional “disc-like” character; and
compounds near the top-right vertex have more three-dimensional “sphere-like” character. These
calculations supported our intuition that the sp2-rich pyrroles occupy a separate area of threedimensional space from the sp3-rich aziridines, imines, and amines. Furthermore, when taken
together, my small library of 30 compounds covers a wide swath of topographic space. This
outcome highlights the power of strategically designed chemical pathways and further
emphasizes that topographically complex molecules need not be difficult to synthesize.9,10
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7.4 Biological annotation via cell painting
Next, I tested my pilot library via cell painting, which measures thousands of compoundinduced changes in cell morphology. The relative ease with which this assay is performed and its
low associated costs make it an attractive method to annotate newly synthesized compounds in
high throughput. Furthermore, the use of label-free compounds guarantees that entire classes of
small molecules are not precluded from screening because they lack a suitable derivatization
point. I performed my experiments in U-2 OS (bone) cells, but cell painting may be performed with
a wide variety of cell lines derived from several tissue types, such as HeLa (cervix) and A549
(lung) cells, to collect data in additional cellular contexts.11 This assay had previously been used
to characterize the activities of large numbers of compounds simultaneously,3 but to determine if
it would be suitable for real-time biological annotation, I was interested in learning the degree to
which it could 1) distinguish between activities of constitutional isomers, 2) distinguish between
activities of assay positives, and 3) identify trends in biological activity that would not be predicted
based on chemical structure alone.
I performed the cell-painting assay with Drs. Oscar Verho and Shawn Nelson Jr. In
summary, we seeded U-2 OS cells in 384-well plates and treated them with DMSO solutions of
varying compound concentrations (6 concentrations ranging from 3.125 µM to 100 µM).
Treatments were performed in quadruplicate, and we used DMSO-alone conditions as negative
controls. After 24 hours, cells were exposed to six non-antibody-based dyes that stained seven
organelles and cellular compartments.11 The cells were then imaged with an automated, highthroughput fluorescent microscope across five channels, acquiring 9 images per well. Once
obtained, images of well sites were processed with CellProfiler software,12 which is capable of
systematically extracting and quantifying cellular morphological features. For example,
characteristics of nuclei and mitochondria—such as size, shape, and eccentricity—can be
measured using nucleus-specific (Hoechst) and mitochondria-specific (MitoTracker Deep Red)
stains, respectively, whereas characteristics of whole-cell architecture can be illuminated using a
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cytoskeleton-specific stain (actin-binding phalloidin). In this manner, 1,140 quantitative features
can be examined on a cell-by-cell basis and combined into a single 1,140-dimensional vector for
that assay well. Comparing these features to those exhibited by DMSO-treated cells enables the
construction of profiles for each compound-treatment condition.

7.5 Analysis of data from cell painting
7.5.1 Determination of compound activity

Figure 7.4 | Dot plot depicting compound activities compared to DMSO alone. Activity scores
describe the degree to which compound-induced morphological changes are distinct from those
induced by DMSO alone, as calculated according to the distance metric described by
Mahalanobis.13 Each point represents a single compound-treatment condition (compound A,
concentration X), averaged across four replicates. The dashed line indicates the cutoff at which
compound-treatment conditions were considered “active.”
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Bruce Hua, Dr. Zarko Boskovic, and I analyzed the data from the cell-painting experiment.
We first determined which compounds could be considered “active” by identifying the compounds
that exhibited profiles significantly different from that of DMSO alone (Figure 7.4). To build an
“activity score,” we needed a measure of the distance between two populations (DMSO and
treatment) in a 1,140-dimensional feature space. One such measure is Mahalanobis distance,13
which is analogous to the Euclidean distance between two points in a lower-dimensional space,
but also accounts for the spread of each population and the co-linearity between features (which
avoids “overcounting” redundant features).14 We calculated the activity scores for each
compound-treatment condition using this metric. For the purposes of this analysis, compounds
with an activity score greater than 8 were deemed “active”; this cutoff was not determined by
rigorous statistical methods, but it can still be used to identify the most highly active compounds
in the library. Compounds that reduced cell count (perhaps by death, reduced proliferation, or
surface detachment) tended to exhibit a high activity score, which is unsurprising because these
processes are often accompanied by drastic changes in cell morphology.
By this assessment, we found 7 of the 30 compounds to be active at one or more
concentrations (4b, 4c, 5b, 5c, 6c, 10a, and 10b; recall the numbering system from Figure 7.2):
three aziridines and three imines, but only one pyrrole. Separating compounds by cohort (pyrrole,
aziridine, imine/amine) and taking the average signal from all six compound concentrations shows
this trend more clearly (Figure 7.5). The six most active compounds (4b, 4c, 5b, 5c, 6c, 10b)
belong to the aziridine or imine/amine cohort, a result that is consistent with the notion that sp3rich molecules that are topographically complex exhibit more favorable protein-binding properties
than flat, sp2-rich compounds.15 One potential confounding factor is that aziridines and imines are
often considered to be reactive functional groups that might impart promiscuous activity. However,
not all aziridines or imines are active in the assay, suggesting that a more nuanced and contextdependent mechanism is responsible for these results. Also, pyrrole motifs can be found in a wide
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variety of bioactive molecules,16 so the pyrrole cohort’s relative lack of activity cannot be explained
solely based on the presence of a pyrrole ring.

Figure 7.5 | Bar graph of compound activities reveals contributions from both skeleton and
appendage identities. Activity scores for each compound were averaged across replicates of all
concentrations. Compounds are grouped by cohorts and colored by triads, with differing shades
of a given color indicating a shared electron-withdrawing group (blue: acetyl, green: nitrile,
salmon: ester, gray: amide).

While it may be tempting to focus primarily on the compounds that elicit the strongest
cellular responses, a brief survey of the inactive compounds shows that cell painting is capable
of reliably distinguishing between constitutional isomers. Even when resorting to a binary
active/inactive designation, many triads contain both active and inactive compounds. This
outcome may be unsurprising—many chiral compounds, for example, exhibit dramatically
different activities from their enantiomers—but it provides further support that high-dimensional
annotation is a valuable tool for compound characterization.
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7.5.2 Assessing relationships between compound activities

Figure 7.6 | Heat map showing relationships of compounds (compound vs. compound) based on
the similarities of their biological profiles. Biological profiles are compared using pairwise Pearson
correlation coefficients, calculated from the patterns of cell morphology changes (1,140 total
features) induced by compound treatment (average of six concentrations, each in quadruplicate).
Structures of the six most highly correlated compounds (red clade in top dendrogram) are shown.

We analyzed the 1,140-dimensional compound profiles to determine if we could extract
insights into MoA. Pearson correlations were calculated between each pair of compounds, and
the resulting pairwise correlations summarize the degree to which compounds’ patterns of
induced changes in cell morphology correlate to one another (Figure 7.6). Although a variety of
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relationships exist, the most striking feature of this analysis is the strong correlation between the
six compounds in the shortest clade of the distance dendrogram (top-right corner of the heat map,
as rendered), which correspond to the six compounds that we previously identified to be the most
active (see Figure 7.5). Strikingly, five out of these six compounds contain a nitrile connected to
a quaternary sp3-hybridized carbon (only one of the nitrile-containing aziridines or imines did not
score as active at any concentration). While it remains unclear how the nitrile motif may be
influencing compound activity in this instance, previous studies have identified several classes of
bioactive nitriles, many of which exhibit activities that are influenced by their chemical
environment.17

Figure 7.7 | Principal component analysis of compound-induced changes in cell morphology
illuminates differences in MoAs of active compounds. Points and ellipses (drawn at 95%
confidence intervals) are colored according to compound identities.

While these active compounds were found to exhibit distinct activities from the other
members of our library, we attempted to resolve these activities from each other by exploiting the
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often non-linear effects of varying compound concentration.18 To this end, we performed principal
component analysis (PCA) of the individual replicates of the active concentrations of six
compounds (Figure 7.7). Analyzing the first two principal components reveals several noteworthy
trends. First, the spread between replicates in this principal-component space is minor compared
to the distances between different treatment conditions. This high level of reproducibility allows
us to distinguish between distinct compound-induced phenotypes, even for seemingly highly
correlated compounds. Second, analyzing the activities of separate concentrations affords
additional insights into biological activity. In particular, we note that three concentrations of 5c
(25, 50, and 100 μM) form their own cluster, which indicates that 5c is likely acting via a distinct
cellular MoA from the other five compounds. Compounds whose concentrations exhibit dissimilar
profiles (e.g. 6c) could indicate a polypharmacological effect in which additional cellular targets
are being engaged at higher concentrations.

7.5.3 Connecting high-dimensional annotation data to visible changes in cell morphology
To illustrate representative cellular images, I have highlighted the visual differences
between DMSO alone-, imine 5c-, and aziridine 10b-treated cells (Figure 7.8). The cellmorphological changes induced by 5c were particularly striking: cells exhibited filopodium-like
protrusions19 that were observable in multiple channels, but most prominently in the Short Red
channel (642 nm, cytoskeleton-stained). Another noticeable difference was the apparent
“softening” of subcellular compartments near the nuclei, which can be best seen in the Short Red
(642 nm, cytoskeleton-stained) and Long Red (692 nm, mitochondria-stained) channels. Not only
do these images provide confirmation that 5c and 10b dramatically alter cell morphology (as
indicated by their high activity scores), but also that they do so in different ways, as suggested by
PCA (see Figure 7.7).
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Figure 7.8 | Images of vehicle-, compound 5c- (25 µM), and compound 10b-treated (100 µM)
cells observed across five channels. The discrete morphological features best visualized in each
channel are listed below the channel names.

7.6 Consequences for real-time biological annotation
The robustness and granularity of these results highlight the promise of cell painting as a
method to perform real-time high-dimensional biological annotation of compounds. A follow-up
study from the Schreiber lab that describes the ability of cell painting to distinguish between
activities of stereoisomers provides further evidence of its utility.20 Additional annotation
methodologies (such as cellular thermal proteome profiling and barcoded gene-expression
analysis by multiplexed RNA-Seq)21,22 and cell lines representing a diverse array of cell states23
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may be incorporated to paint a more comprehensive portrait of a given compound’s biological
activity. Comparing these high-dimensional “profiles” to those of compounds with known MoAs
would facilitate both the identification of nMoA compounds and the creation of performancediverse compound collections for phenotypic screening.
Since some screens of compound libraries provide unsatisfying results—including yielding
no starting points for further investigation—there is a widespread view that larger libraries are
better than smaller ones. But this premise may be false if the primary effect of increasing the size
of a library is to increase performance redundancy—adding compounds that either have no
effects or have actions that mirror those of existing library members. I, along with the rest of the
Schreiber lab, have advocated for a different approach: creating compound libraries with small
subsets of molecules that each function by a distinct MoA. This strategy allows libraries,
regardless of size, to achieve vastly greater levels of performance diversity and functionality, so
long as unique MoA compounds can be discovered efficiently.3 My work described here
represents an advance toward this goal, among others.
Because of the often-substantial temporal disconnection between chemical synthesis and
biological testing, most modern library generation has been guided by chemical structures and
their associated physical properties. The hope has been that structural diversity will yield
performance diversity. However, it has been demonstrated that these structural descriptors are
often insufficient predictors of biological performance—in a recent study, no better than random
chance—and that data from high-dimensional cellular assays may better indicate a compound’s
activity in biological contexts.3,24 Subjecting newly synthesized molecules to high-dimensional
assays could facilitate biology-informed compound optimization and the design of performancediverse screening collections by providing rapid feedback on compound activity. Just as synthetic
chemists annotate each compound with an ensemble of spectroscopic techniques to establish its
structure, broad arrays of phenotypic measurements could provide critical insights into its
biological function in a matter of days; conversely, it would take several years and hundreds of
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experiments to reach a similar level of understanding using the current model for HTS library
synthesis and evaluation.

7.7 Conclusions
In this chapter, I have demonstrated a pilot-scale version of real-time high-dimensional
biological annotation by describing the synthesis of a small collection of compounds and their
testing via cell painting. I was able to distinguish compounds having little or no effect on cells from
those that engendered dramatic changes in cell morphology. Furthermore, I saw small clusters of
compounds whose actions on cells appear to be related (despite their structural differences) and
successfully differentiated activities of active compounds at varying concentrations. I was also
able to distinguish between activities of both constitutional isomers and compounds that may
appear to be more structurally similar. Looking through a broader lens, focusing on isomeric triads
allowed these results to support the idea that structural complexity is a valuable feature of
molecules that populate HTS compound libraries.25 However, a full exploration of the relationship
between three-dimensional complexity and biological activity lies outside the scope of this study
and this dissertation.
The success of these experiments suggests that real-time biological annotation can inform
optimization efforts and library syntheses by illuminating trends relating to biological activity that
would be difficult to predict if only chemical structure were considered. Synthesizing and
annotating additional analogs of noteworthy compounds to establish more robust structure–
activity relationships would create a valuable feedback loop between synthetic chemistry and
biological performance. In addition, this readily accessible and inexpensive profiling method can
be used in a prospective manner to facilitate the efficient construction of performance-diverse
small-molecule libraries that are enriched in bioactives.
What remains to be seen, however, is whether this method can generate useful MoA
hypotheses. As I describe in Chapter 8, one strategy for answering this important question is to
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extend the concept of real-time biological annotation to additional high-dimensional assays. Not
only would some of these assays be associated with large reference datasets (e.g. changes in
gene expression found in the Connectivity Map),26 but they would also provide opportunities to
independently support or rebut MoA hypotheses derived from cell painting. Establishing such a
platform would enhance the ability of chemists to contribute to challenging problems in
therapeutics science.27

7.8 Experimental methods: chemistry
7.8.1 General methods
Please refer to section 6.7.1.

7.8.2 Synthetic methods and characterization of intermediates and final compounds
General Procedure A: Pyrrole alkylation
To a solution of corresponding pyrrole (1 equiv) in anhydrous DMF (0.4 M) was added the
corresponding tosylate (1.6–5 equiv) and Cs2CO3 (2.3 equiv). The reaction mixture was stirred at
85 °C for 16 hours, at which point the reaction vessel was allowed to cool to room temperature
and its contents were partitioned between Et2O and water. The phases were separated, and the
organic phase was washed an additional 3 times with water, dried over Na2SO4, and concentrated
under reduced pressure. The crude product was purified via flash column chromatography to
afford the desired N-substituted pyrrole.

General Procedure B: Photochemical rearrangement of N-substituted pyrroles
To a quartz round-bottom flask was added the corresponding pyrrole and acetonitrile (5
mM), and the resulting colorless solution was sparged with N2 for 30 minutes. The reaction flask
was then placed in a Rayonet photochemical reactor outfitted with a cooling fan and eight low
pressure 254 nm (4 W) Hg lamps. The reaction mixture was irradiated until TLC analysis revealed
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that the reaction had gone to completion (usually 3–12 hours). The solvent was then removed
under reduced pressure and the crude oil was purified via flash column chromatography to afford
the desired tricyclic aziridine.

General Procedure C: Thermal rearrangement of tricyclic aziridines
To a 1 dram vial was added the corresponding aziridine and CDCl 3 (0.1 M). The vial was
tightly capped and placed in a heating block raised to 70 °C. The reaction mixture was allowed to
stir until 1H NMR analysis indicated that the reaction had gone to completion (usually 24–48
hours). The solvent was then removed under reduced pressure and the crude oil was either
filtered through activated charcoal or purified via flash column chromatography to afford the
desired imine/amine.

Compounds

1-(but-3-en-1-yl)-1H-pyrrole-2-carbonitrile (149)
General procedure A was followed using 1H-pyrrole-2-carbonitrile (147 mg, 1.89 mmol)
and tosylate S17 (684 mg, 3.02 mmol) to afford the title compound as a colorless oil (249 mg,
90% yield). 1H NMR (400 MHz, CDCl3) δ 6.83 (dd, J = 2.7, 1.6 Hz, 1H), 6.76 (dd, J = 4.0, 1.6 Hz,
1H), 6.15 (dd, J = 4.0, 2.7 Hz, 1H), 5.73 (ddt, J = 17.3, 10.6, 6.9 Hz, 1H), 5.10 – 5.03 (m, 2H),
4.09 (t, J = 7.0 Hz, 2H), 2.59 – 2.52 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 133.39, 126.52, 120.06,
118.43, 113.97, 109.44, 103.64, 48.46, 35.50. HRMS (ESI+) m/z calculated for C9H10N2 [M+H]+
147.0917, found: 147.0922.
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(±) 1-(2-methylbut-3-en-1-yl)-1H-pyrrole-2-carbonitrile (150)
General procedure A was followed using 1H-pyrrole-2-carbonitrile (128 mg, 1.40 mmol)
and tosylate S18 (540 mg, 2.24 mmol) to afford the title compound as a colorless oil (186 mg,
83% yield). 1H NMR (400 MHz, CDCl3) δ 6.80 (dd, J = 2.7, 1.6 Hz, 1H), 6.75 (dd, J = 4.0, 1.6 Hz,
1H), 6.14 (dd, J = 4.0, 2.7 Hz, 1H), 5.68 (ddd, J = 17.1, 10.4, 7.5 Hz, 1H), 5.04 – 4.95 (m, 2H),
3.98 – 3.88 (m, 2H), 2.75 – 2.62 (m, 1H), 1.02 (d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ
139.49, 126.96, 119.86, 116.09, 114.13, 109.30, 104.00, 54.41, 39.79, 17.17. HRMS (ESI+) m/z
calculated for C10H12N2 [M+H]+ 161.1073, found: 161.1075.

1-(3-methylbut-3-en-1-yl)-1H-pyrrole-2-carbonitrile (151)
General procedure A was followed using 1H-pyrrole-2-carbonitrile (164 mg, 1.78 mmol)
and tosylate S19 (684 mg, 2.85 mmol) to afford the title compound as a colorless oil (276 mg,
97% yield). 1H NMR (400 MHz, CDCl3) δ 6.83 (dd, J = 2.6, 1.6 Hz, 1H), 6.76 (dd, J = 4.0, 1.6 Hz,
1H), 6.14 (dd, J = 4.0, 2.6 Hz, 1H), 4.84 – 4.78 (m, 1H), 4.69 – 4.64 (m, 1H), 4.14 (t, J = 7.3 Hz,
2H), 2.50 (t, J = 7.3 Hz, 2H), 1.76 (s, 3H). HRMS (ESI+) m/z calculated for C10H12N2 [M+H]+
161.1073, found: 161.1072.

313

ethyl 4-acetyl-1-(but-3-en-1-yl)-3,5-dimethyl-1H-pyrrole-2-carboxylate (152)
General procedure A was followed using ethyl 4-acetyl-3,5-dimethyl-1H-pyrrole-2carboxylate (396 mg, 1.89 mmol) and tosylate S17 (684 mg, 3.02 mmol) to afford the title
compound as a colorless oil (474 mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ 5.73 (ddt, J =
17.1, 10.2, 6.9 Hz, 1H), 5.08 – 4.99 (m, 2H), 4.32 – 4.23 (m, 4H), 2.48 (s, 3H), 2.43 (s, 3H), 2.42
– 2.34 (m, 5H), 1.34 (t, J = 7.1 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 196.08, 161.68, 139.29,

134.00, 129.05, 123.32, 119.53, 117.16, 59.87, 44.48, 34.92, 31.64, 14.25, 13.34, 12.06. HRMS
(ESI+) m/z calculated for C15H21NO3 [M+H]+ 264.1594, found: 264.1599.

(±) ethyl 4-acetyl-3,5-dimethyl-1-(2-methylbut-3-en-1-yl)-1H-pyrrole-2-carboxylate (153)
General procedure A was followed using ethyl 4-acetyl-3,5-dimethyl-1H-pyrrole-2carboxylate (184 mg, 0.881 mmol) and tosylate S18 (340 mg, 1.41 mmol) to afford the title
compound as a colorless oil (214 mg, 88% yield). 1H NMR (400 MHz, CDCl3) δ 5.62 (ddd, J =
17.4, 10.4, 7.4 Hz, 1H), 4.94 – 4.85 (m, 2H), 4.29 (q, J = 7.1 Hz, 2H), 4.19 (br s, 2H), 2.57 – 2.48
(m, 4H), 2.45 – 2.39 (m, 6H), 1.35 (t, J = 7.1 Hz, 3H), 0.94 (d, J = 6.8 Hz, 3H).

13

C NMR (100

MHz, CDCl3) δ 196.57, 162.18, 140.18, 140.02, 129.36, 123.46, 120.06, 115.27, 60.11, 50.05,
39.49, 31.95, 16.97, 14.47, 13.67, 12.94. HRMS (ESI+) m/z calculated for C16H23NO3 [M+H]+
278.1751, found: 278.1756.
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ethyl 4-acetyl-3,5-dimethyl-1-(3-methylbut-3-en-1-yl)-1H-pyrrole-2-carboxylate (154)
General procedure A was followed using ethyl 4-acetyl-3,5-dimethyl-1H-pyrrole-2carboxylate (373 mg, 1.78 mmol) and tosylate S19 (684 mg, 3.02 mmol) to afford the title
compound as a colorless oil (483 mg, 98% yield). 1H NMR (400 MHz, CDCl3) δ 4.80 (s, 1H), 4.73
– 4.70 (m, 1H), 4.38 – 4.27 (m, 4H), 2.51 (s, 3H), 2.47 (s, 3H), 2.44 (s, 3H), 2.36 – 2.29 (m, 2H),
1.78 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 196.47, 161.91, 142.20,

139.46, 129.20, 123.58, 119.75, 112.17, 60.11, 44.27, 38.74, 31.87, 22.73, 14.46, 13.55, 12.12.
HRMS (ESI+) m/z calculated for C16H23NO3 [M+H]+ 278.1751, found: 278.1758.

(±) (31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole-31(2H)-carbonitrile (155)
General procedure B was followed using pyrrole 149 (241 mg, 1.65 mmol) to afford the
title compound as an orange oily solid (67 mg, 28% yield). 1H NMR (400 MHz, CDCl3) δ 6.25 –
6.16 (m, 1H), 5.77 (dtd, J = 10.2, 3.6, 1.0 Hz, 1H), 3.21 (td, J = 11.1, 2.4 Hz, 1H), 2.97 – 2.91 (m,
1H), 2.85 (d, J = 3.7 Hz, 1H), 2.74 – 2.61 (m, 1H), 2.47 (ddd, J = 11.7, 10.0, 7.8 Hz, 1H), 2.41 –
2.33 (m, 1H), 1.98 – 1.90 (m, 1H), 1.62 – 1.54 (m, 1H). HRMS (ESI+) m/z calculated for C9H10N2
[M+H]+ 147.0917, found: 147.0917.
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(±) (1S,31R,3aS,6aS)-1-methyl-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole-31(2H)carbonitrile (156)
General procedure B was followed using pyrrole 150 (234 mg, 1.46 mmol) to afford the
title compound as a yellow-orange oil (98 mg, 42% yield, d.r. = 4:1). 1H NMR (400 MHz, CDCl3)
δ 6.22 (dddd, J = 10.2, 6.1, 2.2, 0.8 Hz, 1H), 5.77 (dddd, J = 10.2, 4.1, 3.3, 1.1 Hz, 1H), 2.89 –
2.77 (m, 2H), 2.68 (dd, J = 12.0, 6.8 Hz, 1H), 2.50 (d, J = 5.0 Hz, 1H), 2.43 – 2.33 (m, 1H), 2.13
– 1.95 (m, 2H), 1.22 (d, J = 7.2 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 134.59, 121.36, 119.19,

56.57, 51.89, 45.77, 42.84, 37.60, 28.35, 22.90. HRMS (ESI+) m/z calculated for C10H12N2 [M+H]+
161.1073, found: 161.1073.

(±) (31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole-31(2H)-carbonitrile (157)
General procedure B was followed using pyrrole 151 (200 mg, 1.25 mmol) to afford the
title compound as a light-yellow oil (58 mg, 29% yield). 1H NMR (400 MHz, CDCl3) δ 6.22 (ddd, J
= 10.1, 6.2, 2.1 Hz, 1H), 5.80 (dtd, J = 10.1, 3.4, 1.0 Hz, 1H), 3.21 (td, J = 11.5, 2.7 Hz, 1H), 2.87
(d, J = 3.6 Hz, 1H), 2.48 (ddd, J = 11.9, 9.8, 8.3 Hz, 1H), 2.27 (dddd, J = 12.7, 11.1, 9.8, 1.5 Hz,
1H), 2.21 – 2.14 (m, 1H), 1.98 (dd, J = 17.6, 6.2 Hz, 1H), 1.81 – 1.73 (m, 1H), 1.46 (s, 3H).

13

C

NMR (100 MHz, CDCl3) δ 135.32, 119.71, 119.41, 49.42, 48.90, 44.18, 43.28, 41.50, 37.23,
27.72. HRMS (ESI+) m/z calculated for C10H12N2 [M+H]+ 161.1073, found: 161.1073.
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(±) ethyl (31R,3aS,6aS)-4-acetyl-3a,5-dimethyl-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indole31(2H)-carboxylate (158)
General procedure B was followed using pyrrole 152 (100 mg, 0.380 mmol) to afford the
title compound as an orange oil (75 mg, 75% yield). 1H NMR (400 MHz, CDCl3) δ 4.31 – 4.16 (m,
2H), 3.46 – 3.34 (m, 1H), 3.03 – 2.95 (m, 1H), 2.77 – 2.64 (m, 2H), 2.55 – 2.41 (m, 1H), 2.27 (s,
3H), 1.94 (s, 3H), 1.90 (dd, J = 17.1, 2.4 Hz, 1H), 1.43 (ddt, J = 13.5, 8.6, 2.4 Hz, 1H), 1.28 (t, J
= 7.2 Hz, 3H), 1.24 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 203.30, 171.17, 144.13, 132.36, 61.31,
59.65, 51.60, 47.81, 38.78, 37.62, 36.92, 30.02, 21.75, 18.93, 14.46. HRMS (ESI+) m/z calculated
for C15H21NO3 [M+Na]+ 286.1419, found: 286.1415.

(±) ethyl (1S,31R,3aS,6aS)-4-acetyl-1,3a,5-trimethyl-1,3a,6,6a-tetrahydroazirino[2,3,1hi]indole-31(2H)-carboxylate (159)
General procedure B was followed using pyrrole 153 (177 mg, 0.638 mmol) to afford the
title compound as a light-yellow oil (67 mg, 38% yield, d.r. > 10:1). 1H NMR (400 MHz, CDCl3) δ
4.22 (q, J = 7.1 Hz, 2H), 2.95 (dd, J = 12.5, 2.4 Hz, 1H), 2.84 (dd, J = 12.5, 7.2 Hz, 1H), 2.62 (ddd,
J = 17.3, 4.8, 1.4 Hz, 1H), 2.49 – 2.43 (m, 1H), 2.21 (s, 3H), 1.95 – 1.83 (m, 5H), 1.25 (t, J = 7.1
Hz, 3H), 1.19 (s, 3H), 1.05 (d, J = 7.2 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 203.41, 171.37,

143.65, 132.15, 61.27, 58.87, 58.72, 48.36, 47.30, 45.60, 36.79, 29.89, 22.98, 21.42, 18.85,
14.44. HRMS (ESI+) m/z calculated for C16H23NO3 [M+H]+ 278.1751, found: 278.1756.
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(±) ethyl (31R,3aS,6aS)-4-acetyl-3a,5,6a-trimethyl-1,3a,6,6a-tetrahydroazirino[2,3,1hi]indole-31(2H)-carboxylate (160)
General procedure B was followed using pyrrole 154 (151 mg, 0.544 mmol) to afford the
title compound as a light-yellow oil (62 mg, 41% yield). 1H NMR (400 MHz, CDCl3) δ 4.31 – 4.16
(m, 2H), 3.39 (ddd, J = 12.7, 11.2, 3.5 Hz, 1H), 2.65 (dt, J = 12.7, 8.9 Hz, 1H), 2.58 (d, J = 16.9
Hz, 1H), 2.27 (s, 3H), 2.19 – 2.09 (m, 1H), 1.93 (d, J = 1.2 Hz, 3H), 1.82 (d, J = 16.9 Hz, 1H), 1.69
– 1.59 (m, 1H), 1.28 (t, J = 7.2 Hz, 3H), 1.26 (s, 3H), 1.16 (s, 3H).

13

C NMR (100 MHz, CDCl3) δ

203.38, 169.79, 145.20, 132.39, 62.84, 60.98, 50.19, 47.09, 46.78, 45.89, 42.79, 30.16, 25.95,
21.72, 20.34, 14.52. HRMS (ESI+) m/z calculated for C16H23NO3 [M+H]+ 278.1751, found:
278.1755.

(±) (3aS,7aR)-3,3a,4,5-tetrahydro-7aH-indole-7a-carbonitrile (161)
General procedure C was followed using aziridine 155 (50 mg, 0.342 mmol) to afford the
title compound as a colorless oil (19 mg, 38% yield). 1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H),
6.09 (dt, J = 10.0, 4.0 Hz, 1H), 5.97 (dt, J = 10.0, 2.1 Hz, 1H), 2.94 (ddd, J = 17.7, 8.2, 1.1 Hz,
1H), 2.81 (tt, J = 8.4, 4.9 Hz, 1H), 2.52 (ddd, J = 17.7, 4.9, 1.2 Hz, 1H), 2.09 – 2.03 (m, 2H), 1.88
(ddt, J = 13.7, 6.3, 5.0 Hz, 1H), 1.40 (dddd, J = 14.0, 8.7, 7.0, 5.6 Hz, 1H).

13

C NMR (100 MHz,

CDCl3) δ 170.41, 132.54, 123.66, 120.64, 69.83, 42.45, 40.20, 23.39, 21.49. HRMS (ESI+) m/z
calculated for C9H10N2 [M+H]+ 147.0917, found: 147.0916.
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(±) (3S,3aS,7aS)-3-methyl-3,3a,4,5-tetrahydro-7aH-indole-7a-carbonitrile (162)
General procedure C was followed using aziridine 156 (18 mg, 0.112 mmol) to afford the
title compound as a light-yellow oil (10 mg, 55% yield). 1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H),
6.00 (dt, J = 10.0, 3.9 Hz, 1H), 5.81 (dt, J = 10.0, 2.0 Hz, 1H), 2.84 – 2.74 (m, 1H), 2.45 – 2.37
(m, 1H), 2.10 – 1.98 (m, 3H), 1.75 – 1.65 (m, 1H), 1.26 (d, J = 7.3 Hz, 3H).

13

C NMR (100 MHz,

CDCl3) δ 174.82, 131.35, 123.84, 121.26, 69.76, 48.42, 47.32, 20.72, 20.69, 15.05. HRMS (ESI+)
m/z calculated for C10H12N2 [M+H]+ 161.1073, found: 161.1074.

(±) (3aS,7aS)-3a-methyl-3,3a,4,5-tetrahydro-7aH-indole-7a-carbonitrile (163)
General procedure C was followed using aziridine 157 (21 mg, 0.131 mmol) to afford the
title compound as a colorless oil (14 mg, 67% yield). 1H NMR (400 MHz, CDCl3) δ 7.69 (s, 1H),
5.99 (dt, J = 10.0, 3.8 Hz, 1H), 5.85 (dt, J = 10.0, 2.1 Hz, 1H), 2.64 (dd, J = 17.6, 1.1 Hz, 1H),
2.48 (dd, J = 17.6, 1.3 Hz, 1H), 2.14 – 2.06 (m, 2H), 1.73 – 1.62 (m, 2H), 1.33 (s, 3H).

13

C NMR

(100 MHz, CDCl3) δ 170.58, 130.77, 124.32, 118.80, 74.44, 48.32, 42.26, 29.57, 24.78, 21.31.
HRMS (ESI+) m/z calculated for C10H12N2 [M+H]+ 161.1073, found: 161.1074.
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(±) ethyl (3aS,7aR)-6-acetyl-7-methyl-5-methylene-1,2,3,3a,4,5-hexahydro-7aH-indole-7acarboxylate (164)
General procedure C was followed using aziridine 158 (24 mg, 0.0911 mmol) to afford the
title compound as a colorless oil (18 mg, 75% yield). 1H NMR (400 MHz, CDCl3) δ 4.95 (s, 1H),
4.72 (s, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.06 (dt, J = 10.1, 7.6 Hz, 1H), 2.90 (ddd, J = 10.1, 8.0, 4.8
Hz, 1H), 2.74 (ddt, J = 14.1, 4.6, 2.0 Hz, 1H), 2.64 (br s, 1H), 2.44 – 2.33 (m, 2H), 2.31 (s, 3H),
1.88 (dtd, J = 12.6, 7.6, 4.8 Hz, 1H), 1.67 – 1.59 (m, 4H), 1.26 (t, J = 7.1 Hz, 3H).

13

C NMR (100

MHz, CDCl3) δ 206.54, 174.96, 139.71, 137.33, 131.95, 112.47, 70.06, 61.83, 44.72, 42.62,
33.04, 31.09, 30.39, 15.60, 14.36. HRMS (ESI+) m/z calculated for C15H21NO3 [M+H]+ 264.1594,
found: 264.1600.

(±) ethyl (3S,3aS,7aR)-6-acetyl-3,7-dimethyl-5-methylene-1,2,3,3a,4,5-hexahydro-7aHindole-7a-carboxylate (165)
General procedure C was followed using aziridine 159 (50 mg, 0.180 mmol) to afford the
title compound as a light-yellow oil (22 mg, 44% yield). 1H NMR (400 MHz, CDCl3) δ 4.92 (d, J =
2.1 Hz, 1H), 4.69 (d, J = 2.1 Hz, 1H), 4.20 (q, J = 7.1 Hz, 2H), 3.03 (dd, J = 9.4, 6.9 Hz, 1H), 2.80
(ddt, J = 14.6, 5.0, 2.3 Hz, 1H), 2.63 (t, J = 9.4 Hz, 1H), 2.54 (br s, 1H), 2.36 (dd, J = 14.6, 2.8 Hz,
1H), 2.30 (s, 3H), 1.98 – 1.86 (m, 1H), 1.77 (ddd, J = 10.4, 5.0, 2.8 Hz, 1H), 1.59 (s, 3H), 1.25 (t,
J = 7.1 Hz, 3H), 0.96 (d, J = 6.5 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 206.53, 175.12, 138.55,
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136.86, 132.84, 112.21, 70.10, 61.80, 53.24, 49.84, 36.55, 31.11, 30.99, 16.16, 15.34, 14.35.
HRMS (ESI+) m/z calculated for C16H23NO3 [M+H]+ 278.1751, found: 278.1755.

(±) ethyl (3aS,7aR)-6-acetyl-3a,7-dimethyl-5-methylene-1,2,3,3a,4,5-hexahydro-7aH-indole7a-carboxylate (166)
General procedure C was followed using aziridine 160 (30 mg, 0.108 mmol) to afford the
title compound as a colorless oil (17 mg, 57% yield). 1H NMR (400 MHz, CDCl3) δ 4.93 (d, J = 2.1
Hz, 1H), 4.71 (d, J = 2.1 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.10 (dt, J = 10.3, 8.3 Hz, 1H), 2.81
(ddd, J = 10.3, 9.0, 3.5 Hz, 1H), 2.70 (dt, J = 14.4, 2.2 Hz, 1H), 2.47 (br s, 1H), 2.34 – 2.28 (m,
4H), 1.89 (dt, J = 12.6, 9.0 Hz, 1H), 1.60 (s, 3H), 1.46 (ddd, J = 12.6, 8.0, 3.5 Hz, 1H), 1.27 (t, J
= 7.1 Hz, 3H), 0.94 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 206.77, 173.07, 139.10, 137.77, 133.33,
112.25, 74.03, 61.60, 44.03, 42.82, 40.13, 36.74, 31.10, 24.81, 15.63, 14.44. HRMS (ESI+) m/z
calculated for C16H23NO3 [M+H]+ 278.1751, found: 278.1755.

7.8.3 X-ray crystallography
As shown in Scheme 7.2, aziridine 156 was treated with 4-phenylbenzoyl chloride to afford
a regioisomeric mixture of crystalline amides 156’ and 156’’. X-ray crystallographic analysis was
performed by Dr. Peter Müller, and the data (Figure 7.9 and Table 7.1) were deposited into the
Cambridge Crystallographic Data Center (CCDC 1472245).
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Scheme 7.2 | Chemical derivatization of aziridine 156 to afford a regioisomeric mixture of amides
156’ and 156’’.

Figure 7.9 | Superimposed X-ray crystal structures of amides 156’ and 156’’.
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Table 7.1 | Summary of X-ray diffraction data
Empirical formula:
Formula weight:
a:
b:
c:
α (alpha):
β (beta):
γ (gamma):
Volume:
Space group:
Calculated density:
Color, habit:
Z:
Temperature:
R(F):
Rw(F2):
S:

C23H21ClN2O
376.885 g/mol
9.444 Å
9.392 Å
44.328 Å
90.00°
90.00°
90.00°
3931.81 Å3
Pbca
1.273 g/cm3
colorless blade
8
100 K
0.0570
0.1183
1.129

7.9 Experimental methods: biology, data processing, and analysis
7.9.1 Multiplexed cellular morphology (“cell painting”) imaging assay
U-2 OS cells (ATCC, #HTB-96) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1X GlutaMAX, and 1%
penicillin/streptomycin (PS) and maintained in a 37 °C, 5% CO2 humidified incubator.
We adapted our protocol from the one outlined by Gustafsdottir et al.11 and Wawer et al.3
1,000–2,000 U-2 OS cells were seeded in 50 µL media per well in 384-well clear-bottom imaging
plates. After incubating for 24 hours at 37 °C, compounds (6-point dose, 2-fold dilution, range:
3.125–100 µM assay concentration) were pin-transferred to the assay plates via a CyBi-Well
robot. Treatments were performed in quadruplicate. Following transfer, the cells were allowed to
incubate at 37 °C for an additional 24 hours.
A 1 mM DMSO solution of MitoTracker Deep Red (Thermo Fisher, #M22426) and a 1
mg/mL dH2O solution of Wheat Germ Agglutinin (WGA), Alexa Fluor 594 conjugate (Thermo
Fisher, #W11262) were prepared and combined in pre-warmed media to afford a staining solution
(SS1) of 500 nM MitoTracker and 60 µg/mL WGA. After 40 µL of media were removed from each
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well of the assay plates (~10 µL remaining), 30 µL of SS1 were added to each well (~12 mL/plate).
After incubating for 30 minutes at 37 °C, cells were fixed for 20 minutes at room temperature with
16% aqueous paraformaldehyde (10 µL/well). Wells were then washed with 70 µL 1X HBSS
(Thermo Fisher, #14065-056 [as 10X]).
A 0.1% HBSS solution of Triton X-100 (Sigma-Aldrich, #T8787) was added to each well
(30 µL/well) to permeabilize the cells. After incubating for 15 minutes at room temperature, wells
were washed with 70 µL 1X HBSS.
A 1 mg/mL solution in 0.1 M aqueous sodium bicarbonate of Concanavalin A, Alexa Fluor
488 conjugate (Thermo Fisher, #C11252) and a 1.5 mL/vial methanol solution of Phalloidin, Alexa
Fluor 594 conjugate (Thermo Fisher, #A12381) were combined with a 10 mg/mL aqueous solution
of Hoechst 33342 (Thermo Fisher, #H3570) and a 5 mM DMSO solution of SYTO 14 Green
Fluorescent Nucleic Acid Stain (Thermo Fisher, #S7576) in 1X HBSS supplemented with 1%
bovine serum albumin to afford a staining solution (SS2) of 0.025 mL Phalloidin/mL, 100 µg/mL
Concanavalin, 5 µg/mL Hoechst, and 3 µM SYTO 14. 30 µL of SS2 were then added to each of
the wells, and the fixed cells were allowed to incubate at room temperature for 30 minutes. Wells
were then washed with 70 µL 1X HBSS (no final aspiration) and the plates were thermally sealed
with foil at 171 °C (4 seconds) for imaging.
We captured images on an ImageXpress Micro epifluorescent microscope at 20x
magnification over 5 fluorescent channels: DAPI (387/447 nm), GFP (472/520 nm), Cy3 (531/593
nm), TexasRed (562/642 nm), and Cy5 (628/692 nm). 9 sites were imaged per well. The first site
of each well was used for lased-based auto-focus (DAPI channel).

Assay Materials
•

U-2 OS cells (ATCC, #HTB-96)

•

Aurora 384-well black/clear bottom plates, imaging quality (Brooks, #1022-11330)

•

DMEM (Fisher Scientific, #MT10017CV)
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•

FBS (Thermo Fisher, #10437028)

•

Penicillin/streptomycin (Fisher Scientific, #MT30002CI)

•

Hank’s Balanced Salt Solution, HBSS (Thermo Fisher, #14065-056)

•

MitoTracker Deep Red (Thermo Fisher, #M22426)

•

Wheat Germ Agglutinin, Alexa Fluor 594 conjugate (Thermo Fisher, #W11262)

•

Concanavalin A, Alexa Fluor 488 conjugate (Thermo Fisher, #C11252)

•

Phalloidin, Alexa Fluor 594 conjugate (Thermo Fisher, #A12381)

•

Hoechst33342 (Thermo Fisher, #H3570)

•

SYTO 14 green fluorescent nucleic acid stain (Thermo Fisher, #S7576)

•

Paraformaldehyde 16%, methanol free (Electron Microscopy Sciences, #15710-S)

•

Triton X-100 (Sigma-Aldrich, #T8787)

•

Bovine serum albumin

•

DMSO (Molecular Biology grade)

•

Methanol

•

Sodium bicarbonate

•

ImageXpress Micro (Molecular Devices)

7.9.2 Cell painting data processing and analysis
Image analysis and data processing
We used the CellProfiler28 software pipelines2 provided by the Broad Institute Imaging
Platform to process the raw images and obtain the morphological features used in subsequent
analyses. First, the images were corrected for uneven illumination. Then, CellProfiler software
(version 2.1.1) was used to locate and segment cells into nuclei and cytoplasm, after which the
size, shape, texture, intensity, local density, and radial distribution were measured for nuclei,
cytoplasm, and entire cells. To obtain profiles for each compound, these cell-morphology features
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of compound-treated cells were averaged per well and then normalized by calculating robust zscores based on the population of individual DMSO-treated cells found on the same plate. That
is, the feature values were subtracted by the median value of the DMSO-treated cells, and then
divided by the median absolute deviation of the DMSO-treated population.

Compound activity calculations
To determine the compound activities, we calculated the Mahalanobis distances of each
compound profile from the associated populations of vehicle-treated well profiles. The profiles for
all replicates of a compound were first combined with the corresponding DMSO-control wells into
a matrix of dimensions m x n, where the rows m represent the individual wells and the columns n
represent the profiling features. Principal component analysis was performed on this matrix to
obtain a new matrix P with the principal components as the columns. For each of these matrices,
the first q principal components were taken that were capable of explaining at least 90% of the
variance. This matrix P was separated into treatment and control matrices and for each part a
covariance matrix was calculated. Each of the two covariance matrices (treatment and control)
was weighted by the number of samples in each matrix, and the sum of the resulting matrices
was used to calculate the Mahalanobis distance.

Principal moment-of-inertia (PMI) calculations
To calculate the principal moments of inertia, we first used Pipeline Pilot (version 8.5) to
determine the most stable conformations (up to 5 each) for each of the 30 compounds using
Dreiding force field for conformer calculation (ChemAxon 3D Conformers plugin). The PMIs were
then calculated using the R package “Rcpi” (version 1.4.0)29 and the values were ordered from
smallest to greatest as I1, I2, and I3. The ratios I1/I3 and I2/I3 were taken as the coordinates of the
PMI plot.
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Heat map generation and clustering
The heat map (Figure 7.6) was generated using the pairwise Pearson correlations
between each compound profile-compound profile pair. The profile for each compound was taken
to be the average of each of its doses for all replicates. The correlation distance between each
pair of compounds was taken to be (1 − Pearson coefficient). These distances were used to
hierarchically cluster the compounds (using complete linkage) to provide the dendrograms shown
on the correlation heat map.
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Chapter 8
High-dimensional annotation of biologically active
tricyclic aziridines using cell painting and L1000
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Collaborator Contributions: Dr. Mathias Wawer processed the raw images and generated the
high-dimensional profiles for each treatment condition. Bruce Hua performed post-processing
numerical analyses of the cell-painting data and wrote the code used to make Figures 8.5 and
8.7. Dr. Bruno Melillo performed additional analyses and wrote the code used to make Figure
8.6. I performed the cell-painting experiment with aziridines 167–169 with Drs. Shawn Nelson
Jr. and Oscar Verho. Dr. Nelson Jr. also performed cell painting with 170–172, 174–178, and
the known bioactives. The Connectivity Map team at the Broad Institute performed the L1000
experiment, and I worked with Nicholas Lyons to coordinate the design, execution, and analysis
of the assay and the resulting data. Dr. Peter Müller at the Massachusetts Institute of Technology
performed the X-ray crystallography experiments and analysis.

8.1 Introduction
In this chapter, I describe how I synthesized and tested biologically active tricyclic
aziridines via two high-dimensional biological annotation experiments: cell painting and L1000. I
first synthesized a derivative of aziridine 108 via a diastereoselective ketone reduction followed
by a Mitsunobu reaction. Cell painting revealed this compound to be biologically active, so I
synthesized nine additional structurally related aryl ethers using the same synthetic pathway. Not
only were many of these newly synthesized compounds deemed biologically active via cell
painting, but they also appeared to exhibit similar activities to a natural product called
thapsigargin, which is a sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) inhibitor.1
To further investigate the biological activities of the Mitsunobu-derived aziridines, I performed an
additional round of high-dimensional annotation using L1000, which measures compoundinduced changes in gene expression.2 I observed that the aziridines once again tended to behave
like ATPase inhibitors. These data also suggest that not all Mitsunobu-derived aziridines (or
ATPase inhibitors) behave the same way in L1000. This work demonstrates that cell painting and
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L1000 can play complementary roles in high-dimensional biological annotation of synthetic
compounds.

8.2 Generation of MoA hypotheses with high-dimensional biological annotation
MoA characterization is one of the most challenging—but also one of the most important
and illuminating—tasks in chemical biology. As noted in Chapter 1, chemical probes require wellstudied MoAs to yield meaningful biological data.3 Phenotypic screening is an increasingly
popular source of bioactive chemical matter in both probe- and drug-discovery projects,4,5 but
such experiments often provide no insight into either the MoA or molecular target of a screening
hit. As a result, substantial effort has been directed towards the development of target
identification methods, which can facilitate the study and optimization of a compound’s biological
performance.6–8
A growing body of evidence suggests that high-dimensional biological annotation assays
are useful tools for determining and studying the MoAs of bioactive small molecules. As
mentioned in Chapter 7, results from high-dimensional assays are better predictors of a
compound library’s biological performance diversity than chemical structure is.9 And for individual
molecules, compound-induced changes in cell morphology10–12 and gene expression2,13–15 have
yielded MoA hypotheses that have subsequently been validated via orthogonal methods. These
assays benefit from the use of label-free compounds and live human cells, which likely contribute
to the biological relevance of their results. As with all experiments involving cancer cell lines,
however, care must be taken when comparing results from different batches of cells—even if the
cells are derived from the same immortalized cell line—as genetic variation can alter cells’
behavior or response to compound treatment.16
Thus far in the Schreiber lab, “real-time” biological annotation experiments, in which newly
synthesized compounds are subjected to high-dimensional assays to gain insight into biological
activity, have been focused on analyses of various aspects of chemical structure using cell
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painting (Figure 8.1).17–19 While these studies have demonstrated that cell painting can identify
differences in biological activity that would have been challenging to predict when considering
only the compounds’ structures, they did not attempt to link those activities to cellular
mechanisms. Furthermore, structural analogs of biologically active compounds were not
synthesized (and, therefore, not annotated), which would have established a feedback loop
between synthetic chemistry and compound performance. Such a mechanism may be useful for
the generation of SAR or the optimization of a lead compound in drug discovery.

Figure 8.1 | Previously, cell painting has been used to study small libraries characterized by
skeletal, functional-group, or stereochemical diversity (top). The experiments in this chapter will
focus on the ability of biological annotation experiments to generate actionable hypotheses
regarding compound mechanism of action (bottom).

Here, I describe a study that assesses the ability of cell painting data to not only identify
groups of biologically active compounds, but also to generate MoA hypotheses (Figure 8.1). I then
discuss my interrogation of these hypotheses using the L1000 assay, the results of which were
largely consistent with those from cell painting. These findings demonstrate that real-time
biological annotation is a useful tool for both studying MoA and guiding compound synthesis.
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8.3 Functionalization of tricyclic aziridine 108 using Mitsunobu chemistry
8.3.1 Diastereoselective ketone reduction
Having already focused on the synthesis and annotation of triads of constitutional isomers
(Chapters 6 and 7), I shifted my attention to the generation of additional tricyclic aziridines via
appendage diversification. During these studies, I discovered that treatment of ketone-containing
aziridine 108 with NaBH4 generated a nearly even mixture of the diastereomeric products 167
and 168 in high yield, each of which contained a synthetically versatile secondary alcohol
(Scheme 8.1). Though I could separate the diastereomers by silica gel chromatography and
distinguish them using NMR and TLC analysis, I was unable to assign their stereochemical
configurations conclusively using NMR spectroscopy alone. Therefore, I synthesized a crystalline
derivative of one of the products, which X-ray analysis determined had been derived from the S
isomer 167 (see section 8.9.3).

Scheme 8.1 | Ketone reduction of tricyclic aziridine 108 with a variety of reductants.

I then searched for ketone reduction conditions that afforded higher stereoselectivity. The
most successful of these experiments involved the bulky reducing agent L-Selectride, which
resulted in good diastereoselectivity (d.r. = 6:1). I also attempted to achieve kinetic resolution of
the enantiomers of 108 using a Corey–Itsuno reduction. Treatment of 108 with BH3•THF and a
chiral oxazaborolidine CBS catalyst at -78 °C, however, resulted in the complete consumption of
starting material within 1 hour. Furthermore, I could not hydrolyze the resulting boronate adduct
to furnish the desired product due to the sensitivity of the tricyclic aziridine core to acidic
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conditions. Other attempts to achieve kinetic resolution or generate the R isomer (168) selectively
were unsuccessful.

8.3.2 Mitsunobu reaction with secondary alcohol 167

Scheme 8.2 | Functionalization of secondary alcohol 167 via a Mitsunobu reaction.

Having discovered a method to generate large amounts of diastereomerically pure 167, I
began to explore reactions that leverage its secondary alcohol for appendage diversification. I
recognized that the Mitsunobu reaction could be used to synthesize a diverse collection of aryl
ethers under mild conditions that leave the tricyclic aziridine core intact. Accordingly, treatment of
167 with 4-cyanophenol, DtBAD, and triphenylphosphine yielded aryl ether 169 in 68% yield
(Scheme 8.2).

Scheme 8.3 | Potential alternative Mitsunobu reaction pathway and product enabled by
neighboring group participation.

Given the sensitive, densely functionalized tricyclic aziridine core, I consulted with other
chemists in the Schreiber lab to consider alternative reaction pathways and products. One such
possibility is that the aziridine nitrogen could displace the activated alcohol intramolecularly to
yield the corresponding aziridinium ion. This reactive species would be susceptible to ring opening
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via nucleophilic attack by the phenol, most likely at the allylic carbon, furnishing allyl ether 169’
(Scheme 8.3). The plausibility of the aziridinium ion intermediate aside, 1H NMR analysis provides
compelling evidence that 169 is the true reaction product. The data suggest that the allylic methine
proton is not geminal to an oxygen because its chemical shift is too far upfield (δ ≈ 2.5 ppm), and
the chemical shift of the methine proton geminal to the methyl group (δ = 4.29 ppm) is consistent
with 169, not 169’. Though I cannot refute definitively that the aziridinium ion underwent
nucleophilic attack at the non-allylic methine carbon to yield overall retention of configuration, I do
not believe this to be a reasonable alternative from a mechanistic standpoint.

8.3.3 Cell painting with tricyclic aziridines 167–169

Figure 8.2 | Cell painting activity scores as a function of assay concentration for tricyclic aziridine
169 and four positive controls: nocodazole, geldanamycin, radicicol, and wortmannin.

With Drs. Oscar Verho and Shawn Nelson Jr., I performed cell painting with tricyclic
aziridines 167–169 and several other synthetic compounds from the Schreiber lab. As calculated
by Bruce Hua and Dr. Mathias Wawer, secondary alcohols 167 and 168 were not active in the
assay, but phenyl ether 169 showed activity in a concentration-dependent manner and at levels
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comparable to those of the four positive controls (Figure 8.2). Hierarchical clustering of the multidimensional signatures revealed that the 0.312 µM radicicol, 12.5 µM 169, and 25 µM 169
treatment conditions caused similar changes in cell morphology. Higher concentrations of
radicicol were more closely associated with themselves or the other positive control treatment
conditions, which mostly resulted in substantial cell killing.
Because only four compounds with known MoAs were included in this experiment, it was
still too early to consider the connection of 169 and radicicol to be a strong MoA hypothesis. But
given the relative ease with which I could generate analogs, I decided to further explore the activity
of 169 by synthesizing additional aryl ethers for high-dimensional biological annotation.

8.4 Synthesis of additional Mitsunobu-derived tricyclic aziridines
Following the pathway outlined in Figure 8.3, I synthesized nine additional Mitsunobuderived tricyclic aziridines. Because I had not developed a ketone reduction that preferentially
furnished the R diastereomer, I performed a gram-scale NaBH4-mediated reduction of 108 to
obtain large stockpiles of each of the secondary alcohols.
With the Mitsunobu substrates in hand, I synthesized aryl ethers 170–178. I generated
four pairs of diastereomers (169/170; 171/172; 173/174; 175/176) to attempt to assess the impact
of stereochemistry on these compounds’ behavior in cell painting (if any). The inactivity of 167
and 168 in the original cell painting experiment suggested that the aryl ether substituent was
critical for activity, but the effect of its stereochemical configuration was unknown. I also
incorporated phenols with a variety of substitution patterns and electronic properties, which
yielded products with 3,5-disubstitution (171/172), bulky, non-electron-withdrawing isopropyl
groups (173/174), naphthyl rings (175/176), and trifluoromethyl groups (177/178). I initially
attempted to synthesize all nine additional aryl ethers using DtBAD, but several of the products
co-eluted with the hydrazine by-product of DtBAD during column chromatography. For those
compounds, I performed the Mitsunobu reaction again using DIAD in place of DtBAD. This
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procedure successfully yielded 171 and 174, but I remained unable to isolate pure samples of the
diastereomers of trifluoromethylated products 177 and 178.

Figure 8.3 | Full suite of Mitsunobu-derived aryl ethers prepared from aziridine 108 for highdimensional biological annotation.

During my characterization of these additional Mitsunobu products, I observed that a
handful of peaks in the NMR spectra of three compounds—170, 172, and 176—differed
substantially (but reliably) from those in the spectra of the other seven compounds. Most notably,
as illustrated in Figure 8.4, I observed spin–spin coupling between Ha and Hb, accompanied by
significant upfield shifts in Ha (~4.3 to ~3.0 ppm) and downfield shifts in Hb (~2.5 to ~4.0 ppm)
compared to the corresponding diastereomers. Additionally, the signal in the 13C NMR spectra for
the quaternary carbon of the aziridine is shifted significantly downfield (~80 ppm to ~110 ppm).
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The downfield shift of Hb is consistent with the mechanism and aziridinium-derived reaction
product depicted in Scheme 8.3, but the chemical shifts of Ha and the quaternary carbon of the
aziridine are both inconsistent. And no other meaningful differences exist between these NMR
spectra and those of the other seven aziridines. Therefore, while I believe my structural
assignments to be correct, I fully acknowledge the need to acquire additional characterization
data for confirmation.

Figure 8.4 | 1H-1H COSY spectrum of 170 in CDCl3 showing spin–spin coupling between Ha and
Hb. This phenomenon is observed in the 1H NMR spectra of 170, 172, and 176 only.
The shared structural features of the anomalous compounds may explain the
discrepancies described above. 170, 172, and 176 all have the same stereochemical
configuration (S at the aryl ether–bearing carbon) and all contain arenes with electron-withdrawing

339

substituents. The phenyl ring of the remaining S diastereomer (174) contains a mildly electrondonating isopropyl substituent, and the NMR spectra of this compound resemble those of the R
diastereomers. The highly polarized π-aromatic systems contained in 170, 172, and 176 may be
biasing these compounds towards a conformation that is only accessible to the S diastereomer—
perhaps via intramolecular interactions with the aziridine nitrogen—that enable through-space
coupling of Ha and Hb. To study this phenomenon further and to confirm my structural
assignments, I plan to synthesize para-nitro analogs of the Mitsunobu adducts (both
diastereomers) and will attempt to analyze them using X-ray crystallography.

8.5 Biological annotation via cell painting

Figure 8.5 | Cell painting activity scores for various tricyclic aziridine treatment conditions
(concentration: 3.124–100 µM) compared to activity scores of compounds known to be
biologically active.
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Dr. Shawn Nelson Jr. performed cell painting with tricyclic aziridines 170–172 and 174–
178; 173 could not be obtained from Broad Compound Management at the time of the experiment.
Bruce Hua analyzed the resulting data and calculated activity scores for each aziridine treatment
condition (Figure 8.5). These data show that each of the eight aziridines is not only active (at least
one concentration has an activity score >8, which was the cutoff used in Chapter 7), but also
shows concentration-dependent activity. Comparing these scores to those of 34 known bioactives
(see Appendix A for a full list) reveals that the aziridines effect substantial changes in cell
morphology.

Figure 8.6 | Principal component analysis (PC2 vs. PC1) of high-dimensional profiles of select
tricyclic aziridines (top row) and positive controls (bottom row) generated using cell painting.
Concentrations are designated by color (red = highest, blue = lowest), and all four replicates are
shown.

Dr. Bruno Melillo then performed PCA to study how the aziridines’ activities in cell painting
compared to each other and to those of positive control compounds on the same assay plate
(Figure 8.6). The resulting plots show that not all aziridines affect cell morphology in the same
way, as indicated most notably by the highest concentrations (red circles in Figure 8.6) of
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aziridines 174–177. These activities also do not appear to mimic those of the positive control
compounds, though low doses of radicicol and several aziridines appear to occupy a similar area
of PCA space, which is reminiscent of the hierarchical clustering data from section 8.3.3 that
included aziridine 169. Finally, comparing the PCA plots for 175 and 176 highlights how
stereochemistry can considerably alter the behavior of these aziridines in cell painting.

Figure 8.7 | Principal component analysis of high-dimensional profiles of tricyclic aziridines
(triangles) and known bioactives (circles) generated using cell painting. Concentrations are
designated by shape size, and all replicates are shown. Thapsigargin treatment conditions (5–20
µM) are indicated by the teal circles with a black border.

Bruce Hua expanded the PCA to include all 34 of the known bioactives mentioned above
(Figure 8.7). Doing so reveals that many of the aziridines have cell painting signatures similar to
that of the SERCA inhibitor thapsigargin.1 This sesquiterpene lactone natural product has been
used to study cellular Ca2+ ion homeostasis,20 and a prodrug derivative (Mipsagargin) is being
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investigated in clinical trials for the treatment of solid tumors.21 Given that the highest aziridine
and thapsigargin treatment conditions occupy an area of the PCA plot that is separate from almost
all other compounds (the nearby orange circles are the highest concentrations of the GPX4
inhibitor ML-162), I hypothesized that the tricyclic aziridines and thapsigargin act via similar
molecular mechanisms.
Despite the well-established connection between compound-induced changes in cell
morphology and MoA,11,12 I still remained hesitant to claim that the tricyclic aziridines were acting
as SERCA inhibitors, or even ATPase inhibitors. Even though the reference set of known
bioactives was designed to contain compounds with a wide range of biological activities, it only
contains 34 members and thus only represents a small minority of possible compound MoAs.
Furthermore, it was unknown whether the aziridines’ activity would be linked to ATPase inhibitors
broadly or be limited to the specific, idiosyncratic behavior of thapsigargin. Though the cellpainting data had not provided a definitive answer, it had yielded a hypothesis that could be tested
with another biological annotation assay.

8.6 Biological annotation via L1000
8.6.1 Experiment design
I chose to validate the cell painting results by studying how the tricyclic aziridines in Figure
8.3 influence gene expression, as measured by the L1000 assay. L1000 measures the mRNA
levels of ~1,000 “landmark” genes to identify perturbagen-induced changes in gene expression.
These landmark genes were strategically chosen to be able to infer the expression of over 11,000
additional genes, which altogether capture roughly 80% of the information that would be gained
by measuring the entire transcriptome.2 Because L1000 is both more inexpensive and higher
throughput than traditional RNA-seq—transcript levels are measured using Luminex beads
instead of next-generation DNA sequencing—it can be used for real-time biological annotation.
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Working with the Connectivity Map team at the Broad Institute (most directly with Nicholas
Lyons), I designed an L1000 experiment that would interrogate and refine the connection seen in
cell painting between Mitsunobu-derived tricyclic aziridines and thapsigargin. Alongside aziridines
169–178, we included on the L1000 assay plate 43 bioactive compounds with known MoAs. In
this set were several ATPase inhibitors (ouabain, digitoxigenin, bufalin, and radicicol) and Ca2+
channel modulators (gabapentin, nitrendipine, nisoldipine, mibefradil, and penfluridol) to more
fully understand the biology underlying the aziridines’ connection to thapsigargin. The full list of
bioactives is included in Appendix A.
To maximize our ability to compare data from cell painting and L1000, we performed the
L1000 experiment using the same strain of U-2 OS cells that was used in the cell painting
experiment, with the batches differing by 11 passages. This choice, however, would make it more
challenging to compare our data to the thousands of differential gene-expression signatures for
various chemical and genetic perturbations in the Touchstone (TS) database because U-2 OS is
not one of the eight cell lines routinely tested or included in TS. The consequences of this decision
are discussed more thoroughly in sections 8.6.4 and 8.7.

8.6.2 Activity of tricyclic aziridines in L1000
To create differential gene-expression signatures, the Connectivity Map team grew the
cells, performed the compound treatments, generated the cell lysates, and performed the L1000
assay on those lysates. As is standard for this assay, compound treatment and all subsequent
steps were performed in triplicate. The resulting data were then analyzed using a data processing
pipeline that generated high-dimensional signatures for each compound consisting of robust zscores of differential gene expression (i.e. how much a perturbagen altered a given gene’s
expression compared to vehicle control) for each of the measured and inferred genes (12,328 in
total). All compounds were tested at six assay concentrations with two-fold dilution between steps:
aziridines from 1.5625–50 µM and bioactives from 0.625–20 µM.
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I first examined whether the tricyclic aziridines were scored as transcriptionally active.
Similar to the Mahalanobis distance–based activity score that the Schreiber lab has developed
for cell painting (see section 7.5.1), the Connectivity Map team has created the transcriptional
activity score (TAS), which provides a single-number measurement of activity for a given
compound-treatment condition in the L1000 assay. TAS is a function of 1) the number of
transcripts that are significantly altered, and 2) the reproducibility of the differential geneexpression signature across technical replicates. Perturbations with a TAS of >0.2 are considered
to be “transcriptionally active.”2,22

Figure 8.8 | Transcriptional activity scores for known bioactives (gray) and aziridines 169–178
(blue), with each point representing a single compound-treatment condition. Aziridine
concentrations are designated by color. Vertical dotted line indicates activity cutoff of TAS = 0.2.

According to TAS, each of the 10 aziridines was active in the L1000 assay at both 25 µM
and 50 µM, with several classified as active at even lower concentrations (Figure 8.8). As was
seen in cell painting, these activities appear to be concentration-dependent, and the highest
aziridine concentrations have TAS values close to those of the most highly active reference
compounds. In fact, two of the aziridines (171 and 173) exhibited such high levels of activity at 50
µM that the analysis pipeline failed to properly calculate TAS values; those treatment conditions
were excluded from all analyses.
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Teasing apart TAS into its two components—signature strength and replicate
correlation—provides additional insight into compound activity (Figure 8.9). Plotting all the
compound-treatment conditions in this manner affords an upward-sloping curve commonly seen
in high-fidelity L1000 experiments. Encouragingly, I observed that the treatments with the highest
signal strength tended to have the highest replicate reproducibility, and almost all the aziridine
treatment conditions can be designated as “strong and reproducible” or “subtle and reproducible.”
Recall that replicate correlation is calculated using the differential gene expression signatures; a
score of zero, for example, indicates that the changes in gene expression were not reproducible.

Figure 8.9 | Signature strength (the number of significantly altered landmark transcripts) and
replicate correlation coefficient (75th percentile) values for all compound treatments, with each
point representing a single treatment condition. Known bioactives are shown in gray, and
aziridines 169–178 are shown in varying shades of blue. Aziridine concentrations are designated
by color. Plot area interpretations are those used by the Connectivity Map team.22
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8.6.3 Comparisons to compounds on the assay plate

A

Figure 8.10 | Hierarchical clustering and heat map showing relationships of compounds (highest
concentration) based on the similarities of their connectivity scores to the perturbations in TS.
Connectivity-score vectors are compared using pairwise Pearson correlation coefficients. Red
indicates positive correlation; blue indicates negative correlation. A. Full similarity matrix; clades
containing tricyclic aziridines are boxed. B. Boxed clade with solid outline showing compound
names. C. Boxed clade with dashed outline showing compound names.

Having established the activity of the tricyclic aziridines in L1000, I next compared their
activities to those of the known bioactives. To do so, I used the online tools at clue.io to calculate
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connectivity scores—a standardized measure of similarity between differential gene-expression
signatures—of each compound’s highest concentration condition to all the summary perturbations
in TS (8,969 in total). I then performed hierarchical clustering with these vectors of connectivity
scores to generate a 53 x 53 similarity matrix (Figure 8.10A).
This analysis reveals that many of the aziridines’ closest connections to known bioactives
are to the ATPase inhibitors ouabain, digitoxigenin, bufalin, and radicicol (Figure 8.10B). The subclade that includes radicicol, 169–171, 173, and 176 also includes the ATP synthase inhibitor
oligomycin A; ATP synthase inhibition would lower cellular ATP levels and thus prevent proper
ATPase function. In contrast, only one aziridine, 178, made a strong connection to a Ca2+ channel
blocker (mibefradil; Figure 8.10C). None of the other tricyclic aziridines made connections with
Ca2+ channel modulators, or vice versa. These results show that the Mitsunobu-derived aziridines
and ATPase inhibitors cause similar changes in gene expression, which both supports and refines
the MoA hypothesis generated from cell painting.

8.6.4 Comparisons to compound signatures in the Touchstone database
Thus far, I have only described connections and comparisons between the 53 compounds
on the L1000 assay plate. But as I mentioned previously, L1000 data may also be readily
compared to the differential gene-expression signatures of thousands of chemical and genetic
perturbations found in the TS database.
I first calculated the connectivity scores of all the compounds on the L1000 assay plate (at
their highest concentration) to five TS signatures: four ATPase inhibitors (thapsigargin, radicicol,
digitoxigenin, and bufalin) and one ATP synthase inhibitor (oligomycin A). These connectivity
scores can be represented as an m x n matrix with m reference signatures from TS and n query
signatures from perturbagens that have been tested in the L1000 assay (Figure 8.11). A red box
indicates a connectivity score of at least 90, which means that the query signature (e.g. aziridine
174) is more closely correlated to the reference signature (e.g. thapsigargin) than at least 90% of
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all the other signatures in the database are. A blue box designates a connectivity score of -90 or
lower, which indicates negative correlation. In both cases, darker colors indicate a greater
magnitude for the connectivity score.

Figure 8.11 | Connectivity scores of compounds on the L1000 perturbation plate (columns;
highest concentrations) to select reference signatures in TS (rows) for compounds involved in
ATPase and ATP synthase inhibition.

These data revealed strong, broad connectivity between the tricyclic aziridines and the
four ATPase inhibitors, which shows that the connection between Mitsunobu-derived tricyclic
aziridines and ATPase inhibitors remains strong when extended beyond the confines of the L1000
assay plate. I also observed that neither all aziridines nor all ATPase inhibitors appear to alter
gene expression in the same way. For example, while the reference signatures for bufalin and
digitoxigenin appear to make connections of similar magnitude to the same query compounds,
the same cannot be said of radicicol and thapsigargin (see the columns corresponding to 169,
174, and 178). Finally, the lack of significant connectivity to any of the reference signatures for
aziridines 171 and 173 may be due to the fact that their query signatures correspond to 25 µM
treatment conditions; recall that these two compounds’ 50 µM treatment conditions could not be
accurately measured.
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Figure 8.12 | Connectivity scores of tricyclic aziridines 169–178 (columns; highest
concentrations) to all reference signatures in TS (rows) corresponding to compounds annotated
as ATPase inhibitors. Rows with the same name correspond to different batches of the same
compound in the Broad Compound Management system. Hierarchical clustering of connectivityscore vectors was performed using pairwise Pearson correlation coefficients.

To further study the differences in activity between the tricyclic aziridines, I calculated
connectivity scores between the highest concentrations of 169–178 and all the compounds in TS
annotated as ATPase inhibitors. I then performed hierarchical clustering on these connectivityscore vectors to identify sets of aziridines that cause similar changes in gene expression (Figure
8.12). These data reveal multiple distinct clusters of aziridine activity—at least with regard to
ATPase inhibition—and that all aziridines made significant connections with only a subset of the
reference ATPase inhibitor signatures. Thapsigargin appears to behave differently from most
other ATPase inhibitors in TS, as seen most prominently in the columns for 169, 171, and 173.

350

The three aziridines that had the strongest connection to thapsigargin in cell painting (171, 172,
and 174) also showed strong connections in L1000, which highlights the complementarity of the
two methods to annotate compound activity. Overall, these data establish that not all aziridines
effect the same changes in gene expression, which suggests that they act via different (though
possibly related) MoAs.

8.7 L1000 as a method for real-time biological annotation
Up to this point, real-time biological annotation experiments had been limited to the realm
of cellular morphology as measured by the cell painting assay. Compound-induced changes in
gene expression have been used for many years to generate MoA hypotheses, but traditional
RNA-seq is too expensive and low-throughput to annotate the activities of dozens of compounds
regularly. But as this work has shown, the L1000 assay and the TS database can facilitate the
real-time annotation of synthetic compounds in a manner that is both consistent with and
complementary to cell painting.
I used L1000 data and the abundance of reference differential gene expression signatures
to refine a mechanistic hypothesis generated by cell painting. Several aziridines and the ATPase
inhibitor thapsigargin all caused similar changes in cell morphology, but L1000 revealed that
most—but not all—aziridines behave more similarly to other ATPase inhibitors, such as the
cardiac glycosides digitoxigenin and ouabain, than to thapsigargin. I also observed only one
connection between an aziridine and a Ca2+ channel blocker via L1000, which is additional
evidence that aziridine activity is not due to modulations of Ca2+ ion flux alone. Instead, many
aziridines made stronger connections to inhibitors of the Na+/K+-ATPase, though this enzyme also
regulates Ca2+ levels indirectly.23 These details were in part revealed by the inclusion of additional
ATPase inhibitors and Ca2+ channel blockers on the L1000 assay plate. The thousands of
reference gene-expression signatures found in TS provided additional insight into these
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compounds’ activities. An analogous database for cell painting (or, more broadly, highdimensional analysis of cell morphology) would be a similarly useful tool.
My analyses also revealed important caveats regarding the use and interpretation of TS
data. All the reference signatures in section 8.6.4 are “summary” signatures, which combine data
from experiments in up to eight different cell lines. But as mentioned previously, changes in gene
expression are highly context-specific, and compound behavior can vary dramatically between
cell types. As a result, a significant amount of information may be lost when the results of eight
experiments are collapsed into a single reference signature. This distortion likely contributed to
the seemingly contradictory results regarding oligomycin A in Figures 8.10 and 8.11. In Figure
8.10, the aziridines most closely connected to oligomycin A are 170, 171, and 176. But in Figure
8.11, these three compounds show either a weak connection or no connection to the summary
TS signature of oligomycin A. It is possible to analyze the reference data from individual cell lines,
but this option is less useful in my case because none of the eight reference cells lines is U-2 OS.
Therefore, since the signatures in Figure 8.10 were all collected in the same experiment in the
same batch of cells, I would weigh those results more heavily than those from Figure 8.11.
An additional caveat, as seen in Figure 8.12, is that different batches of the same
compound can yield different changes in gene expression. This error has many potential sources:
variations in compound purity (potentially arising from decomposition over time in storage),
misidentification of cell lines due to genetic variability,16 inherent noise in the assay, etc. These
errors can compound on one another to afford results that differ significantly. It should be noted
that databases of differential gene-expression signatures have yielded many validated MoA
hypotheses in the past,2,14,15 and it is encouraging that many of the compounds on my L1000
assay plate are strongly connected to their TS summary signatures (see Figure 8.11). As with any
assay or analytical technique, however, it is important to consider both the capabilities and
limitations of L1000 when drawing biological conclusions.
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Regarding the activities of individual tricyclic aziridines, many questions remain
unanswered. Though both assays were broadly consistent in their identification of aziridine activity
and connection to ATPase inhibitors, the influence of individual structural features (e.g.
stereochemistry and arene substitution) on these connections—and, therefore, activity—is
unclear. This lack of insight may stem partly from the fact that not all aziridines appear to be
operating via the same MoA (see Figure 8.12), or from the general lack of granularity that is
commonly observed in high-dimensional assays due to measurements being taken at a single
time point with high compound concentrations, among other factors.17,19 Then again, it is possible
that these structural features have no true impact on target modulation.
Despite these caveats and remaining questions, this pilot study demonstrates the potential
usefulness of incorporating L1000 into a general strategy of real-time biological annotation of
synthetic compounds. Though MoA granularity and experimental variability remain important
issues to address, analysis of compound-induced changes in gene expression—especially when
coupled with cell painting—is an appealing method to identify biologically active small molecules,
generate and support MoA hypotheses, and establish a feedback loop between synthetic
chemistry and biological performance.

8.8 Conclusions
In this chapter, I have described how the bi-directional interplay of organic synthesis and
high-dimensional biological annotation has generated a set of aryl ether–containing tricyclic
aziridines that behave like known ATPase inhibitors. By synthesizing derivatives of a compound
that is active in cell painting and showing those new compounds to also be biologically active, I
established a real-time feedback loop between synthetic chemistry and biological performance
that could guide the synthesis of compound libraries enriched in bioactives or the optimization of
a lead molecule. I also established additional support for an MoA hypothesis generated from cell
painting by testing the same compounds in L1000 and comparing their differential gene353

expression signatures to those of known bioactives, both on the same assay plate and in the TS
database. Finally, I observed how cell painting and L1000 experiments could be performed in
tandem to play complementary roles in the biological annotation of synthetic compounds.
Though some of the details regarding compound structure and aziridine MoA are yet to
be finalized, clear paths exist towards confirming both. Regarding structure, IR spectroscopy and
X-ray crystallography should provide additional information needed to both confirm the structural
assignments and identify the source(s) of the unexpected chemical shifts in the NMR spectra of
aziridines 170, 172, and 176. Regarding biological activity, several ATPase activity assays are
commercially available, though they require the user to supply purified protein. I would also
consider performing an L1000 experiment in a cell line that is included in the TS database to
enable more direct comparisons to its cache of reference signatures.
Using the traditional model of biological annotation, in which compounds are screened in
biochemical assays against individual protein targets, it may have taken years to collect the
amount of information generated by the three strategically designed experiments described in this
chapter. By applying these types of high-dimensional annotation experiments in a prospective
manner, chemists can maximize the chances that each compound they make—and each reaction
they perform—contributes to a meaningful biological outcome.

8.9 Experimental methods: chemistry
8.9.1 General methods
All chemicals and solvents were purchased from Acros Organics, Alfa Aesar, AstaTech,
MilliporeSigma, and Oakwood Chemical. Unless otherwise indicated, chemicals were used
without further purification. Air- and/or moisture-sensitive reactions were conducted under a
positive pressure of N2.
Reaction progress was monitored by analytical thin-layer chromatography (TLC) and
analytical liquid chromatography-mass spectrometry (LC-MS). TLC analyses were performed
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using E. Merck silica gel 60 F254 pre-coated plates (250 µm). A handheld 254 nm UV lamp and
potassium permanganate staining solution (with light heating) were used for detection. LC-MS
analysis was performed on a Waters 2795 separations module and a 3100 single quadrupole
mass detector.
Flash column chromatography was performed using a Teledyne ISCO CombiFlash Rf+
purification system with RediSep Rf Gold Normal-Phase Silica columns (average particle size:
20–40 µm; average pore size: 60 Å).
Novel synthetic intermediates and final compounds were characterized by 1H NMR and
13

C NMR spectroscopy and high-resolution mass spectrometry (HRMS). NMR spectra were

recorded on a Bruker Ascend 400 MHz spectrometer using residual non-deuterated solvent as
an internal standard—CDCl3: 7.26 (1H), 77.16 (13C) ppm; CD2Cl2: 53.84 (13C) ppm. Multiplicity
abbreviations are as follows: s = singlet, br s = broad singlet, d = doublet (dd = doublet of doublets,
etc.), t = triplet, q = quartet, m = multiplet. NMR data were collected at 300 K unless otherwise
noted. All deuterated solvents were purchased from Cambridge Isotope Laboratories.
HRMS data were collected on a ThermoScientific Q Exactive HF mass spectrometer
connected to a ThermoScientific UHPLC. The mass spectrometer was equipped with an
electrospray source operated in positive ion mode. Chromatographically, mobile phase A
consisted of 0.1% formic acid in water, while mobile phase B consisted of 0.1% formic acid in
acetonitrile. The gradient ran from 2% to 95% mobile phase B over 3.5 min at 0.4 mL/min. A
Waters Acquity BEH C18, 1.7 μm, 2.1 x 50 mm column was used with column temperature
maintained at 45 °C. Compounds were diluted in DMSO at a nominal concentration of 0.1 μM,
and 5 μL of this solution was injected. XCalibur version 4.1.31.9 was used for data analysis. All
values are averages of three independent measurements.

8.9.2 Synthetic methods and characterization of intermediates and final compounds
General Procedure A: Mitsunobu Reaction
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To a flame-dried round-bottom flask under an atmosphere of N2 was added Ph3P (1.15
equiv) and anhydrous THF. The reaction flask was then immersed in a dry ice/iPrOH bath and
allowed to cool to -78 °C for 10 minutes. Then, either diisopropyl azodicarboxylate (DIAD) or ditert-butyl azodicarboxylate (DtBAD) was added. The resulting bright yellow suspension was
stirred at -78 °C for 1 hour, at which point the corresponding phenol was added (1.4 equiv), and
the reaction mixture continued to stir for 40 minutes at -78 °C. Then, a solution of benzeneazeotroped aziridine (167 or 168) in a solution of anhydrous THF (total reaction concentration of
aziridine = 0.3 M) was added via syringe. The reaction mixture was then lifted out of the cold bath
and stirred at RT for 24 hours. The solvent was then removed under reduced pressure and high
vacuum, and the crude material was purified via flash column chromatography (ISCO, Silica, 05% MeOH in dichloromethane or 0-50% EtOAc in hexanes) to afford the desired aryl ether.

Compounds

(±) (S)-1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethan-1-ol (167)
To a flame-dried round-bottom flask under an atmosphere of N2 was added a solution of
aziridine 108 (75 mg, 0.460 mmol) in anhydrous THF (4.6 mL). The reaction flask was then cooled
to -78 °C in a dry ice/iPrOH bath. After 10 minutes, a 1 M THF solution of L-Selectride (919 µL, 2
equiv) was added dropwise via syringe over the course of 5 minutes. The reaction was stirred at
-78 °C for 1 hour, at which point it was quenched carefully with 0.5 mL acetone and 1 mL 30%
H2O2. The flask was then allowed to warm to RT and stirred vigorously for 1 hour open to air. The
contents were then partitioned between 20 mL EtOAc and 5 mL H2O. The phases were separated,
and the aqueous phase was extracted with an additional 2 x 20 mL EtOAc. The pooled organic
extracts were then dried over Na2SO4 and concentrated under reduced pressure to afford a light-
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yellow oil. The crude material was purified via flash column chromatography (ISCO, Silica, 0-10%
MeOH in dichloromethane) to afford the title compound as a colorless oil (57 mg, 75% yield, d.r.
= 6:1). 1H NMR (400 MHz, CDCl3) δ 6.18 (dddd, J = 9.9, 6.1, 2.1, 0.9 Hz, 1H), 5.84 – 5.76 (m,
1H), 3.85 (q, J = 6.2 Hz, 1H), 3.06 – 2.98 (m, 1H), 2.94 (br s, 1H), 2.56 (d, J = 4.0 Hz, 1H), 2.53
– 2.44 (m, 2H), 2.44 – 2.36 (m, 1H), 2.24 – 2.16 (m, 1H), 1.94 – 1.86 (m, 1H), 1.60 – 1.50 (m,
1H), 1.18 (d, J = 6.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 134.78, 121.74, 67.63, 56.97, 48.67,
41.96, 38.59, 35.82, 30.27, 19.12. HRMS (ESI+) m/z calculated for C10H15NO [M+H]+ 166.1226,
found: 166.1231.

(±) (R)-1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethan-1-ol (168)
To a 1 dram vial charged with a solution of aziridine 108 (54 mg, 0.331 mmol) in MeOH
(1.5 mL) was added NaBH4 (15 mg, 1.2 equiv). The bubbling reaction mixture was stirred at RT
for 45 minutes, at which point the solvent was removed under reduced pressure. The resulting
colorless oil was then partitioned between EtOAc and H2O. The phases were separated, and the
aqueous phase was extracted with an additional 2 x 20 mL EtOAc. The pooled organic extracts
were then dried over Na2SO4 and concentrated under reduced pressure to afford a colorless oil.
The crude material was purified via flash column chromatography (ISCO, Silica, 0-10% MeOH in
dichloromethane) to afford the title compound as a colorless oil (27 mg, 50% yield). The
corresponding S diastereomer (167) was also obtained in significant quantities (23 mg, 41%
yield). 1H NMR (400 MHz, CDCl3) δ 6.18 (dddd, J = 9.9, 6.1, 2.1, 0.9 Hz, 1H), 5.72 (dddd, J = 9.9,
4.1, 3.3, 0.9 Hz, 1H), 5.10 (br s, 1H), 3.45 (q, J = 6.6 Hz, 1H), 3.09 – 2.97 (m, 1H), 2.88 – 2.79
(m, 1H), 2.53 – 2.40 (m, 3H), 2.24 – 2.13 (m, 1H), 1.96 – 1.86 (m, 1H), 1.57 – 1.49 (m, 1H), 1.23
(d, J = 6.6 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 135.03, 121.29, 71.01, 57.64, 48.97, 42.15,
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41.86, 32.36, 30.63, 19.25. HRMS (ESI+) m/z calculated for C10H15NO [M+H]+ 166.1226, found:
166.1230.

(±) 4-((R)-1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)yl)ethoxy)benzonitrile (169)
General procedure A was followed using aziridine 167 (31 mg, 0.188 mmol) and DtBAD
(49.6 mg, 1.15 equiv) to afford the title compound as a colorless oil (34 mg, 68% yield). 1H NMR
(400 MHz, CDCl3) δ 7.59 – 7.52 (m, 2H), 7.20 – 7.14 (m, 2H), 6.19 (dddd, J = 9.9, 6.1, 2.1, 0.9
Hz, 1H), 5.78 (dddd, J = 9.9, 4.1, 3.2, 0.9 Hz, 1H), 4.29 (q, J = 6.5 Hz, 1H), 2.98 (ddd, J = 12.2,
10.5, 2.1 Hz, 1H), 2.84 (dd, J = 9.5, 4.8 Hz, 1H), 2.49 – 2.39 (m, 2H), 2.31 – 2.20 (m, 2H), 1.98 –
1.89 (m, 1H), 1.48 – 1.43 (m, 1H), 1.41 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 161.97,
134.53, 133.97, 121.09, 119.53, 116.96, 103.84, 78.64, 54.90, 48.87, 41.78, 40.54, 33.05, 30.65,
17.97. HRMS (ESI+) m/z calculated for C17H18N2O [M+H]+ 267.1492, found: 267.1497.

(±) 4-((S)-1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)yl)ethoxy)benzonitrile (170)
General procedure A was followed using aziridine 168 (25 mg, 0.151 mmol) and DtBAD
(40 mg, 1.15 equiv) to afford the title compound as a colorless oil (26 mg, 65% yield). 1H NMR
(400 MHz, CDCl3) δ 7.61 – 7.53 (m, 2H), 7.14 – 7.06 (m, 2H), 6.20 (dddt, J = 11.3, 6.9, 2.2, 1.0
Hz, 1H), 5.56 (ddd, J = 10.7, 6.5, 3.5 Hz, 1H), 3.97 (t, J = 7.3 Hz, 1H), 3.04 (p, J = 7.5 Hz, 1H),
2.99 – 2.92 (m, 1H), 2.85 – 2.72 (m, 2H), 2.64 – 2.54 (m, 1H), 2.41 – 2.28 (m, 1H), 2.11 (ddd, J =
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18.8, 7.0, 2.4 Hz, 1H), 1.67 (ddd, J = 12.8, 8.3, 1.7 Hz, 1H), 1.11 (d, J = 7.4 Hz, 3H).

13

C NMR

(100 MHz, CDCl3) δ 159.01, 135.39, 133.59, 125.53, 121.59, 119.37, 110.24, 105.50, 57.23,
47.33, 44.11, 40.15, 37.59, 33.04, 11.18. HRMS (ESI+) m/z calculated for C17H18N2O [M+H]+
267.1492, found: 267.1497.

(±) (31R,3aS,6aS)-31-((R)-1-(3,5-dichlorophenoxy)ethyl)-1,2,31,3a,6,6ahexahydroazirino[2,3,1-hi]indole (171)
General procedure A was followed using aziridine 167 (31 mg, 0.188 mmol) and DIAD (42
µL, 1.15 equiv) to afford the title compound as a colorless oil (30 mg, 52% yield). 1H NMR (400
MHz, CDCl3) δ 7.06 (d, J = 1.8 Hz, 2H), 6.92 (t, J = 1.8 Hz, 1H), 6.23 – 6.14 (m, 1H), 5.82 – 5.74
(m, 1H), 4.17 (q, J = 6.5 Hz, 1H), 3.04 (ddd, J = 12.3, 10.5, 2.1 Hz, 1H), 2.81 (dd, J = 9.6, 4.8 Hz,
1H), 2.51 – 2.39 (m, 2H), 2.34 – 2.20 (m, 2H), 1.97 – 1.89 (m, 1H), 1.49 – 1.41 (m, 1H), 1.38 (d,
J = 6.5 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 159.62, 135.27, 134.44, 121.26, 121.04, 115.52,

79.15, 54.84, 48.94, 41.82, 40.58, 33.18, 30.69, 17.91. HRMS (ESI+) m/z calculated for
C16H17Cl2NO [M+H]+ 310.0760, found: 310.0765.

(±) (31R,3aS,6aS)-31-((S)-1-(3,5-dichlorophenoxy)ethyl)-1,2,31,3a,6,6ahexahydroazirino[2,3,1-hi]indole (172)
General procedure A was followed using aziridine 168 (17 mg, 0.103 mmol) and DtBAD
(24 mg, 1.0 equiv) to afford the title compound as a colorless oil (13 mg, 41% yield). 1H NMR (400
MHz, CDCl3) δ 7.05 (t, J = 1.9 Hz, 1H), 6.96 (d, J = 1.9 Hz, 2H), 6.19 (dddd, J = 11.3, 6.9, 2.2,
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1.1 Hz, 1H), 5.55 (ddd, J = 10.7, 6.6, 3.5 Hz, 1H), 3.94 (t, J = 7.3 Hz, 1H), 3.07 – 2.91 (m, 2H),
2.79 (td, J = 11.1, 8.3 Hz, 1H), 2.74 – 2.67 (m, 1H), 2.62 – 2.52 (m, 1H), 2.42 – 2.28 (m, 1H), 2.09
(ddd, J = 18.8, 6.9, 2.4 Hz, 1H), 1.66 (ddd, J = 12.8, 8.3, 1.7 Hz, 1H), 1.09 (d, J = 7.4 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ 156.15, 135.44, 134.78, 125.51, 123.02, 120.72, 110.22, 57.16, 47.37,
44.33, 39.56, 37.62, 33.12, 10.82. HRMS (ESI+) m/z calculated for C16H17Cl2NO [M+H]+ 310.0760,
found: 310.0765.

(±) (31R,3aS,6aS)-31-((R)-1-(3-isopropylphenoxy)ethyl)-1,2,31,3a,6,6ahexahydroazirino[2,3,1-hi]indole (173)
General procedure A was followed using aziridine 167 (16 mg, 0.097 mmol) and DtBAD
(26 mg, 1.15 equiv) to afford the title compound as a colorless oil (17 mg, 62% yield). 1H NMR
(400 MHz, CDCl3) δ 7.17 (t, J = 7.9 Hz, 1H), 6.93 (t, J = 2.1 Hz, 1H), 6.88 (m, 1H), 6.79 (m, 1H),
6.18 (ddd, J = 9.9, 6.2, 1.9 Hz, 1H), 5.78 (dt, J = 9.9, 3.6 Hz, 1H), 4.26 (q, J = 6.5 Hz, 1H), 3.03
(ddd, J = 11.7, 10.2, 2.1 Hz, 1H), 2.91 – 2.81 (m, 2H), 2.51 – 2.24 (m, 4H), 1.97 – 1.88 (m, 1H),
1.47 – 1.41 (m, 1H), 1.37 (d, J = 6.5 Hz, 3H), 1.24 (d, J = 6.9 Hz, 6H). 13C NMR (100 MHz, CDCl3)
δ 158.59, 150.56, 134.40, 129.18, 121.61, 119.02, 114.86, 113.62, 77.57, 55.31, 49.23, 41.62,
40.43, 34.31, 33.79, 30.72, 24.15, 24.07, 17.70. HRMS (ESI+) m/z calculated for C19H25NO [M+H]+
284.2009, found: 284.2014.
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(±) (31R,3aS,6aS)-31-((S)-1-(3-isopropylphenoxy)ethyl)-1,2,31,3a,6,6ahexahydroazirino[2,3,1-hi]indole (174)
General procedure A was followed using aziridine 168 (17 mg, 0.103 mmol) and DIAD (23
µL, 1.15 equiv) to afford the title compound as a colorless oil (19 mg, 65% yield). 1H NMR (400
MHz, CDCl3) δ 7.16 (t, J = 7.9 Hz, 1H), 6.82 – 6.76 (m, 2H), 6.74 – 6.67 (m, 1H), 6.17 – 6.08 (m,
1H), 5.77 – 5.69 (m, 1H), 4.26 (q, J = 6.3 Hz, 1H), 3.17 – 3.06 (m, 1H), 2.90 – 2.79 (m, 2H), 2.58
– 2.42 (m, 3H), 2.28 – 2.19 (m, 1H), 1.87 (ddd, J = 17.5, 6.2, 2.0 Hz, 1H), 1.57 – 1.49 (m, 1H),
1.40 (d, J = 6.3 Hz, 3H), 1.22 (d, J = 6.9 Hz, 6H). 13C NMR (100 MHz, CD2Cl2) δ 158.97, 151.21,
134.89, 129.63, 122.16, 119.50, 115.01, 113.74, 77.68, 54.84, 49.73, 44.03, 42.34, 34.79, 34.72,
30.71, 24.31, 24.24, 15.97. HRMS (ESI+) m/z calculated for C19H25NO [M+H]+ 284.2009, found:
284.2015.

(±) 6-((R)-1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethoxy)-2naphthonitrile (175)
General procedure A was followed using aziridine 167 (16 mg, 0.097 mmol) and DtBAD
(26 mg, 1.15 equiv) to afford the title compound as a colorless oil (13 mg, 42% yield). 1H NMR
(400 MHz, CDCl3) δ 8.12 (d, J = 1.6 Hz, 1H), 7.77 (d, J = 8.7 Hz, 2H), 7.55 – 7.52 (m, 2H), 7.34
(dd, J = 9.0, 2.5 Hz, 1H), 6.21 (ddd, J = 10.1, 5.7, 1.9 Hz, 1H), 5.80 (dt, J = 9.9, 3.5 Hz, 1H), 4.43
(q, J = 6.5 Hz, 1H), 3.00 (ddd, J = 12.3, 10.5, 2.2 Hz, 1H), 2.89 (dd, J = 9.8, 4.7 Hz, 1H), 2.51 –
2.41 (m, 2H), 2.34 – 2.21 (m, 2H), 1.99 – 1.91 (m, 1H), 1.47 (d, J = 6.5 Hz, 3H), 1.45 – 1.40 (m,
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1H).

13

C NMR (100 MHz, CDCl3) δ 158.84, 136.62, 134.55, 133.86, 129.92, 128.04, 127.78,

127.01, 121.57, 121.26, 119.84, 109.69, 106.74, 78.34, 55.05, 49.01, 41.79, 40.56, 33.25, 30.72,
17.94. HRMS (ESI+) m/z calculated for C21H20N2O [M+H]+ 317.1648, found: 317.1651.

(±) 6-((S)-1-((31R,3aS,6aS)-1,3a,6,6a-tetrahydroazirino[2,3,1-hi]indol-31(2H)-yl)ethoxy)-2naphthonitrile (176)
General procedure A was followed using aziridine 168 (17 mg, 0.103 mmol) and DtBAD
(24 mg, 1.0 equiv) to afford the title compound as a colorless oil (23 mg, 71% yield). 1H NMR (400
MHz, CDCl3) δ 8.18 – 8.14 (m, 1H), 7.81 (dd, J = 8.7, 4.0 Hz, 2H), 7.56 (dd, J = 8.6, 1.7 Hz, 1H),
7.40 (d, J = 2.3 Hz, 1H), 7.34 (dd, J = 8.9, 2.3 Hz, 1H), 6.28 – 6.17 (m, 1H), 5.58 (ddd, J = 10.7,
6.6, 3.4 Hz, 1H), 3.97 (t, J = 7.3 Hz, 1H), 3.15 – 2.96 (m, 2H), 2.89 – 2.80 (m, 2H), 2.69 – 2.59
(m, 1H), 2.51 – 2.38 (m, 1H), 2.14 (ddd, J = 18.7, 6.9, 2.4 Hz, 1H), 1.75 – 1.66 (m, 1H), 1.16 (d,
J = 7.3 Hz, 3H).

13

C NMR (100 MHz, CDCl3) δ 155.54, 135.96, 135.43, 133.97, 129.68, 128.66,

128.32, 126.82, 125.64, 124.82, 119.70, 116.31, 110.09, 107.51, 57.32, 47.44, 44.13, 40.05,
37.72, 33.17, 11.21. HRMS (ESI+) m/z calculated for C21H20N2O [M+H]+ 317.1648, found:
317.1650.

(±) (31R,3aS,6aS)-31-((R)-1-(4-(trifluoromethyl)phenoxy)ethyl)-1,2,31,3a,6,6ahexahydroazirino[2,3,1-hi]indole (177)
General procedure A was followed using aziridine 167 (33 mg, 0.200 mmol) and DtBAD
(53 mg, 1.15 equiv) to afford the title compound as a colorless oil (31 mg, 50% yield). 1H NMR
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(400 MHz, CDCl3) δ 7.51 (d, J = 9.0 Hz, 2H), 7.16 (d, J = 9.0 Hz, 2H), 6.22 – 6.17 (m, 1H), 5.78
(dddd, J = 9.9, 4.1, 3.3, 0.9 Hz, 1H), 4.29 (q, J = 6.5 Hz, 1H), 3.00 (ddd, J = 12.2, 10.5, 2.1 Hz,
1H), 2.88 – 2.82 (m, 1H), 2.51 – 2.40 (m, 2H), 2.36 – 2.22 (m, 2H), 1.99 – 1.88 (m, 1H), 1.49 –
13

1.42 (m, 1H), 1.40 (d, J = 6.5 Hz, 3H).

C NMR (100 MHz, CDCl3) δ 161.08, 134.53, 126.86 (q,

J = 3.6 Hz), 124.67 (q, J = 271 Hz), 122.85 (q, J = 32.6 Hz), 121.24, 116.31, 78.30, 55.07, 48.99,
41.73, 40.52, 33.30, 30.68, 17.87.

19

F NMR (376 MHz, CDCl3) δ -61.45. HRMS (ESI+) m/z

calculated for C17H18F3NO [M+H]+ 310.1413, found: 310.1416.

(±) (31R,3aS,6aS)-31-((R)-1-(3-(trifluoromethyl)phenoxy)ethyl)-1,2,31,3a,6,6ahexahydroazirino[2,3,1-hi]indole (178)
General procedure A was followed using aziridine 167 (16 mg, 0.097 mmol) and DtBAD
(26 mg, 1.15 equiv) to afford the title compound as a colorless oil (14 mg, 47% yield). 1H NMR
(400 MHz, CDCl3) δ 7.40 – 7.33 (m, 2H), 7.29 – 7.25 (m, 1H), 7.19 – 7.15 (m, 1H), 6.19 (dddd, J
= 10.0, 6.0, 2.0, 0.9 Hz, 1H), 5.81 – 5.75 (m, 1H), 4.26 (q, J = 6.5 Hz, 1H), 3.00 (ddd, J = 12.3,
10.5, 2.2 Hz, 1H), 2.85 (dd, J = 9.6, 4.7 Hz, 1H), 2.50 – 2.40 (m, 2H), 2.33 – 2.20 (m, 2H), 1.99 –
1.88 (m, 1H), 1.48 – 1.42 (m, 1H), 1.40 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 158.67,
134.43, 131.82 (q, J = 31.9 Hz), 129.89, 124.21 (q, J = 272 Hz), 121.35, 119.78, 117.41 (q, J =
3.9 Hz), 113.55 (q, J = 3.9 Hz), 78.58, 54.98, 48.99, 41.78, 40.52, 33.25, 30.71, 17.94.

19

F NMR

(376 MHz, CDCl3) δ -62.69. HRMS (ESI+) m/z calculated for C17H18F3NO [M+H]+ 310.1413, found:
310.1415.
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8.9.3 X-ray crystallography
As shown in Scheme 8.4, aziridine 167 was treated with 4-phenylbenzoyl chloride to afford
crystalline amide 167’. X-ray crystallographic analysis (Figure 8.13 and Table 8.1) was performed
by Dr. Peter Müller.

Scheme 8.4 | Chemical derivatization of aziridine 167 to afford crystalline amide 167’.

Figure 8.13 | X-ray crystal structure of amide 167’.
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Table 8.1 | Summary of X-ray diffraction data
Empirical formula
Formula weight
a
b
c
α (alpha)
β (beta)
γ (gamma)
Volume
Space group
Calculated density
Color
Z
Temperature
R(F)
Rw(F2)
S

C36H33NO4
543.662 g/mol
10.953 Å
13.066 Å
18.956 Å
90.00°
91.10°
90.00°
2712.33 Å3
P21/n
1.331 g/cm3
colorless
4
100 K
0.0427
0.1126
1.053

8.10 Experimental methods: cell painting
8.10.1 Assay procedure
Please note: Though the cell-painting procedure used for the experiments in this chapter
is very similar to the one described in section 7.9.1, we performed image acquisition using a
different microscope. Therefore, there are minor but important differences throughout the
protocol. For clarity, I have reproduced the procedure in its entirety below.

U-2 OS cells (ATCC, #HTB-96) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1X GlutaMAX, and 1%
penicillin/streptomycin (PS) and maintained in a 37 °C, 5% CO2 humidified incubator. U-2 OS
cells were confirmed to be free from Mycoplasma contamination with the MycoAlert PLUS assay
(Lonza, #LT07-705).
We adapted our protocol from the ones outlined in Chapter 7, Bray et al.,24 Nelson Jr. et
al.,18 and Melillo et al.19 Approximately 1,500 U-2 OS cells were seeded in 50 µL media per well
in 384-well clear-bottom, black, tissue-culture-treated imaging plates (Perkin-Elmer, #6057308).
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After incubating for 24 hours at 37 °C, compounds (6-point dose, 2-fold dilution, range: 3.125–
100 µM assay concentration) were pin-transferred to the assay plates via a CyBi-Well robot.
Treatments were performed in quadruplicate. Following transfer, the cells were allowed to
incubate at 37 °C for an additional 24 hours.
A 1 mM DMSO solution of MitoTracker Deep Red (Thermo Fisher, #M22426) was
prepared and added to pre-warmed media to afford a staining solution (SS1) of 500 nM
MitoTracker. After 40 µL of media were removed from each well of the assay plates (~10 µL
remaining), 30 µL of SS1 were added to each well (~12 mL/plate). After incubating for 30 minutes
at 37 °C, the cells were fixed for 20 minutes at room temperature with 16% aqueous
paraformaldehyde (10 µL/well; #15710-S, Electron Microscopy Services). Wells were then
washed twice with 70 µL 1X HBSS (Thermo Fisher, #14065-056 [as 10X]).
A 0.1% HBSS solution of Triton X-100 (Sigma-Aldrich, #T8787) was added to each well
(30 µL/well) to permeabilize the cells. After incubating for 15 minutes at room temperature, wells
were washed twice with 70 µL 1X HBSS.
A 1 mg/mL dH2O solution of Wheat Germ Agglutinin (WGA), Alexa Fluor 555 conjugate
(Thermo Fisher, #W32464); a 1 mg/mL solution in 0.1 M aqueous sodium bicarbonate of
Concanavalin A, Alexa Fluor 488 conjugate (Thermo Fisher, #C11252); and a 1.5 mL/vial
methanol solution of Phalloidin, Alexa Fluor 568 conjugate (Thermo Fisher, #A12380) were
combined with a 10 mg/mL aqueous solution of Hoechst 33342 (Thermo Fisher, #H3570) and a
5 mM DMSO solution of SYTO 14 Green Fluorescent Nucleic Acid Stain (Thermo Fisher, #S7576)
in 1X HBSS supplemented with 1% bovine serum albumin to afford a staining solution (SS2) of
1.5 µg/mL WGA, 2.5 µL Phalloidin/mL, 100 µg/mL Concanavalin, 5 µg/mL Hoechst, and 3 µM
SYTO 14. 30 µL of SS2 were then added to each of the wells, and the fixed cells were allowed to
incubate at room temperature for 30 minutes. Wells were then washed three times with 70 µL 1X
HBSS (no final aspiration) and the plates were thermally sealed with foil (Corning, #PCR-AS-200).
Stained plates were stored at 4 °C in the dark until imaging.
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We captured images on an Opera Phenix High-Content Screening System in wide-field
mode with a water-immersion 20X objective and four excitation laser wavelengths: 405 (Hoechst),
488 (Concanavalin A and SYTO 14), 561 (Phalloidin and WGA), and 640 nm (Mito-Tracker).
Photobleaching of low-intensity dyes was avoided by imaging in the order of: MitoTracker, WGA,
Phalloidin, SYTO 14, Concanavalin A, and Hoechst 33342. Nine sites were imaged per well in a
3 x 3 array, with laser-based autofocus on the first site per well.

Assay Materials
•

U-2 OS cells (ATCC, #HTB-96)

•

MycoAlert Mycoplasma Detection Kit (Lonza, #LT07-705)

•

CellCarrier-384 Ultra Microplates, tissue-culture-treated, black, 384-well with lid (PerkinElmer, #6057308)

•

DMEM (Thermo Fisher, #10564011)

•

FBS (Thermo Fisher, #10437028)

•

Penicillin/streptomycin, PS (Thermo Fisher, #1540122)

•

Complete media: DMEM, 10% FBS, 1% PS

•

Hank’s Balanced Salt Solution, HBSS (Thermo Fisher, #14065-056)

•

MitoTracker Deep Red (Thermo Fisher, #M22426)

•

Wheat Germ Agglutinin, Alexa Fluor 555 conjugate (Thermo Fisher, #W32464)

•

Concanavalin A, Alexa Fluor 488 conjugate (Thermo Fisher, #C11252)

•

Phalloidin, Alexa Fluor 568 conjugate (Thermo Fisher, #A12380)

•

Hoechst 33342 (Thermo Fisher, #H3570)

•

SYTO 14 green fluorescent nucleic acid stain (Thermo Fisher, #S7576)

•

Paraformaldehyde 16%, methanol-free (Electron Microscopy Services, #15710-S)

•

Triton X-100 (Sigma-Aldrich, #T8787)
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•

Bovine serum albumin

•

DMSO (molecular-biology grade)

•

Methanol

•

Sodium bicarbonate

•

Axygen PCR 35 µm aluminum sealing film (Corning, #PCR-AS-200)

•

Opera Phenix High-Content Screening System

8.10.2 Data processing and analysis
We used CellProfiler25 to process the raw images and obtain the morphological profiles
for each cell imaged, following the pipeline described by Bray et al.24 For our analyses, we
calculated and used 1,140 morphological features relating to the size, texture, intensity, local
density, and radial distribution of nuclei, cytoplasm, and entire cells. To obtain profiles for each
compound-treatment condition (including vehicle control), these cell-morphology features were
averaged across all cells per well and then normalized by calculating robust z-scores based on
the population of individual vehicle-treated cells found on the same assay plate.
All post-processing numerical analyses were performed in R (version 3.5.2). Calculations
of Mahalanobis distances and multidimensional perturbation values were performed according to
the procedures described by Hutz et al.26 The stats package (version 3.5.0) was used to perform
PCA. All plots were generated in R using core functions and the ggplot2 package.

8.11 Experimental methods: L1000
8.11.1 Assay procedure
The L1000 assay was performed by the Connectivity Map team at the Broad Institute
according to the protocol outlined in the SOP document found at clue.io/sop-L1000.pdf. U-2 OS
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cells were cultured in the same media described in section 8.10.1. For a brief summary, please
refer to sections 8.6.1 and 8.6.2.

8.11.2 Data processing and analysis
The

L1000

data

were

processed

via

the

analysis

pipeline

described

at

https://clue.io/connectopedia/data_levels. In summary, raw intensity values for every bead (which
are proportional to the transcript levels of the genes detected using that bead) were deconvoluted
and normalized according to a set of 80 “invariant control genes” to yield data regarding the 978
landmark genes. These values were then used to infer transcript levels of 11,350 additional
genes. Finally, z-scores were calculated for each gene (both landmark and inferred) and
replicates were collapsed into a single differential gene-expression vector, or “signature,” for each
compound-treatment condition. All connectivity-score analyses were performed on these
differential gene-expression signatures. Additional details regarding the analysis pipeline are
described by Subramanian et al.2
Values for TAS, signature strength (SS), and replicate correlation coefficient (CC) for each
compound-treatment condition were calculated using the online tools at clue.io. TAS is defined
as the geometric mean of SS and CC:
𝑇𝐴𝑆 = √𝑆𝑆 ∗ 𝑀𝐴𝑋(𝐶𝐶, 0)/978
Figures 8.8 and 8.9 were generated in R using core functions and the ggplot2 package.
Connectivity scores were calculated using the online tools at clue.io set to the default
display settings (red: connectivity score ≥ 90; blue: connectivity score ≤ -90). Figures 8.10A, 8.11,
and 8.12 were generated using the tools embedded in the Integrated Connectivity Viewer (ICV)
app at clue.io. Hierarchical clustering dendrograms were created using average linkage and
correlation distances between each pair of compound-treatment conditions of (1 − Pearson
coefficient). All reference signatures correspond to “summary” signatures composed of data from
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experiments in up to eight different cell lines. All query signatures correspond to the highest
compound concentration for which viable differential gene-expression data could be calculated
(50 µM for aziridines 169–178 and 20 µM for known bioactives, unless otherwise noted).
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Chapter 9
Conclusions and outlook regarding high-dimensional
biological annotation
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9.1 Summary of progress
Over the course of the experiments described in Part II of this dissertation (Chapters 6–
8), I present an approach to rapidly and inexpensively interrogate newly synthesized compounds’
biological activities using high-dimensional assays that measure compound-induced changes in
cell morphology and gene expression. I first studied the scope of a remarkable photochemical
rearrangement of N-substituted pyrroles to topographically complex tricyclic aziridines, which in
turn undergo thermal rearrangements to endocyclic imines or secondary amines (Chapter 6). I
leveraged these findings to synthesize a pilot library of 30 structurally diverse compounds
consisting of ten triads of constitutional isomers. I then tested these compounds using the cell
painting assay. In doing so, I identified trends in biological activity that would have been
challenging to predict if only chemical structure were considered (Chapter 7). This pilot study was
the first demonstration of the concept of “real-time” biological annotation of synthetic compounds,
in which newly synthesized small molecules are tested in high-dimensional assays shortly after
synthesis to gain insight into their biological activities (as is commonly done with structure-based
characterization).
Building upon the successes of my initial experiment and those of several related studies
from the Schreiber lab,1,2 I expanded the concept of real-time biological annotation to an additional
high-dimensional assay and demonstrated how it can yield insights that guide compound
synthesis (Chapter 8). I first derivatized a member of my 30-compound pilot library from Chapter
7 using the Mitsunobu reaction as the key diversification step. Cell painting revealed this
compound to cause significant changes in cell morphology, so I synthesized nine additional aryl
ethers that exhibited stereochemical and appendage diversity. A subsequent cell painting
experiment revealed many of these newly synthesized aziridines to also be biologically active,
several of which mimicked the behavior of the SERCA inhibitor thapsigargin. Subjection of all ten
aziridines to the L1000 assay confirmed the aziridines to not only be biologically active, but also
closely related to ATPase inhibitors (including thapsigargin) with regard to their effects on gene
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expression. Further analysis of the L1000 data revealed that the tricyclic aziridines are likely
acting via several distinct MoAs, some of which may involve inhibition of SERCA or the Na+/K+ATPase. This set of experiments established that real-time biological annotation mediated by
L1000 and cell painting can be used to 1) gain insights into biological activity that may have been
missed if either technique was used in isolation, 2) create a feedback loop between synthetic
chemistry and biological performance that can facilitate the synthesis of bioactives, and 3)
generate and corroborate MoA hypotheses of newly synthesized compounds.

9.2 Lessons learned
For many chemical biologists, information regarding a newly synthesized compound’s
biological performance is just as important—if not more important—than data regarding its
chemical structure. But the former is typically much more challenging to obtain than the latter. The
pilot studies described in Chapters 7 and 8 have yielded significant insight into both the
capabilities and challenges involved in using high-dimensional biological annotation assays to
characterize the activities of synthetic compounds as rapidly, inexpensively, and comprehensively
as possible.
One of the primary strengths of using high-dimensional annotation assays in this
prospective manner is the ability to identify biologically active compounds quickly. In an assay like
cell painting, compounds may be tested within days of synthesis against all cellular targets in their
native environments simultaneously. On the other hand, compounds tested in a traditional, targetbased high-throughput screen are typically exposed to a single biomacromolecule that must be
amenable to isolation and purification in substantial quantities. This not only limits the number of
targets that can be screened but also often requires the target to be modified in some non-natural
way (e.g. by installing an epitope tag). Even if a newly synthesized compound modulates a
“screen-able” protein, that activity would not be discovered until the corresponding protein is
screened, which may be months or years after synthesis (if at all). Therefore, it is possible that
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the biological activities of 169–178 would have gone undetected had they not been tested in cell
painting or L1000.
I have also experienced some of the challenges involved in performing high-dimensional
annotation experiments. Though cell painting and L1000 can designate compounds as “active” or
“inactive” rapidly, identifying the targets or MoAs of active compounds remains difficult. Aziridines
169–178 made strong connections to ATPase inhibitors broadly, but additional experiments will
be required to further refine our understanding of their biological activities. Endocyclic imine 162,
meanwhile, made no such strong connections to known bioactives, so even less is known about
its MoA. It is also possible for compounds to engage their biological targets in ways that do not
significantly alter cell morphology, gene expression, or other cell-wide phenotypes. For example,
small-molecule binders that do not alter protein activity or stability may be deemed “inactive,” yet
they could be turned into valuable chemical tools if functionalized appropriately.
I also found that the ability to compare results across experiments requires careful control
of experimental variables. The potential pitfalls of not doing so were evident when I compared the
differential gene-expression signatures of compounds tested in U-2 OS cells to signatures
included in the TS database, which had been derived from experiments in other cell lines. Ideally,
parameters like passage number, cell line strain, and compound batch should be kept constant
across experiments, though this becomes more challenging when using (or building) a reference
database like TS. As I mentioned in Chapter 8, these types of databases can serve a useful
hypothesis-generating function if their limitations are fully considered. On the other end of the
spectrum, exhibiting tighter control over experimental variables may improve the granularity with
which compound MoA may be studied and validated.
Another way to improve the predictive power of real-time biological annotation is to test
the same set of compounds in multiple high-dimensional assays simultaneously. Not only would
this allow for independent validation of each assay’s results, but it would also facilitate the strict
control of experimental variables discussed above. Ongoing research efforts have highlighted the
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potential synergistic effects of such a strategy,3 though its full examination will require substantial
effort (and certainly lies beyond the scope of this dissertation).

9.3 Future directions
The studies described both herein and elsewhere1,2 have demonstrated some of the
fundamental capabilities and advantages of incorporating high-dimensional biological assay data
into synthetic planning, but the concept of real-time biological annotation is still in its nascent
stages.
Wawer et al. showed that cell painting and L1000 can be used to identify performancediverse subsets of compounds from libraries that have already been synthesized. 4 Incorporating
the results from these assays into the synthesis process—prospectively instead of
retrospectively—could make the generation of bioactive-enriched, performance-diverse smallmolecule libraries more efficient. Though I have shown that such a feedback mechanism can be
established (Chapter 8), my results yielded a set of ten compounds that appear to act via similar
MoAs. Applying this approach to a wider variety of chemotypes may yield a more structurally
diverse set of “hit” compounds that can be further derivatized to generate small clusters of
bioactive compounds all acting via different mechanisms. While it is improbable that a single
compound collection would contain modulators for every possible target, libraries constructed in
this manner would be enriched in bioactives (and would necessarily be performance-diverse).
And because biological activity is not identified based on the results of target-based screening
experiments with traditionally “screen-able” proteins, it is possible that these libraries would be
more likely to contain nMoA compounds than libraries built using alternative methods. Promising
research projects in this field are currently underway.5
Advances in synthetic chemistry and high-dimensional assay development would facilitate
the realization of these types of performance-diverse libraries. Small-molecule structure diversity
has been shown to be necessary but not sufficient for performance diversity. 4–6 Therefore, new
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reaction methodologies—especially late-stage functionalization reactions and stereospecific
transformations—will continue to play important roles in the discovery of biologically active
chemical matter. Similarly, expanding the types of high-dimensional biological experiments that
can be performed in high throughput would uncover additional bioactives and aid MoA
determination. For example, a version of the proteome-wide cellular thermal shift assay (CETSA)
coupled with mass spectrometry would be a valuable addition to the real-time annotation
arsenal,7,8 though it is currently too expensive and low-throughput to be used for this purpose.
As the lines between scientific disciplines blur, new opportunities, challenges, and
questions have continued to emerge. Therapeutics science, in particular, has benefitted from the
mutualistic relationship between synthetic organic chemistry and molecular biology. Though
perhaps its moniker is still aspirational, real-time biological annotation has the potential to both
answer and raise important questions in biomedical research.
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Supplementary Table S2.1 | Optimization of DNA attachment for 65a

equiv 65a

time

additives

temp (°C)

conversion

24

24 h

0.1 vol HPO42- buffera

23

44%

24

24 h

0.5 vol DMF

23

39%

60

8h

0.2 vol HPO42- buffera, 0.4 vol DMF

23

99%

96

8h

0.2 vol HPO42- buffera, 0.4 vol DMF

23

98%

54

8h

0.2 vol HPO42- buffera, 0.4 vol DMF

23

99%

a1

M Na2HPO4 aqueous buffer (pH 9.2)

Supplementary Table S2.2 | Optimization of on-DNA azetidine Boc deprotection

time

temp (°C)

additivesa

epimerization

conversion

4h

90

NaOAc, MgCl2

5%

95%

8h

90

NaOAc, MgCl2

11%

100%

12 h

90

NaOAc, MgCl2

17%

100%

20 h

75

NaOAc, MgCl2

2%

92%

a 150

equiv NaOAc; 2 equiv MgCl2
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Supplementary Table S2.3 | Optimization of on-DNA pyrrolidine Boc deprotection

time

temp (°C)

additivesa

epimerization

conversion

4h

90

NaOAc, MgCl2

1%

22%

8h

90

NaOAc, MgCl2

1%

52%b

12 h

90

NaOAc, MgCl2

2%

75%b

24 h

90

NaOAc, MgCl2

2%

84%b

30 h

75

NaOAc, MgCl2

1%

45%

a 125

equiv NaOAc; 5 equiv MgCl2. b significant DNA damage observed with longer (>8 bp) barcodes

Supplementary Table S2.4 | Optimization of on-DNA reductive amination

time

temp (°C)

equiv ald./NaCNBH3

additive

conversion

20 h

23

50

-

75%

20 h

23

50

0.1 vol H2PO4 buffera

20 h

23

50

0.4 vol H2PO4 buffera

20 h

37

50

0.4 vol H2PO4 buffera

8h

37

25

0.4 vol H2PO4 buffera

a1

-

-

-

-

M NaH2PO4 aqueous buffer (pH 4.2)
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92%
93%
93%
95%

Supplementary Table S2.5 | Optimization of on-DNA sulfonylation

time

equiv

additive

temp (oC)

conversion

4h

50

-

23

32%

18 h

50

-

23

30%

4h

50

0.5 vol HPO4 buffera

23

98%

18 h

50

0.5 vol HPO4 buffera

23

97%

a1

2-

2-

M Na2HPO4 aqueous buffer (pH 9.2)

Supplementary Figure S2.1 | Comparison of on-DNA Suzuki reaction with substrates containing
a free amine or a capped amine. Reaction conditions: 160 equiv PhB(OH)2, 80 equiv Na2CO3, 1
equiv Pd(PPh3)4, 2.5 vol 1 M Na2HPO4 buffer (pH 9.2), 80 °C, 6 h.
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Supplementary Table S2.6 | Building block validation results of 20 aldehydes against all four
on-DNA scaffolds
CisAzet
TransAzet
CisPyrr
TransPyrr

#1
100
100
100
100

#2
98
97
98
95

#3
35
45
55
49

#4
24
19
18
13

#5
89
97
96
97

#6
84
90
83
76

#7
100
97
98
96

CisAzet
TransAzet
CisPyrr
TransPyrr

#8
95
97
98
93

#9
0
0
0
0

#10
35
45
46
51

#11
95
97
100
97

#12
0
0
0
0

#13
60
66
62
60

#14
0
0
0
0

CisAzet
TransAzet
CisPyrr
TransPyrr

#15
100
99
96
95

#16
100
100
98
95

#17
94
96
90
92

#18
0
0
0
0

#19
67
67
50
54

#20
78
90
79
81

#1

Oc1c(cc(cc1)C(=O)O)C=O

#2

[s]1c2c([s]cc2)cc1C=O

#3

Nc1nc(ccc1C=O)C

#4

Nc1nc(nc(c1C=O)C)C

#5

[N+](=O)([O-])c1c(c(ccc1)O)C=O

#6

Oc1c2c(c(cc1)C=O)cccc2

#7

[nH]1cc(cc1)C=O

#8

n1c2c(cc(cc2C)C=O)ccc1

#9

N[C@H]([C@@H](O)[C@H](O)[C@H](O)CO)C=O

#10

O=Cc1c(cc(cc1C)C)C

#11

OC(C)(C)c1ccc(cc1)C=O

#12

O(CC=O)C

#13

Nc1ncc(cc1)C=O

#14

O1C(=CC(=CC1=O)OC)C=O

#15

[n]2(nnc(c2)C=O)c1ccccc1

#16

O(C)c1c(cc(c(c1)C)C=O)C

#17

[o]1c(ccc1C=O)COC(=O)C

#18

O[C@@H]([C@@H](O)[C@H](O)C=O)[C@@H](O)C

#19

[nH]1c2ncccc2c(c1)C=O

#20

Nc1nc2c(cc(cc2)C=O)cc1
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Supplementary Table S2.7 | Comparison of Suzuki reaction yields with substrates containing
different N-capping functional groups; reactions run using building block validation conditions

96%

99%

81%

80%

82%

85%

0%

0%

99%

99%

75%

76%

87%

90%

95%

95%
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Supplementary Table S2.8 | Building block validation results of 20 boronic acids against all
four on-DNA scaffolds
CisAzet
TransAzet
CisPyrr
TransPyrr

#1
94
96
90
95

#2
25
81
60
78

#3
85
82
89
91

#4
0
0
0
0

#5
91
99
94
95

#6
26
75
66
61

#7
74
87
77
79

CisAzet
TransAzet
CisPyrr
TransPyrr

#8
90
95
94
99

#9
91
91
86
94

#10
0
0
0
0

#11
0
0
0
0

#12
6
51
65
52

#13
12
59
55
48

#14
100
100
100
100

CisAzet
TransAzet
CisPyrr
TransPyrr

#15
5
8
5
10

#16
94
91
91
99

#17
0
0
0
0

#18
82
99
98
90

#19
60
56
61
71

#20
86
87
93
90

#1

B(O)(O)c1c2c(n[n](c2)C)ccc1

#2

B(O)(O)c1c(nccc1)OC(C)(C)C

#3

B(O)(O)c1[o]c(cc1)C(=O)OCC

#4

B(O)(O)c1[nH]ccn1

#5

B(O)(O)C1=CCCCC1

#6

B(O)(O)c1ccc(cc1)OCC(C)(C)C

#7

B(O)(O)c1c(c2c([nH]nc2)cc1)C

#8

B(O)(O)c1ccccc1

#9

B(O)(O)c1ccc(cc1)C(=O)N

#10

B(O)(O)c1[s]ccc1C(=O)O

#11

B(O)(O)c1[s]c(cc1)CC

#12

B(O)(O)c1c2c(c(cc1)OC)cccc2

#13

B(O)(O)c1ccc(cc1)N2CCCCC2

#14

B(O)(O)c1cnc(cc1)N

#15

B(O)(O)c1[s]c(cc1)C(=O)C

#16

B(O)(O)\C=C\C(C)(C)C

#17

B(O)(O)c1cc2[s]cnc2cc1

#18

B(O)(O)c1cc(ccc1)OCC#N

#19

B(O)(O)c1cc(ccc1)C(C)(C)C

#20

B(O)(O)c1cc(c(c(c1)C)OC(C)C)C
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Supplementary Table S2.9 | Building block validation results for all reagents included in library
SMILES
[n]1(ncc(c1)C=O)C
O=CC1CCCCCCC1
[n]1(nc(cc1)C=O)CCC
[nH]1nnc(n1)c2cc(ccc2)C=O
Oc1c(cc(cc1)C(=O)O)C=O
O=CC1CCC1
O1CCC(CC1)C=O
O=CCc1ccc(cc1)C(C)(C)C
n1c(c(ccc1)C=O)OC
n1[o]ncc1C=O
O=Cc1cc(ccc1)C#C
O1CC(C1)(C)C=O
[N+](=O)([O-])c1c(ccc(c1)C=O)CC
O(Cc1ccccc1)CC=O
n1c(c(ccc1C)C=O)OC
O=CC1CCCCCC1
[nH]1c2ncc(cc2cc1)C=O
n1c(nccc1C=O)OC
[nH]1nnc(c1)C=O
OC(=O)C=O
O=CCCC
[n]2(cccc2)c1c(cccc1)C=O
n1c(cc(cc1)C=O)O
O=Cc1cc2c(cc1)CCC2
O(C(CC=O)(C)C)C
[nH]1cc(cc1)C=O
N#Cc1ccc(cc1)CCC=O
O=Cc1c2c(c(cc1)C)cccc2
OC(C)(C)c1ccc(cc1)C=O
O1CCC(CC1)CC=O
[n]1(c(cc(c1)C=O)C(=O)OC)C
O=CCC(C1CC1)(C)C
[n]2(nnc(c2)C=O)c1ccccc1
[s]1c2c([s]cc2)cc1C=O
[N+](=O)([O-])c1cnc(cc1)C=O
O(C)c1c(cc(c(c1)C)C=O)C
O(C)c1c(ccc(c1)OC)C=O
OC(=O)c1c(cc(c(c1)C=O)C)C
[o]1c2c(cc1)cccc2C=O
[s]1nnc(c1)C=O
O1[C@@H]([C@@H]([C@@H](C1=O)O)O)[C@@H](O)C=O
O(C)C(=O)CCC=O
[n]21c(nc(c2)C=O)CCC1
Oc1c(cc(c(c1)C)C)C=O
O=Cc1c2c(ccc1C)cccc2
O[C@@H]([C@@H](O)CC=O)CO
[s]1c(c2c(c1)OCCO2)C=O
[nH]1nnc(n1)c2ccc(cc2)C=O
O[C@H]([C@H](O)CC=O)CO
n1c2c(cc(cc2C)C=O)ccc1
N#CC1(CC1)C=O
N1(CCOCC1)C(C)(C)C=O
O=Cc1c(c(cc(c1C)C)C)C
O=CC1CC2(CC2)C1
O=CC(C)C
n1c2c(ccc1C=O)cccc2O
n1c(ncc(c1O)C=O)O
O=C[C@@]1([C@H](C1)c2ccccc2)C
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class
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1

lowest yield
100
100
100
100
100
100
100
99
99
99
98
98
98
98
98
98
97
97
97
96
96
96
96
96
96
96
96
95
95
95
95
95
95
95
95
95
95
95
95
95
94
94
94
94
94
93
93
93
93
93
92
92
91
91
91
91
91
90

Supplementary Table S2.9 (Continued)
SMILES
O=CC(C)(C)c1ccccc1
[o]1c(ccc1C=O)COC(=O)C
[o]1c(ccc1C=O)C(=O)OC
[n+]1(ccc(cc1)C=O)[O-]
n1c(cccc1C=O)C
n1c2c(c(ccc2O)C=O)ccc1
[N+](=O)([O-])c1c(c(ccc1)O)C=O
N1c2nc(ccc2OCC1=O)C=O
O[C@H](CO)C=O
O[C@H]([C@H](O)CO)[C@H](O)CC=O
O=CCc1c(cccc1)C
O(C)c1c(c(c(c(c1)C)C=O)C)C
n1c(c(ccc1)OC)C=O
O=C(C(C)(C)C)CC=O
[S](=O)(=O)(Cl)c1ccc(cc1)C
[S](=O)(=O)(Cl)c1[nH]cnn1
[S](=O)(=O)(Cl)c1cc(ccc1)OC
[S](=O)(=O)(Cl)c1c(cccc1)C
[S](=O)(=O)(Cl)c1c[n](nc1)CC
[S](=O)(=O)(Cl)c1nc([n](c1)CC)C
[S](=O)(=O)(Cl)c1nc([n](c1)C)C
[S](=O)(=O)(Cl)c1ccc(cc1)OC
[S](=O)(=O)(Cl)c1c(ccc(c1)C)C
[S](=O)(=O)(Cl)c1c[n](nc1)C(C)C
[S](=O)(=O)(Cl)c1nc[n](c1)C
[S](=O)(=O)(Cl)c1nc[n](c1)CC
[S](=O)(=O)(Cl)c1c([n](nc1)CC)C
[S](=O)(=O)(Cl)c1cnccc1C
[S](=O)(=O)(Cl)c1cnc(cc1)OC
[S](=O)(=O)(Cl)c1[n](ccn1)C
[S](=O)(=O)(Cl)c1cncc(c1)OC
[S](=O)(=O)(Cl)c1cc(c(cc1)C)C
[S](=O)(=O)(Cl)c1[n]2c(nc1)CCC2
[S](=O)(=O)(Cl)c1c(cc(cc1)C)C
[S](=O)(=O)(Cl)c1cc(cc(c1)C)C
[S](=O)(=O)(Cl)c1ccc(cc1)CC
[S](=O)(=O)(Cl)c1c([n](nc1)C)C
[S](=O)(=O)(Cl)c1c(nccc1)C#N
[S](=O)(=O)(Cl)c1c(cccc1)C#N
[S](=O)(=O)(Cl)c1nc[n](c1)C(C)C
[S](=O)(=O)(Cl)C1(CC1)COC
[S](=O)(=O)(Cl)c1c(cccc1)OC
[S](=O)(=O)(Cl)c1c([o]c(c1)C)C
[S](=O)(=O)(Cl)c1c[s]c(c1)C
[S](=O)(=O)(Cl)c1ccc(cc1)C=C
[S](=O)(=O)(Cl)c1ccc(cc1)C#N
[S](=O)(=O)(Cl)\C=C\C=C
[S](=O)(=O)(Cl)c1cncc(c1)C#N
[S](=O)(=O)(Cl)c1c(ncc(c1)C)N
[S](=O)(=O)(Cl)c1[n](nnc1)C
[S](=O)(=O)(Cl)c1cc(ccc1)C
[S](=O)(=O)(Cl)c1cnccc1OC
[S](=O)(=O)(Cl)c1ccc(cc1)C=O
[S](=O)(=O)(Cl)c1cnc(nc1)N
[S](=O)(=O)(Cl)c1cnc(cc1)C#N
[S](=O)(=O)(Cl)\C=C\c1ccccc1
B(O)(O)c1[s]c(cc1)C(=O)O
B(O)(O)c1ccc(cc1)[S](=O)(=O)N
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class
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB1
BB2
BB2

lowest yield
90
90
90
89
89
89
89
89
88
87
86
85
85
85
100
100
100
100
100
100
100
100
100
100
99
99
99
98
98
97
97
96
96
96
95
95
95
95
94
94
94
92
92
90
90
89
89
89
88
87
87
87
86
86
86
86
100
100

Supplementary Table S2.9 (Continued)
SMILES
B(O)(O)c1cnc(cc1)N
B(O)(O)c1[nH]c(cc1)C(=O)OC
B(O)(O)c1cncnc1
B(O)(O)c1ccc(cc1)C(=O)O
B(O)(O)c1cncc(c1)[S](=O)(=O)C
B(O)(O)c1[nH]c2c(c1)cc(cc2)C#N
B(O)(O)c1c[n](nc1)Cc2ccncc2
B(O)(O)c1cnc(nc1)N(C)C
B(O)(O)c1cc(ccc1)NC(=O)C=C
B(O)(O)c1c2n[o]nc2ccc1
B(O)(O)c1c2c([o]cc2)ccc1
B(O)(O)c1cnc(nc1)N2CCCCC2
B(O)(O)c1[o]c2c(c1)cccc2OC
B(O)(O)c1ccc(cc1)OC
B(O)(O)c1cnc(cc1)NC
B(O)(O)c1cc2n[n](cc2cc1)C
B(O)(O)c1cc2c([n](cc2)C)cc1
B(O)(O)c1ccc(cc1)CNC(=O)C
B(O)(O)c1cc2c(cc1)OCO2
B(O)(O)c1cc(ccc1)N2CCOCC2
B(O)(O)c1[o]c2c(c1)cccc2
B(O)(O)c1cc2c([nH]nc2)c(c1)C
B(O)(O)c1c(ccc(c1)C(=O)O)OC
B(O)(O)\C=C\C1CCCCC1
B(O)(O)c1cc(ccc1)C(=O)N(C)C
B(O)(O)c1cc2c([nH]cc2)cc1
B(O)(O)c1cc(ccc1)[S](=O)(=O)N
B(O)(O)c1cc2[o]ccc2cc1
B(O)(O)c1cc(ccc1)[S](=O)(=O)C
B(O)(O)c1cc(ccc1)NC(=O)C
B(O)(O)c1ccc(cc1)N2CCOCC2
B(O)(O)c1cc2c(n[n](c2)C)cc1
B(O)(O)c1cc(ccc1)CC(=O)OCC
B(O)(O)c1[o]c(cc1)C(=O)O
B(O)(O)c1ccc(cc1)C(=O)NC2CC2
B(O)(O)c1c2[o]ccc2ccc1
B(O)(O)c1cc(cc(c1)C(=O)O)OC
B(O)(O)c1cc(ccc1)[S](=O)C
B(O)(O)c1cc(ccc1)C(=O)N
B(O)(O)c1cc(ccc1)NC(=O)C(C)C
B(O)(O)c1cc(ccc1)C(=O)O
B(O)(O)c1ccc(cc1)C(=O)N(CC)C
B(O)(O)c1c([nH]nc1)C.Cl
B(O)(O)c1ccc(cc1)C(O)(C)C
B(O)(O)C1=Cc2c(cccc2)C1
B(O)(O)c1c(cccc1)[S](=O)C
B(O)(O)c1cc(ccc1)CCC(=O)O
B(O)(O)c1cc(ccc1)C(C)(C)C#N
B(O)(O)C1=CC=CN(C1=O)C
B(O)(O)c1cc(c(c(c1)C)OC)C
B(O)(O)c1ccc(cc1)[S](=O)(=O)C
B(O)(O)c1ccc(cc1)C(C)(C)C#N
B(O)(O)c1ccc(cc1)C2(CCC2)O
B(O)(O)c1cnc(nc1)C2CC2
B(O)(O)c1cc2n[o]nc2cc1
B(O)(O)c1c2[n](ncc2ccc1)C
B(O)(O)c1cc(ccc1)OC2CCCC2
B(O)(O)c1cc(ccc1)C(=O)N(OC)C
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class
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2

lowest yield
100
100
100
100
100
99
99
98
98
98
97
97
97
96
96
96
96
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
94
94
94
94
94
94
94
94
94
94
94
93
93
93
93
93
93
93
93
93
93
93
93
93
92

Supplementary Table S2.9 (Continued)
SMILES
B(O)(O)c1ccc(cc1)C2(CC2)C(=O)O
B(O)(O)C1=CCCCCC1
B(O)(O)c1cc(ccc1)N(C)C.Cl
B(O)(O)c1cc(c(cc1)OC)C(=O)O
B(O)(O)c1ccc(cc1)C(C)(C)C(=O)O
B(O)(O)c1ccc(cc1)C2(CC2)C#N
B(O)(O)c1c(nccc1)OC.O
B(O)(O)c1cnc(cc1)N2CCCC2
B(O)(O)c1cc(ccc1)C(O)(C)C
B(O)(O)\C=C\C(C)(C)C
B(O)(O)c1cc(c(cc1)OC)OC
B(O)(O)c1cc(c(cc1)C)C(=O)O
B(O)(O)c1cc(ccc1)C(=O)NC2CC2
B(O)(O)C1=CCCCC1
B(O)(O)c1cc(cc(c1)C(=O)O)C(=O)O
B(O)(O)c1cc(c(cc1)C)C(=O)OC
B(O)(O)c1[s]c(cc1)CO
B(O)(O)c1cc(c(cc1)C(=O)O)OC
B(O)(O)c1ccc(cc1)CC(=O)O
B(O)(O)c1c[s]c(c1)C(=O)OC
B(O)(O)c1cnc(cc1)N2CCOCC2
B(O)(O)c1c2c(n[n](c2)C)ccc1
B(O)(O)c1ccccc1
B(O)(O)c1ccc(cc1)CCC(=O)OC
B(O)(O)c1c2c([o]c1)cccc2
B(O)(O)c1cc(c(c(c1)C)C(=O)OC)C
B(O)(O)c1cc(ccc1)CC(=O)OC
B(O)(O)c1cnc(nc1)N2CCOCC2
B(O)(O)c1cc(c(cc1)C(=O)OC)OC
B(O)(O)c1cc(c(cc1)C(=O)O)C
B(O)(O)c1ccc(cc1)[N+](=O)[O-]
B(O)(O)c1c(c(ccc1)OC)OC
B(O)(O)c1c(ccc(c1)OC)OC
B(O)(O)c1ccc(cc1)CCC(=O)NN
B(O)(O)c1cnc(cc1)O
B(O)(O)c1cc2c(cc1)OCCN2C
B(O)(O)c1ccc(cc1)CCC(=O)O
B(O)(O)c1ccc(cc1)OC2CCCC2
B(O)(O)c1cnccc1
B(O)(O)c1ccc(cc1)C(=O)NOC
B(O)(O)c1c(ccc(c1)C(=O)O)OCC
B(O)(O)c1[o]c(cc1)C(=O)C
B(O)(O)c1ccc(cc1)CC(=O)OC
B(O)(O)c1ccc(cc1)C(=O)OC(C)C
B(O)(O)c1cc(c(cc1)OC)O
B(O)(O)c1ccc(cc1)C(=O)C2CC2
B(O)(O)c1ccc(cc1)C(=O)NC(C)C
B(O)(O)c1c[o]c(c1)C
B(O)(O)c1cc(ccc1)[N+](=O)[O-]
B(O)(O)c1cc2c(cc1)CCCC2
B(O)(O)c1cc(ccc1)C2(OCCO2)C
B(O)(O)c1ccc(cc1)CN2CCCC2
B(O)(O)c1ccc(cc1)C(=O)N
B(O)(O)c1ccc(cc1)OC(C)(C)C
B(O)(O)c1cc(c(c(c1)C)OC(C)C)C
B(O)(O)c1ccc(cc1)CN(CC)CC
B(O)(O)c1ccc(cc1)C(=O)NCC#N
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class
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2
BB2

lowest yield
92
92
92
92
92
92
92
91
91
91
91
91
91
91
91
91
91
91
90
90
90
90
90
90
90
90
90
89
89
89
89
89
89
89
88
88
88
88
88
88
88
88
88
88
87
87
87
87
87
87
87
86
86
86
86
85
85

Supplementary Figure S2.2 | 16 compounds included in the DOS-DEL-1 pilot library.
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Supplementary Figure S2.3 | UPLC-MS analysis of the final pilot library (orange) and m/z
traces (green) for ions corresponding to indicated library members.
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Supplementary Figure S2.3 (Continued)
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Supplementary Figure S2.3 (Continued)
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Supplementary Table S2.10 | Number of compounds (top) and percentage of DOS-DEL-1 sublibraries (bottom) that adhere to varying numbers of the six drug-likeness compliance metrics
described by Lipinski and Veber
0 of 6

1 of 6

2 of 6

3 of 6

4 of 6

5 of 6

6 of 6

0
0.0%

92
0.1%

424
0.4%

2676
2.5%

9648
9.0%

32044
29.8%

62732
58.3%

complete library

0
0.0%

92
0.1%

360
0.5%

1008
1.5%

4608
6.8%

16404
24.1%

45496
66.9%

aldehyde sublibrary

0
0.0%

0
0.0%

64
0.2%

1668
4.2%

5040
12.7%

15640
39.4%

17236
43.5%

sulfonyl chloride
sub-library

0
0.0%

92
0.1%

424
0.4%

2676
2.5%

9648
9.0%

31976
30.0%

61888
58.0%

Suzuki sublibrary

0
0.0%

0
0.0%

0
0.0%

0
0.0%

0
0.0%

68
7.5%

844
92.5%

no Suzuki sublibrary

Supplementary Figure S2.4 | Comparison of non-normalized (left) and normalized (right) foldchange plots of DOS-DEL-1 members binding HRP.
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Supplementary Figure S2.5 | Ranked chigram analysis of non-electrophilic pethylphenylsulfonamides (filled blue bar) in HRP screens.

Supplementary Figure S2.6 | Ranked chigram analysis of N-phenylacrylamides (filled blue bar)
in HRP screens.

395

Supplementary Figure S2.7 | Ranked chigram analysis of BB2 tags encoding the same
building block (filled blue bars) in HRP screens.

Supplementary Figure S2.8 | Ranked chigram analysis of BB2 tags encoding the same
building block (filled blue bars) in CA-IX screens.
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Supplementary Figure S2.9 | Results from carbonic anhydrase inhibition assays with
azetidines 66a/b–71a/b.
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Supplementary Figure S3.1 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding wild-type MurJ from E. coli as a function of baseline representation rank.
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Supplementary Figure S3.2 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding wild-type MurJ from T. africanus as a function of baseline representation rank.
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Supplementary Figure S3.3 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding “outward open” MurJ from E. coli as a function of baseline representation rank.

400

Supplementary Figure S3.4 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding “outward open” MurJ from T. africanus as a function of baseline representation rank.
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Supplementary Figure S3.5 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding FtsW from S. thermophilus as a function of baseline representation rank.
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Supplementary Figure S3.6 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding complexed FtsW and PBP2x from S. thermophilus as a function of baseline
representation rank.
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Supplementary Figure S3.7 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding complexed FtsW and PBP2x from S. pneumoniae as a function of baseline representation
rank.
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Supplementary Figure S3.8 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding PBP1a from S. pneumoniae as a function of baseline representation rank.
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Supplementary Figure S3.9 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding complexed RodA/PBP1a from S. pneumoniae as a function of baseline representation
rank.
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Supplementary Figure S3.10 | Annotated normalized fold-change plot for DOS-DEL-1 members
binding FLAG-HuPrP90-231 as a function of baseline representation rank.
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Supplementary Table S4.1 | Optimization of on-DNA [3+2] nitrone–olefin cycloaddition for
bulkier hydroxylamines/nitrones

time/temperature

R = isopropyl R = cyclohexyl

R = tbutyl

R = cyclopentyl

4 h, 90 °C

68

74

28

89

60 h, 60 °C

57

66

36

83

2 h, 40 °C;
then 2 h, 90 °C

44

54

22

73

2 h, 40 °C;
then 4 h, 90 °C

66

75

36

88

2 h, 40 °C;
then 5 h, 90 °C

74

81

35

89

2 h, 40 °C;
77
82
38
88
then 6 h, 90 °C
Table values indicate conversion to isoxazolidine product as determined by UPLC-MS analysis.
All reactions carried out with 35 equiv hydroxylamine (50 mM in DMSO) in 8 volumes of 0.1 M
NaOAc aqueous buffer (pH 5.0; in reference to volume of 92 stock solution used [0.8 mM]) for
indicated time and temperature.

408

Supplementary Figure S4.1 | UPLC-MS analysis shows conversion of nitrone to isoxazolidine
with increasing reaction time. Plot labeled with percent abundance according to the UV trace in
the UPLC chromatogram. Reactions conditions: 35 equiv hydroxylamine (50 mM in DMSO) in 0.1
M NaOAc aqueous buffer (pH 5.0).
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Supplementary Table S4.2 | Comparison of on-DNA [3+2] nitrone–olefin cycloaddition with
substrate 100 under different reaction conditions

hydroxylamine

4 h at 40 °C

8 h at 60 °C

98

92

96

94

84

83

93

91

81

83

92

92

97

98

Table values indicate conversion to isoxazolidine product as
determined by UPLC-MS analysis. All reactions were carried out
using 0.5 nmol 100 (3.45 µL in 0.1 M phosphate buffer [pH 8.0])
with 100 equiv hydroxylamine (50 mM in DMSO) in 3.45 µL 1.0 M
NaOAc buffer (pH 5.0) for indicated time and temperature.
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92

Observed sequence (31-106): AGA CGA ACC TGC TTC CTG ACC ACA TCG ATT TGG GAG
TCA NNN NAG ATC GGA AGA GCG TCG TGT AGG GAA AGA GTG T
100

Observed sequence (32-107): AGA CGA ACC TGC TTC CTG ACC ACA TCG ATT TGG GAG
TCA NNN NAG ATC GGA AGA GCG TCG TGT AGG GAA AGA GTG T
101

Observed sequence (30-105): AGA CGA ACC TGC TTC CTG ACC ACA TCG ATT TGG GAG
TCA NNN NAG ATC GGA AGA GCG TCG TGT AGG GAA AGA GTG T
Expected sequence: AGA CGA ACC TGC TTC CTG ACC ACA TCG ATT TGG GAG TCA NNN
NAG ATC GGA AGA GCG TCG TGT AGG GAA AGA GTG T
____________________________________________________________________________
Supplementary Figure S4.2 | Sanger sequencing results of PCR-amplified products (top: 92,
middle: 100, bottom: 101) and expected sequence; bases present during cycloaddition bolded.
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Supplementary Table S7.1 | Stains used in the cell-painting experiment (ImageXpress)
stain

channel name

excitation/emission
wavelength (nm)

cellular compartment(s)

Hoechst
Concanavalin A
SYTO 14
WGA
Phalloidin
MitoTracker DR

DAPI
GFP
Cy3
TexasRed
TexasRed
Cy5

387/447
472/520
531/593
562/642
562/642
628/692

nucleus
endoplasmic reticulum
nucleolus
golgi/plasma membrane
F-actin/cytoskeleton
mitochondria
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Supplementary Table S8.1 | Stains used in the cell-painting experiment (Phenix)
stain

excitation
wavelength (nm)

emission
wavelength (nm)

cellular compartment(s)

Hoechst
Concanavalin A
SYTO 14
WGA
Phalloidin
MitoTracker DR

405
488
488
561
561
640

435–480
500–550
570–630
570–630
570–630
650–760

nucleus
endoplasmic reticulum
nucleolus
golgi/plasma membrane
F-actin/cytoskeleton
mitochondria

Supplementary Table S8.2 | Compounds on “known bioactives” plate for cell painting
compound name
amylocaine
strychnine
wortmannin
erastin
ML162
SB-203580
colchicine
ML239
GSK-3 Inhibitor II
nocodazole
(S)-3-hydroxybutyric acid
radicicol
FCCP
MGCD0103
JTC-801
mitoxantrone dihydrochloride
AG-17
MDL-28170
daunorubicin
Ki8751
PP1
flunisolide
tacedinaline
trichostatin A
thapsigargin
BRD8814
LSM-12881
metoclopramide
Boc-GVV-CHO
vincamine
trifluoperazine
PP2
prednisolone
SB 239063

activity
local anesthetic
neurotoxin, glycine/ACh receptor antagonist
PI3K inhibitor
induces VDAC-dependent ferroptosis
induces VDAC-independent ferroptosis
MAPK inhibitor
tubulin polymerization disruptor
FADS2 activator
GSK3β inhibitor
tubulin polymerization disruptor
metabolite, endogenous HDAC inhibitor
HSP90 inhibitor
uncoupling agent
HDAC class 1 inhibitor
ORL-1 receptor antagonist
topoisomerase II inhibitor
EGFR inhibitor
gamma-secretase inhibitor
DNA intercalator
VEGFR inhibitor
Src kinase inhibitor
corticosteroid
HDAC class 1 inhibitor
HDAC inhibitor
SERCA inhibitor
HDAC3 inhibitor
unknown (VEGFR inhibitor?)
dopamine/serotonin receptor antagonist
gamma-secretase inhibitor
vasodilator
antipsychotic
Src kinase inhibitor
corticosteroid
MAPK inhibitor
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Supplementary Table S8.3 | Known bioactive compounds included on L1000 plate
compound name
(S)-3-hydroxybutyric acid
11-BDR8814_2ndstep
AG 17
amyleine hydrochloride
Boc-GVV-CHO
BRD-K01121114
BRD-K21680192
BRD-K43389675
BRD-K69023402
BRD-K72739597
BRD-K75641298
bufalin
colchicine
digitoxigenin
epivincamine
erastin
FCCP
flunisolide
gabapentin
GSK-3 Inhibitor II
JTC-801
Ki8751
mibefradil
MW-ras12
nisoldipine
nitendipine
nocodazole
oligomycin A
ouabain
penfluridol
PP1
PP2
prednisolone
radicicol
RLM-2-67
RLM-2-68
SB 203580
SB 239063
strychnine
trichostatin A
trifluoperazine
wortmannin
Y-secretase Inhibitor XI
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Appendix B
Select NMR spectra
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13C
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13C
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434
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437
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NMR (400 MHz, CDCl3)

13C
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NMR (400 MHz, CDCl3)
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13C
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445
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447

S12
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NMR (400 MHz, CDCl3)

13C
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448

S13
1H

NMR (400 MHz, CDCl3)

13C

NMR (100 MHz, CDCl3)

449

S14
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NMR (400 MHz, CDCl3)

13C
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450
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13C

NMR (100 MHz, (CD3)2SO)
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S16
1H

NMR (400 MHz, (CD3)2SO, 353 K)

13C
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452

1H-1H
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1H-1H
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453

104

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

454

122

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

455

123

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

456

149

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

457

150

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

458

151

1H

NMR (CDCl3, 400 MHz)

459

152

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)
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1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)
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154

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

462

133

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

463

108

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

464

140

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

465

1H-1H

COSY NMR (CDCl3, 400 MHz)

1H-13C

HSQC NMR (CDCl3, 400/100 MHz)

466

141

1H

NMR (CDCl3, 300 MHz)

13C

NMR (CDCl3, 100 MHz)

467

1H-1H

COSY NMR (CDCl3, 400 MHz)

1H-13C

HSQC NMR (CDCl3, 400/100 MHz)

468

155

1H

NMR (CDCl3, 400 MHz)

469

156

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)
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1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)
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1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)
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159

1H
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13C

NMR (CDCl3, 100 MHz)

473

160

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

474

1H-1H

COSY NMR (CDCl3, 400 MHz)

DEPT-135 NMR (CDCl3, 100 MHz)

475

142

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

476

145

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

477

1H-1H

COSY NMR (CDCl3, 400 MHz)

1H-13C

HSQC NMR (CDCl3, 400/100 MHz)

478

146

1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)

479

147

1H

NMR (CDCl3, 400 MHz)

13C
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1H-1H
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DEPT-135 NMR (CDCl3, 100 MHz)
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161

1H
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13C

NMR (CDCl3, 100 MHz)
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1H
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13C
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13C
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13C
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1H
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13C
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1H-1H

COSY NMR (CDCl3, 400 MHz)

1H-13C

HSQC NMR (CDCl3, 400/100 MHz)
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1H
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13C
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1H-1H
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1H-13C

HSQC NMR (CDCl3, 400/100 MHz)
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1H

NMR (CDCl3, 400 MHz)

13C

NMR (CDCl3, 100 MHz)
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1H
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13C

NMR (100 MHz, CDCl3)
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NMR (400 MHz, CDCl3)

13C
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COSY NMR (CDCl3, 400 MHz)
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NMR (400 MHz, CDCl3)

13C
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NMR (400 MHz, CDCl3)

13C
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HSQC NMR (CDCl3, 400/100 MHz)
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1H

NMR (400 MHz, CDCl3)

13C

NMR (100 MHz, CDCl3)
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1H-1H

COSY NMR (CDCl3, 400 MHz)
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174

1H

NMR (400 MHz, CDCl3)

13C

NMR (100 MHz, CD2Cl2)
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1H-1H

COSY NMR (CDCl3, 400 MHz)
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1H

NMR (400 MHz, CDCl3)

13C

NMR (100 MHz, CDCl3)
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1H

NMR (400 MHz, CDCl3)

13C

NMR (100 MHz, CDCl3)
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1H-1H

COSY NMR (CDCl3, 400 MHz)
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1H

NMR (400 MHz, CDCl3)

13C

NMR (100 MHz, CDCl3)
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NMR (376 MHz, CDCl3)
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13C

NMR (100 MHz, CDCl3)
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