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Fragment-based drug discovery (FBDD) is an important technology in drug discovery
that seeks to identify molecules that can inhibit targets of therapeutic relevance. Once a
fragment ‘hit’ is identified, it can be elaborated into a molecule with improved inhibition and
favorable pharmaceutical properties. In this thesis, several strategies to augment existing

FBDD techniques are discussed. While these approaches are quite different from each other,

XXXI



each is rooted in fundamental inorganic chemistry and utilizes principles of coordination
chemistry to address problems in FBDD. First, computational screening techniques are
discussed which may help accelerate FBDD against metalloenzyme targets. This strategy aims
to predict inhibitor binding to the metal-containing active site of a metalloenzyme and establish
structure-activity relationships. Next, the uses of isosteres, which are molecules that seek to
mimic certain molecular functionalities while modulating other properties that may be
advantageous are discussed in the context of metalloenzyme FBDD. Here, a subset of
carboxylic acid isosteres are evaluated for their ability to inhibit influenza endonuclease and
modulate the pharmacological properties of the parent carboxylic acid-containing molecule.
Next, the role of three-dimensionality in FBDD is discussed, and a library of metal complexes
that is highly three-dimensional is evaluated against several protein targets. Finally, recent
approaches to develop a thoroughly representative 3D library from existing compounds are
discussed. Overall, this thesis aims to show how concepts in inorganic coordination chemistry

can augment FBDD.

XXXIi



Chapter 1: Library Design in Fragment-based Drug Discovery



1.1 Introduction to Fragment-based Drug Discovery

The pharmaceutical industry has largely approached drug discovery via high-throughput
screening (HTS). HTS employs large libraries of molecules (up to 10° or more) that are screened
against biomolecular targets of interest. Once a hit’ is identified, further development is required
to improve potency, selectivity, physicochemical (PC), and pharmacokinetic (PK) properties.
However, due to the types of molecules that are typically screened in HTS campaigns, the
compounds that are identified do not always represent ideal starting points for drug development.*
As an example, hits are often highly lipophilic, which impedes the drug development process due
to poor aqueous solubility. Similarly, the often large, complex molecules that are identified via
HTS can be synthetically difficult to manipulate and do not always lend themselves easily to late-
stage functionalization, resulting in longer, more expensive hit-to-lead (HTL) campaigns. In an
attempt to address some of the challenges associated with traditional HTS, several specialized drug
discovery techniques have been developed, such as NMR-based screening, structure-based
screening (i.e., macromolecular X-ray crystallography), and proteome-wide drug screening, to
name a few.* Each of these techniques has its own strengths and drawbacks (e.g., throughput,
information content, etc.) that is governed by many factors. Among these approaches, fragment-
based drug discovery (FBDD) has emerged as a powerful and efficient small molecule drug
discovery alternative to HTS.> Unlike HTS, FBDD relies on libraries that are much smaller in size
— hundreds to thousands of molecules — rather than the hundreds of thousands or millions typical
of HTS. FBDD libraries can be screened against targets of interest to identify low-affinity
fragment hits. These hit molecules may be grown, merged, or linked together to form lead
compounds with higher affinity and selectivity (Figure 1.1). Additionally, just as many drug-like

molecules are often described as obeying the “rule of five,”® which predisposes molecules to



possess favorable qualities for oral bioavailability, successful fragment molecules often obey an
analogous “rule of three.” The rule of three states that useful fragment molecules should have less
than three hydrogen bond donors, a molecular mass of less than 300 daltons, and an octanol-water
partition coefficient (LogP) of less than three.” The rule of three provides guidelines for library
design that will result in fragments that are able to make good binding interactions with the protein,
are small enough to not make unfavorable interactions (steric or electronic), and can be elaborated

into more drug-like molecules.*
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Figure 1.1. Fragment-based drug discovery. Typically, a fragment library (top left) is screened
against a target of interest. Once a hit is identified, the fragment can be grown (right) into a lead
compound by introducing substituents that are able to form specific interactions with the target
(blue and beige regions). Sometimes, multiple hits in close proximity are identified and fragment
linking approaches (bottom) can be used to combine these fragments together to create a lead
compound with higher target affinity.



One distinct advantage unique to FBDD is its ability to cover a greater representation of
chemical space, due the smaller size restriction placed upon fragment molecules. It is estimated
that there are 10%°-2%° druglike molecules within the acceptable size limits of drug-like compounds,
an amount that is impossible to thoroughly sample with even the largest HTS libraries.®®
However, due to the smaller nature of fragments, it is estimated that the total number of
possibilities that obey the rule of three is ~10 total molecules, which can be more systematically
sampled.’® Using a combination of techniques, including X-ray crystallography, molecular
modeling, and biochemical/biophysical assays to quantify inhibition, fragments can be elaborated

into full-length inhibitors through iterative cycles of refinement.

1.2 Library Design in Fragment-based Drug Discovery

Library design is of utmost importance when assembling a fragment library, and the
success of FBDD campaigns depends on the careful selection of the library constituents.'!
Additionally, library design has evolved as a reflection of considerations relevant to both screening
conditions and HTL development. It has been noted that despite some of the advantages offered
by FBDD, it is not necessarily faster than HTS, and consequently, many efforts have been devoted
towards optimizing elements of library design, including relevant screening technologies,
available fragment collections, and the accessible chemistry of the fragment molecules.'
Although too numerous to cover comprehensively here, a myriad of different strategies have been
applied toward library design in recent years in an effort to select for the best fragments that can
be grown and optimized into lead-like inhibitors. Some of these considerations include the
previously mentioned rule of three,” appropriate size distribution and complexity,® synthetically

accessible growth vectors for development,*® and avoiding compounds that result in aggregation,



reactivity, or false positive screening results,}” among others. It has been demonstrated that
augmented libraries can drastically improve early phase drug discovery,* and the development of

novel libraries can address specific gaps in available technologies.

1.3 Using Inorganic Chemistry to Accelerate FBDD

The goal of this thesis is to investigate novel methodologies that can address limitations
associated with FBDD. Here, two distinct applications are discussed in detail. While unique in
their approach, both methods are grounded in fundamental principles of inorganic chemistry to
augment library design for FBDD.

First, Section 1.4 of this chapter introduces metalloenzyme FBDD, which has been
pioneered in the Cohen group, and discusses the unique considerations that are relevant when
designing fragment libraries to target metalloenzymes. Section 1.5 discusses the use of isosteres
in medicinal chemistry, and how their incorporation into metalloenzyme FBDD libraries may
overcome specific challenges pertinent to inhibitor development.

Next, fragment shape, specifically three-dimensionality, is introduced as an important
consideration in FBDD (Section 1.6). While this approach is unrelated to metalloenzyme
inhibition, it is another important consideration in FBDD that can be directly addressed by
inorganic chemistry. Section 1.7 expounds upon this idea by introducing metal complexes as
highly three-dimensional (3D) molecules that are uniquely suited to create topologically rich
fragment libraries.

Taken together, these two approaches, both stemming from the utilization of principles of
inorganic chemistry or inherit features of inorganic coordination complexes, create novel avenues

of study that can address important problems in FBDD library design.



1.4 Library Design for Metalloenzyme FBDD

It has been estimated that nearly 50% of the proteome is composed of metal-dependent
proteins (i.e., metalloproteins).'® These proteins carry out a wide variety of functions across many
different protein classes. The role of the metal ion in metalloproteins can be broadly divided
between two main categories: structure and function.'® Structural metal ion cofactors aid in
protein folding, while functional metal ions aid in performing a range of functions, including
catalysis and electron transfer. In addition to performing many critical roles in normal physiology,
metalloenzymes are also implicated in a range of different pathologies. Due to the many processes
controlled and regulated by metalloenzymes, they are attractive targets in drug discovery
campaigns. However, despite comprising a large percentage of the proteome, metalloenzymes are
underrepresented as targets of drugs approved by the Food and Drug Administration (FDA).?°
Many metalloenzymes present one or more metal ions at the enzyme active site, which are central
for catalytic function. One strategy to inhibit these metalloenzymes relies on the use of inhibitors
possessing Lewis basic atoms to form a coordinate covalent bond to the metal ions in the active
site. If the inhibitor molecule possesses sufficient affinity for the active site/metal, it can block the
enzyme from performing its desired function. This approach is one of the central hypotheses this
thesis. For many years, hydroxamic acids were used almost exclusively as the metal-binding group
for many therapeutics that targeted a range of metalloenzymes, despite the pharmacological
disadvantages they present.?® In recent years, the Cohen lab has addressed the overreliance on
hydroxamic acids as by developing novel metal binding groups, also known as metal binding
pharmacophores (MBPs). In addition to introducing novel MBPs, which are capable of binding

to a variety of different metal ions, the Cohen group has also developed MBPs that demonstrate



some selectivity for therapeutically relevant metalloenzymes,?! display improved pharmacokinetic

properties,?? and move beyond the narrow scope of hydroxamic acid inhibitors (Figure 1.2).
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Figure 1.2. Several MBPs used by the Cohen group for FBDD that move beyond the scope of
hydroxamic acid-based inhibitors. Donor atoms are highlighted in blue.

Work in the Cohen group has introduced MBP libraries that can produce hits against
therapeutically relevant metalloenzyme targets.>?*  The small size (<300 Daltons) and high
affinity of MBPs for cationic metal ions in the active site of metalloenzymes makes them ideal
starting points for FBDD. During the HTL process in FBDD an MBP library can be biochemically
screened against a protein target utilizing techniques such as *°F NMR, colorimetric, fluorescence,
and fluorescence polarization-based assays.?!* 22 Due to the Lewis basic properties of the MBP,
there are strong interactions between the cationic active site metal(s) and the MBP fragment hit.
This allows the binding site of the fragment to be readily assumed at the metal-containing active
site. In conventional FBDD, which does not always rely on a singular dominant interaction such
as this, the binding location is not as easily predicted. However, once an MBP fragment hit is
identified, additional efforts can be made to elucidate and confirm the binding mode of the
fragment hit. Some strategies to more precisely determine and validate the binding mode include
protein X-ray crystallography, computational modeling, and the use of inorganic model
complexes, which can used to recapitulate metalloenzyme active sites.?”-2® Once the binding mode
is understood, it can be optimized to coordinate the metal ion(s) and facilitate growth vectors to
explore structure-activity-relationships (SAR) between the inhibitor and the protein. These
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relationships can be further developed through iterative synthesis combined with computational
and biophysical techniques. Through iterative cycles of refinement, highly potent and selective
metalloenzyme inhibitors can be developed.?” 33! Once good enzyme inhibition activity is
achieved, lead compounds which meet additional downstream development criteria, will be
selected. Some of these criteria include stability, selectivity, and good absorption, distribution,

metabolism, excretion, and toxicity (ADMET) properties (Figure 1.3).
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Figure 1.3. Scheme demonstrating HTL against metalloenzyme targets. Once a hit is identified,
biophysical and computational methods can be employed to determine the binding pose of the
fragment. Later, using the identified SAR, strategic additions can be employed to make additional
protein-ligand contacts and improve inhibition. Once an inhibitor with high potency is identified,
pharmacokinetic analysis can inform the suitability of the drug molecule in biological systems.
The process can iterate many times until an optimized lead molecule with sufficient inhibitory
activity and a satisfactory pharmacokinetic profile is identified. Metalloenzyme HTL follows the
same principles applied in conventional HTL development, except that the library is specifically
designed to provide coordination to the active site metal(s).



1.5 Isosteric Replacement

Isosteric replacement is a common strategy in medicinal chemistry; however, the
development of libraries and sub-libraries with isosteric functionalities targeting metalloenzyme
inhibition is a recent development.®> The classical definition of an isostere dates back to 1919,
when Irving Langmuir described isosteres as an atom (or group of atoms) that shares the same
number and arrangement of electrons with another atom or group of atoms (for example, N2 and
C0).%* The more modern definition of isosteres (sometimes referred to as bioisosteres) traces
its roots back to work in the 1930s by Hans Erlenmeyer, who demonstrated that antibodies were
unable to differentiate between similar groups of atoms in artificial antigens.®® This latter example
better exemplifies the modern definition of (bio)isosteres, which focuses on identifying groups
that can elicit a similar biological response, whose physical and electronic structure may or may
not resemble that of the original group. Isosteres are commonly used as a method to mitigate
pharmacological liabilities while preserving the relevant biological interaction/function (Figure
1.4) and are typically strategically introduced later in the drug development process as PK
liabilities are identified. Because isosteres strive to mimic biological function rather than exact

structural features, the use and efficacy of a particular isostere will be context dependent.5-3



Figure 1.4. Representation of isosteric replacement. In this example, an amide group was
replaced with a triazole (both highlighted in blue). This isosteric replacement resulted in
comparable inhibitory activity with the parent molecule against the cannabinoid-2 receptor, which
is implicated in cancer, inflammation, and neuropathy, and avoids the psychoactive effects of
activation of the cannabinoid-1 receptor.3” Here, the triazole-containing molecule demonstrated
improved selectivity and solubility.38-°

Recent work in our own laboratory has sought to introduce the concept of isosteric
replacement to metalloenzyme FBDD (Figure 1.5).2% 3240 |n the case of metalloenzyme library
development, the Lewis basic atoms that contribute to metal-binding do not always present ideal
PK properties. Isosteric replacement of MBPs is an emerging strategy that can aid in the
development of new MBPs that are capable of making strong interactions with metal ions while
distinguishing themselves from traditional MBPs with their improved PK properties. These metal-
binding isosteres (MBIs) have the potential to address problems that may arise during
metalloenzyme FBDD while maintaining the critical coordination necessary for inhibition. The
screening of libraries of isosteres based on MBPs with known pharmacological liabilities will
accelerate the development process of metalloenzyme inhibitors. Chapter 3 details the synthesis,

biological, and crystallographic analysis of isosteres of the potent hydroxypyridinone fragment

against a viral metalloenzyme target.
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Figure 1.5. Recent MBI examples from the Cohen Lab. (a) 8-hydroxy quinoline,?? (b) salicylic
acid,*® and (c) picolinic acid? have all been successfully developed into MBIs. Despite modifying
the coordinating group, each of these MBIs demonstrated good inhibitory activity in enzymatic
assays. Donor atoms are highlighted in blue.
1.6 3D Library Design

Though FBDD has helped to address some of the challenges associated with HTS, it is not
without its shortcomings. One important limitation that hinders FBDD is a bias towards flat, small
fragment molecules. The overwhelming planarity of the fragments typically used in FBDD was
highlighted by a study that analyzed 18,534 conventional fragments according to their shape. The
study revealed that the overwhelming majority of these fragments (~75%) showed mostly linear
or planar geometries.** This predisposition towards linear and planar geometries, especially in the
context of FBDD, limits the final geometries of the final, full-length inhibitor.

It has been shown that broad shape diversity in a library correlates with broad biological
activity.*> Consequently, a host of libraries that have attempted to increase the 3D quality of

fragments have emerged in recent years. While not an exhaustive list, some of these recent

approaches to improve three-dimensionality include diversity-oriented synthesis,** the
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introduction of chiral carbon centers,*® the incorporation of cubanes,* and the use of combinatorial
libraries.*> While many of these methods do increase three-dimensionality, they often require
difficult synthetic routes, which limits their use as library components (Figure 1.6). Due to the
potential benefits of 3D library design, and the lack of scalable, robust methods to achieve broad
3D representation, increased research into 3D fragment libraries will aid in the development of

novel inhibitors.
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Figure 1.6. Improving 3-dimensionality in fragment libraries. (a) Approach demonstrating
diversity-oriented synthesis.** From simple proline-based derivatives, fragment libraries with
diverse stereochemistry and ring sizes/configurations can be generated. (b) Approach
demonstrating combinatorial libraries.*> By combining a library of scaffolds (left) with another
library of building blocks (-Ph, -OH, -N(CHs3)>) a large library of diverse molecules can be created.
(c) Saturation has been used as a metric of molecular complexity, which facilitates higher 3-
dimensionality without a significant increase in molecular weight.** (d) The incorporation of
cubanes onto inhibitor molecules has also been shown to improve 3-dimensionality. In the selected
example, replacing the phenyl functional group with cubane resulted in an improvement in
inhibitory activity against o1 and o, receptors due to the increased steric bulk it afforded.*4°

=
I=
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1.7 Metal Complexes as 3D Fragments

As described above, molecular shape is an important consideration in library development.
Because biomolecular recognition is often driven by protein—ligand interactions, biological
macromolecules will bind to molecules (including their native binding partners) with
complementary 3D binding surfaces.*® Thus, many research efforts have been devoted toward
molecules with high structural and topological diversity.*: 6 It has been demonstrated that
increasing the three-dimensionality of molecules can lead to an increased likelihood of clinical
success.”® For example, 3D molecules exhibit higher solubility due to increased solvation and
diminished solid state crystal lattice packing.*” Additionally, other ADMET properties have been
shown to be influenced by molecular topology.*® Other metrics of three-dimensionality, such as
the fraction of sp* hybridized carbons, have also been studied as methods of improving drug-like
properties.*> 4® Despite the advantages of highly 3D molecules, modern drug discovery relies
heavily on 2D and planar structures for both fragment and lead-like molecules.*”4® Although there
have been many recent efforts to design libraries comprised of highly 3D molecules for drug
discovery purposes,** 45051 most drug-like molecules trend toward planarity.*°

Organic molecules are typically constructed from linear, planar, or tetrahedral building
blocks, primarily driven by the hybridization, valency, and geometry of carbon atoms (Figure
1.7A). However, metal centers offer the opportunity to utilize building blocks with increased
valency and more varied geometries (Figure 1.7). For example, an octahedral metal center with
six different substituents is capable of forming 30 sterecisomers (compared to the two possible
isomers formed by chiral carbon centers).>? It has been demonstrated that binding selectivity

toward biomolecules correlates with shape and stereochemical complexity®® and the simple but

13



well-defined, rigid shapes that can be found in some metal complexes may possess the complexity

necessary to achieve high protein-binding specificity.>*
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Figure 1.7. Geometries of carbon- and metal-containing complexes. (A) Linear, planar, and
tetrahedral geometry of carbon centers. (B) Square planar, trigonal bipyramidal, square pyramidal,
octahedral, sandwich, and half-sandwich geometries of metal complexes

In a series of seminal studies, Meggers and coworkers demonstrated that organometallic
complexes are capable of acting as highly selective protein kinase inhibitors.>>*® Ru(I1) and Ir(111)
pyridocarbazole metal complexes were derived from the natural product staurosporine, which is a
relatively nonspecific protein kinase inhibitor.5*% The resulting metal complexes, termed
octasporines (OS), contained an organic component related to staurosporine that could also
function as a bidentate ligand to a metal center. The staurosporine derivatives were bound to
different metal complexes, which allowed for the introduction of new ligands and molecular
geometries/shapes. These inert metal complexes presented well-defined molecular surfaces that
aided in the identification of new interactions that could contribute to binding strength and
selectivity toward kinases. As shown in Figure 1.8a, A-OS1 demonstrates a highly globular and
complimentary molecular surface to the active site of the B-isoform of glycogen synthase kinase 3
(GSK3p). A-OS1 occupies the ATP-binding site, similar to staurosporine (Figure 1.8b) and other
organic inhibitors.%2%2 In addition to a range of well-defined hydrogen bonds, hydrophobic
interactions, and edge-to-face stacking, the CO ligand of the metal complex interacts with a

flexible glycine-rich loop caused by a conformational change, which is not possible with the
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natural product staurosporine. This example highlights how metal complexes with diverse
geometries can occupy regions of chemical and topological space that cannot be readily accessed
by conventional organic compounds,®*% and demonstrates the potential of octahedral metal

complexes to act as enzyme inhibitors with highly complementary binding surfaces.

g A

A-OS1 staurosporine

Figure 1.8. (a) X-ray crystal structure of A-OS1 bound to GSK3p. A-OS1 shows a highly
complementary molecular surface that is able to form a novel interaction with the glycine-rich loop
via an induced-fit binding mode. (b) Structures of A-OS1 and staurosporine. PDB accession codes
are 3PUP and 1Q3D for protein-bound A-OS1 and staurosporine, respectively.>®

This work by Meggers and coworkers demonstrates the capability of metal complexes to
serve as highly 3D inhibitors. These effective ‘metalloisosteres’ served as the proof of concept for
the work that will be discussed in Chapters 5 and 6, which explores the various geometries and

high three-dimensionality of metal complexes in FBDD. These properties make metal complexes

attractive candidates for a library of topologically diverse fragments, which can be composed of
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trigonal bipyramidal, square pyramidal, octahedral, sandwich, and half-sandwich geometries
(Figure 1.7).5% These coordination compounds can serve as useful scaffolds in the creation of

unique shapes and geometries that can selectively engage enzyme targets.

1.8 Scope of this Dissertation

This dissertation focuses on establishing new approaches for library design in FBDD. Each
method outlined below addresses a particular challenge associated with FBDD. These approaches
facilitate the creation of libraries that can be utilized for specific purposes to aid in the
identification of hit molecules that may be useful in drug discovery campaigns.

Chapter 2 describes a novel workflow to computationally predict the binding pose of MBPs
and their elaborated inhibitors bound to metalloenzymes. This methodology enables the creation
and use of virtual MBP libraries that can be screened, elaborated, and experimentally evaluated.

Chapter 3 details the creation of a small sub-library of MBIs and demonstrates the influence
of the isosteric group on the PK properties of each molecule. Additionally, the binding mode of
select MBIs was evaluated when bound to the protein target, revealing new information about the
coordination modes of these MBls.

Chapter 4 describes an analysis of the topologies of molecules in the Protein Data Bank
(PDB) and the DrugBank. This analysis highlights the lack of 3D diversity in these relevant
databases, and explores the advantages of libraries with high topological diversity.

Chapter 5 details the creation of a library of metal complexes that can be used in FBDD.
Due to the geometries of these ‘metallofragments,’ they can occupy 3D regions of chemical space
that have been difficult to achieve using organic molecules alone. Here, their utility as fragments

is demonstrated in a screen against severally therapeutically relevant targets.
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Chapter 6 describes progress towards the creation of a highly 3D virtual library of
metallofragments whose components will consist of structures mined from the Cambridge
Structural Database (CSD). Filters will be applied to select for metal complexes that are stable in
biological systems and which demonstrate variable molecular topologies. This library will provide
comprehensive coverage of chemical space and will be virtually (and eventually experimentally)

screened against a wide range of therapeutically relevant protein targets.
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Chapter 2: Computational Prediction of the Binding Pose of Metal-Binding
Pharmacophores
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2.1 Introduction

During the course of (metalloenzyme) inhibitor development, atomic resolution structural
information is not always available. Fortunately, in the absence of detailed structural information,
computational methods may be used to model and predict protein-ligand interactions. Advances
in computer software and hardware have made computer-aided drug design (CADD) ubiquitous
in drug discovery and development efforts. In addition to providing or supplementing structural
information, CADD approaches increase the efficacy of inhibitor development by predicting
factors such as toxicity, activity, and efficacy, in many cases, before experiments have been
performed in vitro.! Among the techniques most relevant to FBDD are virtual fragment screening
and fragment growth.

Virtual screening (VS) is the process of using virtual libraries to identify compounds that
possess bioactive properties when evaluated against a target of interest. VS can be described as
the application of filters that select for molecules which demonstrate predicted biological activity
against a target.> One of the techniques used in VS methodologies is structure-based virtual
screening (SBVS), which uses the experimentally-determined structural information of the target
to dock ligands and rank them based on predicted affinity and binding site recognition.? When
SBVS is considered in the context of FBDD, it may be used to predict relevant initial fragment
placement in the active site, and can be used to rationalize fragment hits. Once a fragment hit has
been confirmed virtually or experimentally, virtual fragment growth can proceed. This important
step seeks to define growth vectors on the fragment, and grow the molecule into a more potent
inhibitor while considering the inherent steric factors of the protein (Figure 2.1).3 This step is
often performed iteratively and in tandem with experimental chemical synthesis and biological

evaluation.  Combining experimental and computational results greatly accelerates the
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development process by decreasing the number of experiments that must be performed and by

providing additional insight to observed results.
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Figure 2.1. Example workflow of computational metalloenzyme FBDD (structure is PDB 1D
6E6W).* In this chapter, this workflow was performed on a previously published inhibitor to
retroactively predict and confirm the mode of MBP binding to a metalloenzyme. First, given
structural information (left) a known MBP can be docked to the active site metal ions. Next, based
on the steric factors of the protein, growth vectors can be defined, and substituent groups can be
added to the MBP to make additional interactions with the protein active site. In the example
shown, extension of the MBP with a tetrazole group makes a contact with Lys34 (right), which
results in improved inhibitory activity.

2.2 VS in Metalloenzyme FBDD

As noted in Chapter 1, approximately 40-50% of all enzymes are metal ion dependent,®®
with the metal ion(s) in these metalloenzymes playing either a structural or a catalytic/functional
role. Indrug discovery efforts targeting metalloenzymes, the use of computational methods to aid
in inhibitor development can be advantageous. Substantial progress has been made to improve the
computational algorithms and scoring functions used to find and identify the energetically lowest

conformation of an inhibitor-protein complex.”° Despite advancements in computational
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techniques, predicting accurate binding affinities and geometries of metalloenzyme-inhibitor
interactions remains challenging.!*** A recent computational study compared the performance of
several commonly used docking programs (AutoDock4, AutoDock4Zn, AutoDock Vina, Quick
Vina 2, LeDock, PLANTS, and UCSF DOCKS®6) with metalloenzymes. While some of these
programs could predict the correct binding geometry of a ligand, none of them were able to
successfully score docking poses.!* Some attention has also been devoted towards molecular
dynamic (MD) strategies. One study demonstrated the docking of inhibitors with a hydroxamic
acid MBP to Zn?*-dependent matrix metalloproteinase 9 upon dividing the computational process
into several tasks: (i) docking with the requirement to generate a metal-MBP interaction of the
hydroxamic acid using the FlexX program, (ii) optimization of the geometry of the MBP-
metalloenzyme complex by quantum mechanical and molecular mechanical (QM/MM)
calculations, (iii) conformational optimization of the MBP-metalloenzyme complex without
changes in the metal-MBP interaction by MD calculations, and (iv) a single point QM/MM energy
calculation. Using this complex workflow, the authors were able to correlate the calculated and
experimentally determined binding affinity.’®> However, the aforementioned methods are complex
and require significant computational resources and expertise, making them unsuitable for routine
virtual screening, docking, and modeling. More user-friendly and accessible methods for
predicting metalloenzyme-inhibitor/MBP interactions is needed.

Herein, a readily accessible method for the prediction of MBP-metalloenzyme interactions
is presented. The binding pose of the MBP fragment was predicted using a combination of density
functional theory (DFT) calculations and a genetic algorithm with Genetic Optimization for
Ligand Docking (GOLD) program. The obtained scaffold pose was then extended with MOE and

energetically minimized. The method was evaluated against several structurally characterized
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metalloenzymes from the Protein Data Bank (PDB) with different metal ion active sites and a

variety of bound inhibitors. The predicted binding poses were found to be in good agreement with

the crystallographically determined binding modes, providing an accessible tool for computational

drug discovery campaigns against metalloenzymes.

2.3 Target Selection

To ensure the generality of the approach, metalloenzymes were examined that contain different

metal ions, different numbers of metal ions in the active site, and varying coordination geometries.

The following enzymes were selected:

1)

2)

3)

Human Carbonic Anhydrase Il (h\CAIl): Human carbonic anhydrase Il is a Zn?*-dependent
metalloenzyme. The active site consists of a tetrahedral Zn?* ion, bound by three His
residues and a capping water molecule. The enzyme catalyzes the hydration of carbon
dioxide to a bicarbonate anion that modulates carbon dioxide levels, as well as the pH in
the blood stream. hCAII inhibitors are used as a treatment for glaucoma.6-18
Jumonji-Domain of Histone Lysine Demethylase (KDM): Histone lysine demethylases
with a conserved jumonji-domain are Fe?*-dependent enzymes (crystal structures often
possess Ni?* or Mn?* ions as a surrogate for Fe?*). The enzyme active site consists of an
octahedral Fe?* ijon bound by two His and one Glu residue and three capping water
molecules. The enzyme catalyzes the demethylation of lysine residues using a-ketoglutaric
acid and oxygen. Certain KDMs have been associated with cancer, as well as various
mental disorders.-2!

N-terminal Domain of the Polymerase Acidic subunit of the RNA-dependent RNA

Polymerase of the Influenza Virus (PAn): The N-terminal domain of the polymerase acidic

30



subunit is a Mn?* or Mg?* dependent metalloenzyme. The enzyme active site consists of
two Mn?* or Mg?* ions, bound by one His, one lle, one Asp, and two Glu residues and five
capping water molecules. The enzyme cleaves a 5"-mRNA cap which is necessary for
eukaryotic translation. PAn is considered an important pharmacological target against the

influenza virus with one compound approved for human use.??-2*

2.4 Methodology

The modeling experiment was divided into several tasks for which different docking
programs were used based on their individual strengths (Figure 2.2). The three-dimensional
structure of a MBP fragment was generated and energetically optimized using DFT calculations
with Gaussian. Other molecule editors (i.e., ORCA, Spartan) were also found to be suitable to
generate an appropriate, three-dimensional structure of the MBP. Next, the metalloenzyme-
inhibitor structure was obtained from the PDB. Using the Molecular Operating Environment
(MOE) software suite, water molecules, and other small molecules (e.g., buffer components,
cryoprotectant, inhibitors, counter ions) were removed, hydrogen atoms were added, and side
chains protonated at physiological pH.

The optimized MBP fragments were docked with a genetic algorithm using GOLD. The
structure of the protein was considered rigid and the metal ions in the active site were set with a
predefined coordination geometry (e.g., tetrahedral, octahedral). The resulting binding poses were
evaluated during docking using the ChemPLP scoring function. Following this, the binding poses
from the docking experiment were re-scored using the GoldScore scoring function. Previous
studies have shown that rescoring improves the identification of fragment hits than use of a single

scoring function.?>?® Because docking with GOLD requires high computational resources that
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would limit virtual screening of large libraries, the docking process was divided into two tasks.
The MBP was docked using GOLD, followed by virtual MBP ‘fragment growth’ into a lead-like
molecule using MOE. To elaborate the MBP fragment into the complete inhibitor, the MBP model
obtained from GOLD was loaded into MOE and the MBP was manually elaborated to generate
the complete inhibitor. The inhibitor was then energetically minimized, while keeping the pose of
the MBP generated by GOLD fixed.

To ensure that the metalloenzyme structures studied here are highly homologous, the amino
acid sequences and three-dimensional structures were compared. As expected, each target was
found with a sequence homology of at least ~93% and a sequence coverage of at least ~91%
(Appendix, Table 2.51). Notably, portions of the structures that did not align were the termini,
which were not resolved in all structures. To evaluate the accuracy of the inhibitor docking, the
computational and crystallographic structures were aligned using MOE using a protein alignment
algorithm. The sequences of the structures were aligned and then the three-dimensional structures
superimposed. While the aligned proteins showed generally a high congruency, some portions of
the structures showed significant discrepancies. To improve the superposition, the structures were
further aligned with a focus on the active site, specifically on the metal ion(s) and adjacent amino
acid atoms as a reference point (see Appendix: Supporting Information for details). As a means
to quantify the difference between the computational and crystallographic binding geometries, the

root-mean-square deviation (RMSD) values were calculated using LigRMSD 1.0.%’
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Figure 2.2. Workflow for modeling metalloenzyme-inhibitor interactions. Protein surface (PAN)
shown in gray, active site metals shown in cyan, and MBPs and inhibitors shown as sticks colored
by atom type.
2.5 MBP Fragment Modeling

To validate the docking methodology, four structurally diverse and crystallographically
characterized MBPs for each enzyme target were examined.* 237 Using DFT calculations and
docking with GOLD, the best scoring binding poses of all MBPs with hCAIIl and PAn, and the
majority of MBP with KDM were found coordinated to the active site metal ion(s). In the case of
2,4-pyridinedicarboxylic acid with KDM (PDB 2VD7), the MBP did not dock to the active site,
but rather at a distal site (Appendix, Figure 2.S1). To address this outlier, docking was repeated
with a box of 20 A centered around the KDM active site metal ion resulting in 24-
pyridinedicarboxylic acid docked to the active site metal ion in KDM.

The computational binding poses were compared to the crystallographic structures. A
visual comparison shows good alignment for the vast majority of the modelled and experimentally
determined metalloenzyme-MBP complexes (Figure 2.3). The only fragment that showed a

significant discrepancy was 3-(dimethylamino)benzohydrazide (PDB 6RMP) bound to hCAII.
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This MBP was computationally predicted to bind the metal with the keto hydrazide moiety in an
orientation that was reversed from the crystallographic structure. The quality of the docking was
quantified by determining the RMSD values between the computational and crystallographic
configurations. As expected, the predicted binding poses of the MBP fragment were found to be

in good agreement with an average RMSD value of 0.87 A (Table 2.1).

5& 2R o\
< ©

o o [~

o

6RMP 2WEJ 4MLX 3P58
2VD7 6ETU 3ZLI 2XXZ

&% ©0® 0 go 0

6E6V 4E5G 4E5F 4MKA1

Figure 2.3. Comparison of MBP binding poses from crystallographic data (gray carbons) and
computational docking (green carbons) using GOLD. Examples from hCAIl (top row)
demonstrate inhibitor binding to zinc, while the middle row (KDM) demonstrates binding to iron
or nickel. Examples binding the dinuclear manganese active site of PAn (bottom row) are also
shown. PDB accession codes are shown beneath each example, while chemical structures are
shown above. The active site amino acid residues are also shown to the left of each row.
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Table 2.1. RMSD values of computationally and crystallographically determined
metalloenzyme-MBP complexes.

Enzyme Entry RMSD /A Reference
hCAll 2WEJ 0.49 28
3P58 0.86 29
AMLX 0.32 80
6RMP 3.75 8l
KDM 2VD7 0.22 82
2XXZ 0.68 33
3ZLI 0.34 4
6ETU 0.94 &
PAN 4E5F 0.23 36
4E5G 0.63 %
4MK1 1.67 87
6E6V 0.34 4

2.6 Inhibitor Modeling

Following successful MBP geometry prediction, the modeling of lead-like inhibitors based
on these MBPs was performed. A total of 47 crystal structures of metalloenzyme-inhibitor
complexes from the PDB were examined. Specifically, benzenesulfonamide inhibitors with
hCAII,%% 4-pyridinecarboxylic acid inhibitors with KDM,3% %% and 3-hydroxy-4-oxo-1,4-
dihydropyridine-2-carboxylic acid inhibitors with PAx* 384 were modeled. The bound inhibitors
were selected to have broad chemical composition to test the generality of the methodology
(Figures 2.52-2.54). To verify the binding pose of the MBP fragment, the computational poses
from GOLD were compared to the crystal structures of bound lead-like inhibitors, comparing only
on the MBP moiety (Appendix, Figure 2.55). Overall, the fragments showed good agreement to

the experimentally binding geometries with RMSD values of 0.90 A for hCAll, 0.52 A for KDM,
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and 0.78 A for PAN (for a complete list of RMSD values see Appendix, Table 2.3). That stated,
while the crystallographically characterized binding poses for the fragments bound to hCAIIl and
KDM were very similar, the MBP for PAn was found in more varied orientations across the crystal
structures (Figures 2.S5c-d). While the bond distances for MBPs in PAx were all similar, the
MBPs are bound with orientational differences relative to the active site. A binding angle was
arbitrarily defined as the carbon atom of the carboxyl group of Asp108, a centroid between both
metal centers, and a centroid of the aromatic MBP moiety. This angle ranged from 175° (PDB
4E5I1, Appendix, Figure 2.S5) to 145° (PDB 6E3N, Figure 2.S5) across structures and likely
originates from the influence of other interactions these full-length inhibitors form with subpockets
in the relatively large, open active site of PA.

The benzenesulfonamide fragment in hCAIIl showed the largest RMSD discrepancy
between the docked and experimental structures. These differences could negatively influence the
next stage in the docking the full-length inhibitor, where upon ligand extension the predicted
binding pose for the MBP could lead to inaccuracies in the full ligand pose. Therefore, a modified
MBP docking protocol was used for the benzenesulfonamide fragment in hCAIl. The binding
pose of the MBP is primarily driven by metal coordination and hydrogen bonding interactions of
the sulfonamide moiety with hCAIIl. Therefore, the docking of this fragment was repeated with a
bias that added additional metal binding terms to the GoldScore scoring function, as previously
described.®®  With these adjustments to the scoring function, the binding pose of
benzenesulfonamide was better aligned with the experimentally determined structures (Appendix,
Figure 2.S6), and produced a low RMSD value of 0.47 A (Table 2.4). This experiment shows that
additional information about expected MBP-active site interactions can be used to better predict

the binding pose. To avoid adding a user bias in applying our method (caused by modifying the
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applied scoring function), the initial binding pose (Figure 2.S5) was used for the further ligand
extensions.

As described above, the three-dimensional protein structures of the computationally and
experimentally determined enzyme-inhibitor complexes were superimposed using an automatic
algorithm and then further refined with focus on the active site with an intentional bias towards
the active site metal ion(s) as well as the coordinating amino acids (Figure 2.57). As the inhibitors
are expected to coordinate to the metal ion as part of their mechanism of action, these elements
should be aligned with the highest possible accuracy. This procedure resulted in average RMSD
values of 0.23 A for hCAII, 0.13 A for KDM, and 0.14 A for PAy for the respective active sites
alignments.

Following the protein structure alignment, the computationally and experimentally
determined enzyme-inhibitor complexes were compared (Figure 2.4, Figures 2.S8-2.S10).
Overall, a high congruency between the docked models and the experimentally determined binding
poses is observed with average RMSD values of 2.44 A for hCAll, 1.57 A for KDM, and 1.60 A
for PAn (for a full list of RMSD values see Table 2.54, Appendix). It is noteworthy that the
discrepancies of the computationally modelled and experimentally determined binding poses are
within the average crystal structure resolution in the PDB, with the most entries possessing a

resolution of 1.8-2.0 A.%6
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Figure 2.4. Comparison of binding modes of crystallographically determined structures (gray
carbons) and computationally derived inhibitor poses (green carbons) from several PDB entries
(PDB entry codes shown beneath each example). Examples from hCAII (top row), KDM (middle
row), and PAn (bottom row) are shown. demonstrates binding to iron or nickel. Examples binding
the dinuclear manganese active site of PAn (bottom row) are also shown. For reference, the active
site amino acid residues are also shown to the left of each row.

The RMSD distribution of the structure alignments was analyzed (Figure 2.5). While a
few of the docked compounds showed large discrepancies to the experimentally determined
structures (RMSD >4 A), the majority of docked inhibitors were in good agreement with the

experimental structures, with RMSD values well within the resolution range of typical protein-
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inhibitor co-crystal structures (RMSD <2 A). These results suggest that the computational
approach described here could be useful for the developing MBP fragments into lead-like

compounds via fragment growth.
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Figure 2.5. Distribution of RMSD values of computational versus experimental binding poses for
metalloenzyme inhibitors. Color-coded by metalloenzyme: hCAIl (blue), KDM (orange), and
PAN (green).

Finally, the docking method was compared with commonly used docking programs
AutoDock Vina (Figure 2.511) and SwissDock (Figure 2.512) under standard docking procedures
using hCAII and PAN as model systems. Upon applying these methods, the MBP was not found
in the active site and were not consistent with the crystallographically characterized structures.

These findings further highlight the value of the methods described here for the prediction of

binding poses of inhibitors in metalloenzymes.
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2.7 Conclusion

A new computational strategy for modeling the binding of MBPs in metalloenzymes is
presented. The approach uses a combination of DFT calculations and docking with a genetic
algorithm (GOLD). The methodology was evaluated by comparing computational models with
experimentally determined metalloenzyme-inhibitor complexes. Metalloenzymes with different
metal ions, different numbers of metal ions in the active site, and different metal coordination
geometries were examined to determine the scope and robustness of the approach. Good
agreement was found between the computational models and experimentally determined
structures, well within the resolution of most crystal structures in the PDB. The workflow
described here is a robust method for predicting MBP binding poses and further computational
methods that address energetic optimization of complete, lead-like inhibitors would be useful next
steps in improved modeling of metalloenzyme inhibitors. Overall, the presented methodology
may provide a more accessible approach for the design of novel metalloenzyme inhibitors,
especially in the context of FBDD. Work in Chapter 3 will use this methodology to predict MBP
binding of novel MBPs against PAn endonuclease. These predicted poses will then be examined

by comparing them to newly obtained protein co-crystal structures.
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2.9 Appendix: Supporting Information
Structure Preparation

The geometry of the fragment was determined using density-functional theory (DFT)
calculations with the Gaussian software package (Gaussian, Inc., Wallingford CT, 2016). The
calculations were performed using the Pople double-zeta basis set with a single set of polarization
functions on non-hydrogen atoms (6-31G(d)). Solvent effects were included using a polarizable
continuum model (PCM). The structures of all calculated molecules correspond to minima on the
ground state potential energy surfaces with no imaginary frequencies present. The metalloprotein
structures human carbonic anhydrase 1l (PDB 6GOT),%” jumonji-domain of histone lysine
demethylase (PDB 5ANQ),®° and N-terminal domain of the polymerase acidic subunit of the RNA-
dependent RNA polymerase of the influenza virus (PDB 6E6W)* were downloaded from the
Protein Data Bank (https://www.rcsb.org/) and prepared for the docking experiment using the
Molecular Operating Environment (MOE, Chemical Computing Group ULC, Montreal, QC,
Canada, 2019) software package. Water molecules, other small molecules, inhibitors as well as
ions were removed. Hydrogen atoms were added and the side chains protonated at physiological

pH.

Protein Sequence Homology

Percent sequence identity and percent sequence coverage was determined using BLAST.58
hCAII sequences were compared to the sequence of PDB accession code 6RKN. KDM sequences
were compared to the sequence of PDB accession code 2VD7. PAn sequences were compared to

the sequence of PDB accession code 6DCZ.
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Fragment Docking

The structurally optimized fragments were docked using the Genetic Optimization for
Ligand Docking (GOLD, Cambridge Crystallographic Data Centre, Cambridge, United Kingdom,
2019) software package. The protein structure was considered rigid. The binding pose of the
compounds was predicted using a genetic algorithm with a population size of 200, selection
pressure of 1.2, number of operations of 500000, number of islands of 5, niche size of 2, crossover
frequency of 95, mutation frequency of 95, and a migration frequency of 10. The genetic algorithm
was set to 100 runs. The metal ions within the active site were predefined to have a tetrahedral
geometry for Zn and an octahedral geometry for Fe or Mn. During the docking procedure the
binding poses were evaluated using the ChemPLP scoring function. After docking, the obtained

solutions were re-scored using the GoldScore fitness function.

Protein Alignment

PDB files and the docking pose from GOLD were loaded into MOE and identical subunits
were removed. The sequences were aligned, and the pocket residues were superposed. For PAN,
endonuclease, residues 109-119 were superposed with an RMSD of 0.17 A. The active site
alignment was further refined by superposing the proteins using two manganese atoms and the
amine in His41 as alignment points, with an RMSD of 0.14 A (Figure 2.57a.). For KDM, the
sequences were aligned, and the pocket residues were superposed with an RMSD of 0.28 A. The
active site alignment was further refined using the Fe ion, the amine from His188 and the amine
in His276 as alignment points, with an RMS distance of 0.13 A (Figure 2.57b.). For hCAII,
residues the pocket residues were superposed with an RMSD of 0.23 A, which provided sufficient

alignment and did not require further refinement (Figure 2.S7c.).
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Fragment Growth

Fragment growth was performed in MOE. The model structure from GOLD was loaded
into MOE. The fragment model for each protein was manually extended, and the added group was
energy minimized using the Amber10:EHT forcefield with a gradient of 0.1 RMS kcal/mol/ A?,
while the MBP was not altered. For the PAn model, the atoms in the core of the MBP were

manually changed to match the corresponding PDB structure.

Evaluation of binding pose prediction

The binding pose was evaluated by comparing the computationally docked model with the
corresponding PDB structure. After the proteins were aligned, poses of the PDB ligand and the
computationally-derived ligand were uploaded to the LigRMSD 1.0 server?” and an RMSD value

was calculated.

Docking with AutoDock Vina

The structurally optimized fragments for 2WEJ, 119L, 6E6V, and 6E6W were docked using the
AutoDock Vina software (version 1.2.0, The Scripps Research Institute, La Jolla CA, 2021). The
protein structure was considered rigid. The cubic grid for the docking experiment was chosen so
that the whole protein was covered. As default parameters, the energy range was set at 4 and the
exhaustiveness at 8. The best scored binding pose was compared with the crystallographically

determined binding pose.
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Docking with SwissDock

The structurally optimized fragments 2WEJ, 1I19L, 6E6V, and 6E6W were docked using
SwissDock (Swiss Institute of Bioinformatics, Lausanne, 2021). The protein structure was
considered rigid. No information about the binding pocket was provided, allowing docking
towards the whole protein. The best scored binding pose was compared with the

crystallographically determined binding pose.
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SUPPORTING Figures AND TABLES

Table 2.S1. Percent sequence identity and percent sequence coverage between proteins.

* Two different sequences reported in PDB accession code SATW.
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po | 700 | Ft | Fot | v | o0 | Pt | Focot | o | o0 | P | Bt
hCAIT | 4MTY | Parent Parent EDM | 2VDT7 | Parent Parent PAx 6DCZ | Parent Parent
F8 | 100 % 3EDQ | 100 100 SESL | 9207 %
mwL | % % 4GD4 | 100 100 4EST | 9207 %
JHD6 | 100 % JURA | 100 04 GEIM | 100 100
IKWR | 100 100 SATN | 100 100 6EIN | 100 100
K34 | 100 100 SAT0 | 9974 100 6E30 | 100 100
AMNA | 100 100 SATP | 100 100 6E3P | 100 100
IMMF | 100 100 SATQ | 100 100 6E4C | 100 100
IMZC | 100 100 SATS | 100 100 6ESV | 100 100
ANON | 100 100 satw | | 100 6E6W | 100 100
NGB | 100 100 5480 | 100 100
ALY | 100 o8 SANQ | 100 04
At | 100 o8 SESL | 100 05
AXEL | 100 100 SUMP | 9733 08
SBYT | 100 100 6CG2 | 100 o1
SER | 100 100
SLIK | 100 %
SNIS | 100 100
SNIR | 100 100
SN24 | 100 100
6EQU | 100 100
fIOW | 100 100
6sDS | 100 100




Figure 2.51. Binding pose of MBP 2,4-pyridinedicarboxylic acid: a) restricted to a box of 20 A
centered around the KDM active site metal ion (where the MBP ultimately binds), or b) without
any restrictions. Without any restrictions, the MBP does not bind at the active site (left), but rather
at a distal site (right, protein image rotated ~120° to show docked site) in KDM. The distal site is
Protein (PAn) shown as gray surface, active site metals shown as cyan surface, and MBP shown
as sticks colored by atom type.
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Figure 2.S2. Chemical Structures of the docked fragment as well as full length inhibitors for

hCAII. Name of the inhibitors belongs to their corresponding PDB code.*®5°
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Table 2.52. Root-mean-square deviation of atomic positions (RMSD) between the computational
model and only the MBP of the evaluated PDB structures.

Protein PDB ID RMSD | Protein | PDB ID | RMSD | Protein | PDB ID | RMSD
hCAII Model KEDM | Model PAx Model
119L 0.71 2VD7 0.5 4E5T 1.14
1IF8 0.85 3FDQ 0.22 4Es5I 1.92
1IEWR 087 4GD4 0.69 BE4C 0.36
THDE 0.91 JURA 0.65 GE3N 0.42
3K34 0.86 SATN 0.23 6DCZ 0.69
IMME 0.76 SAT0 047 B6E3M 1.07
INMNA 0.77 SATP 0.44 BEGW 0.30
IMZC 1.01 SATQ 0.53 BE3P 0.76
INON 0.91 5ATS 075 GE30C 0.33
IN4B 0.93 SATW 0.45 Average | 0.78
AILX 0.97 S5A80 047
ATTP 0.79 SANQ 0.24
AMTY 0.84 5F31 0.56
AWEL 1.08 val 0.71
SBYI 0.86 6CG2 | 046
SEZR 1.02 Average [ 0.52
SNIR 1.03
5M24 1.10
SEQU 0.96
OI0W 0.77
65DS 0.79
Average 0.50
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£

Figure 2.S5. Overlay between the docked MBP using GOLD (green) and the MBP fragment from
the corresponding PDB structures for: (A) hCAII, (B) KDM, (C) PAn, and (D) PAn (perspective
of'this pose is rotated by 90° compared to the other images to highlight the ‘tilt’ of the MBP poses).
Angle between the carbon atom of the carboxyl group of Asp108 (purple), a centroid between both
metal centers (green), and a centroid of the aromatic MBP moiety (yellow) for (E) 4E5I (175°
binding angle) and (F) 6E3N (145° binding angle).

Figure 2.S6. Overlay between the computationally docked MBP (green) and corresponding MBPs
from PDB structures for hCAII (gray). Using a modified scoring function with a metal-binding
bias the benzenesulfonamide MBP is much better aligned with the experimentally determined
structures (compare with Figure 2.S5a).
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Table 2.S3. Root-mean-square deviation of atomic positions (RMSD) between the computational
model using a scoring function with a metal-binding bias and only the MBP of the evaluated PDB
structures.

Protein | PDB ID | RMSD
hCAIT | Model
1151 041
1IF8 0.60
1EKWE. 0.34
JHDS 0.46
3K34 042
ININEF 0.30
INNA 027
INZC 042
INON 0.34
IN4BE 038
LXK 0.34
4ITP 029
AMTY 0.46
4XE1 0.51
5BYI 051
5EZR 0.53
SLIQ 038
SNIR 1.19
SN15 0.52
5MN24 0.53
SEQU 048
6I0W 0.56
6505 0.53
Average 047
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Figure 2.S7. Active site alignment for: (A) PAn, (B) KDM, and (C) hCAII.
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Figure 2.S8. Comparison of binding modes of computationally derived hCAII inhibitor poses

(green) and crystallographically determined structures (gray) from PDB entries (PDB entry codes
shown).
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Figure 2.S9. Comparison of binding modes of computationally derived KDM inhibitor poses

(green) and crystallographically determined structures (gray) from PDB entries (PDB entry codes
shown).
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Figure 2.510. Comparison of binding modes of computationally derived PAn inhibitor poses
(green) and crystallographically determined structures (gray) from PDB entries (PDB entry codes
shown).
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Table 2.54. RMSD values of computationally and crystallographically determined full-length
inhibitors of the enzyme-inhibitor complexes.

Enzyme Entry RMSD Reference
hCAIT 1191 1.69 3]
11F3 3.13 7
1IEWER 1.07 B
2HDG 1.74 Q
JK34 1.61 10
INNE 1.67 11
INMNA 1.20 11
INON 379 2
IN4B 3.03 2
IMZEC 3.73 2
4ILX 411 13
4ITP 0.95 14
AMTY 1.86 15
4¥E1 1.33 15
SBYI 2.79 17
JEIR. 3.07 18
JLIGQ 438 19
SNIE 2.80 20
JN1S 2.87 20
JN24 2.61 20
AEQU 248 2
BI0W 1.24 22
asDs 2.33 23
Average 244
EDM 2VD7T 052 24
IFD) 0.83 25
4D 0.69 248
ATRA 0.67 27
JATN 1.04 28
JATO 2.77 28
JATP 1.30 28
SAT 1.02 28
SATE 1.32 28
SATW 2.70 28
JARD 382 28
SANQ 2.10 2
JF3I 142 29
SVGI 1.79 31
aCG2 1.46 30-31
VETAZE 1.37
PAx 4E5I 422 32
4E5T 3.03 12
aDCE 0.69 33
AE3N 2.61 3
GEIN 0.63 3
SE30 0.33 3
AE3P 209 3
6E4C 0.57 3
AESW 0.39 3
Average 1.60)
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Figure 2.511. Comparison of binding modes of computationally derived hCAII inhibitor poses
upon docking with AutoDock Vina (red), our reported docking procedure (green), and
crystallographically determined structures (gray) from PDB entries: a) 2WEJ, b) 119L, c) 6E6V,
d) 6E6W.
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Figure 2.512. Comparison of binding modes of computationally derived PAn inhibitor poses upon
docking with SwissDock (red), our reported docking procedure (green), and crystallographically
determined structures (gray) from PDB entries: a) 2WEJ (the active site is found on the other side
of this protein and therefore only the with SwissDock determined binding pose can be seen), b)

119L, c) 6E6V, d) BE6W.
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Chapter 3: Carboxylic Acid Isostere Derivatives of Hydroxypyridinones as Core Scaffolds
for Influenza Endonuclease Inhibition

68



3.1 Introduction

In addition to the computational prediction of MBP binding, which was discussed in
Chapter 2, and will be further discussed in this chapter, another goal of this thesis is to investigate
MBP binding modes experimentally, which provides important structural information in early
FBDD campaigns. Chapter 1.5 discussed the application of isosteres to metalloenzyme FBDD,
and here the binding of several MBP isosteres is evaluated experimentally. As a model system to
study the binding of isosteres, the RNA-dependent RNA polymerase acidic N-terminal (PAx)
endonuclease' of the influenza virus was chosen, as it is both an important therapeutic target and
would benefit from the development of isosteres that can address some of the PK liabilities
associated with recently developed inhibitors.> PA represents an especially attractive target due
to its critical role in viral replication,’ its high conservation, its lack of a human analog,* and the
high mortality of seasonal influenza epidemics.” PAn contains a dinuclear Mg** or Mn*" active
site that is highly conserved and has been the target of several recent drug discovery efforts,%®
including the approval of baloxavir marboxil by the United States Food and Drug Administration
(FDA).” Some efforts have used metalloenzyme-focused FBDD to identify potent inhibitors of
PAN2 10-12

Several of these FBDD campaigns have identified MBPs that utilize a triad of oxygen
donors, including a free carboxylic acid, that binds the metal ions, making these fragments very
polar and non-ideal starting points for the development of novel therapeutics. Among some
previously characterized MBPs, a carboxylic acid modified hydroxypyridinone was identified,
achieving ICso values as low as ~17 nM against PAn.? Despite this impressive activity, this MBP
(and elaborated inhibitors derived from it) were found to be only moderately active in influenza

infected cells (Figure 3.1). This disparity between antiviral activity and enzymatic inhibition has
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also been observed among structurally related compounds, likely due to low membrane
permeability originating from the high polarity of these molecules.® It is well-known that
carboxylic acid moieties are associated with pharmacological liabilities, which can limit their use
in drug development.'3!> The carboxylic acid functional group can be replaced by a different

moiety with similar biochemical interactions, but different physiochemical properties via isosteric

replacement to try to address possible shortcomings of MBP 1.16 17
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Figure 3.1. Previous studies in our group have explored the development of PAx endonuclease
inhibitors. (A) From an MBP library screen, pyromeconic acid was identified as having low
micromolar activity against PAn. (B) Further SAR investigations resulted in a functionalized
inhibitor which demonstrated low nanomolar efficacy in enzymatic studies.!® (C) Optimization of
the MBP resulted in a hydroxypyridinone fragment which exhibited high inhibitory activity in an
enzymatic assay, but which demonstrated poor efficacy in cellular studies.!"  Finally,
functionalization of the hydroxypyridinone MBP resulted in a highly potent inhibitor, which
exhibited low picomolar activity in enzymatic studies.> Unfortunately, despite improved activity,
equivalent potency was not observed in cellular models.
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To address these limitations, the design and experimental evaluation of novel metal-
binding isosteres (MBIs) is reported (Figure 3.2). Nine MBIs (3-11) of hydroxypyridinone MBP
1 were synthesized, which installed isosteric replacements for the carboxylic acid moiety (Figure
3.2). These MBIs also possess a bromine atom in the 6-position of the ring to aid in crystallography
(i.e., via heavy atom substitution and anomalous scattering) and to serve as a synthetic handle for
future compound elaboration.> To account for the electronic and lipophilic effects of adding this
bromine substituent, a direct analog of 1 was synthesized that contains a bromine atom (2, Figure
3.2). Table 3.S1 lists the calculated cLogP values of these fragments compared to analogues
substituted with -H, -CH3, or -Ph groups.The MBIs were found to possess good inhibition of PAn
endonuclease, with many displaying half maximal inhibitory concentration (ICso) values in the
low nanomolar range, comparable to the parent carboxylic acid MBP (compound 1, Figure 3.2).
Using X-ray crystallography, the binding of these compounds in the active site of PAn was
examined and compared with the predicted docking results. While many compounds bound as
expected (based on prior findings),> !' some isosteres exhibited somewhat unexpected binding
interactions. A preliminary analysis of the physical properties, such as clogP and calculated pKa,
revealed that the isosteres demonstrate tunability across these properties, potentially

circumventing the limitations of the previously identified carboxylic acid scaffold.
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Figure 3.2. Chemical structures of metal-binding isosteres (MBIs) investigated in this study.

3.2 Compound Synthesis

All bromine-containing compounds (2-11) were synthesized from precursor 12, 3-
hydroxypicolinonitrile (Scheme 3.1). Commercially available 12 can be dibrominated selectively
in the 4- and 6-positions upon treatment with elemental bromine to afford 13 in high yield. An
oxygen atom that will later participate as a Lewis base to bind the Mn?" center can be introduced
via SNAr chemistry. This nucleophilic addition results in the selective introduction of benzyl
alcohol in the 4-position to afford intermediate 14 in good yield. Compound 14 serves as a crucial
intermediate for the isosteres evaluated in this study. The versatility of the nitrile functional group

allows for facile conversion to several functional groups that have metal-binding capabilities, but
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with electronic properties that may mitigate some of the difficulties associated with carboxylic
acids. Hydrolysis of 14 under basic conditions yields the benzyl-protected compounds 2a and 3a,
which can be deprotected under acidic conditions to afford compounds 2 and 3, the acid- and
amide-functionalized molecules, respectively. Compound 2 can be further functionalized to
incorporate an N-methoxy carboxamide group (5) by conversion to the acid chloride and
subsequent treatment with methoxyamine hydrochloride. A click reaction between compound 14
and sodium azide results in the formation of a tetrazole, a commonly employed carboxylic acid
isostere. This compound, (4a) can be deprotected to afford the tridentate MBI compound 4.
Treatment of compound 14 with catalytic zinc chloride and ethanolamine or ethylenediamine
results in the partially saturated heterocycles 11a and 12a. Saturated heterocycles can be
advantageous as they tend to have higher lipophilicity, solubility, and three-dimensionality than

their unsaturated counterparts.'®

Deprotection of these compounds with HCI results in the
formation of the partially saturated imidazoline (10) and oxazoline (11). The nitrile group in
compound 14 can also be transformed into an N-hydroxy amidine functional group when treated
with hydroxylamine hydrochloride and triethylamine, followed by debenzylation to afford
compound 6. The structure of compound 6 was unambiguously confirmed by obtaining a crystal
structure of compound 6 bound to hydrotris(5,3-methylphenylpyrazolyl)borate (Tp™"M®) (Figure
3.S1). Finally, simple deprotection of compound 14 under acidic conditions results in the nitrile-
containing MBI 9. In some cases, protection of the phenol in compound 14 was beneficial.
Treatment of 14 with benzyl bromide and potassium carbonate resulted in the formation of 15 in
good yield. The protected N-hydroxy amide intermediate was synthesized using similar conditions

to 6a, though longer reaction times were employed. Compound 16 can be acylated upon the

addition of acetic anhydride to afford compound 17, which when exposed to heat and a mixture of
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hydrochloric acid, acetic acid, and trifluoroacetic acid, undergoes both debenzylation and an acid-
promoted cyclization to afford oxadiazole 8 in a single step. The structure of compound 8 was
also unambiguously confirmed by obtaining a crystal structure of 8 in complex with hydrotris(5,3-
methylphenylpyrazolyl)borate (Figure 3.S2). Additionally, treatment of compound 16 with
carbonyldiimidazole (CDI) results in the formation of the oxadiazolone-functionalized molecule

7a, which can be deprotected to afford compound 7.
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Scheme 3.1. Synthesis of MBIs. Reagents and Conditions: (a) NaOAc, H>O:MeOH, Br, 0-25
°C; (b) NaH, BnOH, DMSO, 60 °C, 18 h; (c) BnBr, KoCO3;, DMF, 45 °C, 19 h; (d) HONH>-HCI,
NEt;, EtOH, 50 °C, 15 h; (e) CDI, NEt;, DMF, 80 °C, 8 h; (f) i. SOCl2, DCM, reflux, 12 h. ii.
Methoxyamine hydrochloride, NEt;, DCM, -78 °C — 40 °C, 48 h; (g) NaOH, EtOH, 100 °C, 20 h;
(h) KOH, EtOH:H20, 100 °C, 16 h; (i) NaN3, NH4CIl, DMF, 115 °C, 4 h; (j) Ligand, ZnCl,,
Toluene, 90 °C — 130 °C, 16-20 h; (k) HONH»-HCI, NEt;, EtOH, 50 °C 1 h; (1) HCl:AcOH:TFA
(5:5:1), 50 °C, 48 h; (m) Ac2.0, DBU, THF, 0 °C — 80 °C, 8 h; (n) HCI, 25 — 100 °C, 12 — 48 h.

3.3 Density Functional Theory Calculations and Molecular Modeling
Previous studies have correlated the acidity of the phenolic proton (pKa.) of the
hydroxypyridinone fragment with the ability to inhibit the activity of PAx.!! In addition, changes

in pKa can be telling indicators of changes in the electronic structure of the heterocycle.
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Accordingly, pKa values of the MBIs were calculated to probe the electronic differences introduced
by the isostere groups. The pKa. value of the phenolic proton was estimated using density
functional theory (DFT) calculations. More precisely, the energetic states within a thermodynamic
cycle of the proton transfer reaction were calculated and the resulting free energy correlated to the
pK. values as has been previously described (see Supporting Information for details).!” Compound
2 was predicted to have a pK, value of 9.4. Using a pH-metric titration, the measured pK. value
of compound 2 was measured at 9.79 + 0.01, showing reasonable agreement with the DFT
calculation. The isosteric replacement of this functional group was identified as an influencing
factor of the acidity of the phenolic proton (a full list of predicted and several additional measured
pKa. values, all of which show close agreement, is provided in Table 3.S2. The isostere
modification of the carbonyl group gave calculated pK. values ranging from 8.1 to 12.6 (Table
3.2) indicating that changes in the 2-position of the hydroxypyridinone ring can have large effects
on the electronics of the ring system and is a useful means to tune the electronic properties of the
ring.

In addition to the acidity of the phenolic proton, the coordination and active site geometries
can also influence metal ion coordination and affect inhibitory activity. Accordingly, the ability
of the MBIs to coordinate the dinuclear Mn?" active site of PAx, was predicted using the docking
methodology from Chapter 2.2° The MBIs were docked using a genetic algorithm in the Genetic
Optimization for Ligand Docking (GOLD) software package (Figure 3.3). As expected, the
hydroxypyridinone core, which is found in all tested compounds, was found to bind with a
coordination geometry similar to that which has been previously observed.> The phenolic moiety
was coordinated to both metal ions and the carbonyl group bound axially to the octahedral Mn;.

Select poses are shown in Figure 3.3, and additional poses are shown in Figure 3.S4). Carbonyl-
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containing compounds 3 and 5 did not influence the binding pose of the MBP, with the oxygen
atom of the carbonyl moiety coordinated to the active site metal ion. In comparison, the isosteres
with heterocycles (4, 8, and 10) indicated a metal interaction with a basic nitrogen atom in the
heterocycle, generating a tridentate inhibitor. Curiously, the docking algorithm suggested a twist
in the oxadiazolone and oxadiazole rings (7 and 8) relative to the hydroxypyridinone core.
Otherwise, the isosteric replacement did not drastically alter the predicted binding pose of the
MBIs (when compared to MBP 1), suggesting these molecules may be useful in the development

of PAx inhibitors.

Figure 3.3. Computationally predicted binding poses of representative MBIs 2-5, 8, and 11. All
MBIs demonstrated octahedral coordination to the dinuclear Mn?" active site.
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3.4 X-ray Crystallography

To determine the binding mode of the MBIs in the PAn active site, several compounds
were crystallized with the enzyme and the co-crystal structures determined. Tables of collection
and refinement statistics for X-ray structures of PAn bound with compounds are provided in the
Supporting Information (Tables 3.S3, 3.S4). In the ligand-free structure of PA, the Mn?" cations
are coordinated by His41, Glu80, Aspl108, Glu 119, and Ile120 and five water molecules,
producing an octahedral coordination geometry at each metal center. As anticipated, based on the
structure of compound 2 to PAn, the addition of a bromine atom to the MBIs produced no apparent
change in the binding to the active site metal ions (compare structures of 1 and 2, Figure 3.4) and
aided in ligand placement within the electron density map. Both compounds 1 and 2 coordinated
by bridging the metal ions through the phenolate donor. This provides a triad of oxygen donor
atoms (including oxygen donor atoms from the ketone and carboxylic acid groups), creating a 5-
membered chelate ring at Mn; and a 6-membered chelate ring at Mn;. Compounds 1 and 2 also
displayed hydrogen bonding between the ketone donor from the hydroxypyridinone ring and
Lys134.2!

Previous crystallographic studies have focused on compounds containing a triad of
chelating oxygen atoms that bind in a tridentate fashion, displacing three of the coordinating water
molecules.” ' Compounds 1, 2, 3, and 5 present the same oxygen triad as previously reported
compounds and displayed similar binding poses, coordinating Mn; through the ketone and Mna
through the carboxylate, with the hydroxyl group bridging Mn; and Mn; (Figure 3.4). 2! The
binding and inhibitory activity (vide infra) of these compounds are comparable to the parent MBP
1. The average distance from Mn; to the carboxylic acid isosteric group in each of these structures

is 2.2 A. A list of metal-donor atom distances is provided in Table S3.5. Interestingly, several
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nitrogen-containing isosteres were found to have a bridging water molecule between the nitrogen
of the hydroxypyridinone core and a nitrogen from the isosteric groups (see compounds 3, 4, 5,
and 10, Figure 3.4). This interaction is reminiscent of the carbamoyl pyridine bicycle in
Baloxavir,® but creates a cyclized, rigid structure by hydrogen bonding with water, rather than a
synthetic, covalent ring structure. This pseudo five-membered ring may be a useful in future
inhibitor design, as it provides conformational stabilization without the necessity to form a bicycle,
affording additional synthetic opportunities to develop interactions in the pocket away from the
metals.

Among measured structures, compounds 4, 7, 8,9, and 10 break with the chelating oxygen
triad motif by replacing the carboxylic acid oxygen with a nitrogen atom. As expected, Mn; is
bound between the phenol and the ketone of the hydroxypyridinone core, but unlike previous MBIs
with a third oxygen donor, rotations of varying degrees were observed with the heterocyclic MBIs
when bound to Mn,. Among the most interesting observations, the oxadiazolone ring of compound
8 is noticeably rotated out of the plane of the hydroxypyridinone core. A possible explanation for
the rotation is the driving force to maintain an octahedral coordination geometry at both metal
centers. To preserve an acceptable angle/distance between the metal and the donor atom at both
metal sites, a rotation of the heterocyclic isostere may occur, the metal-ligand distances may be
adjusted, or a combination thereof.

To further examine this hypothesis, octahedral distortion parameters {and X were
calculated for compound 8 (relative to Mn2) and compared with the distortion parameters of
compound 3 and the ligand free structure, which presented the most ideal octahedral geometries.
To visualize the changes in octahedral character, Octadist,? a free octahedral distortion analysis

software, was used (Figure 3.S3). The ¢ and X values are general octahedral distortion parameters
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used to characterize deviations from ideal octahedral geometry and are used here to evaluate the
isostere binding geometry to Mn,.2? The value of { is the average of the sum of the deviation of 6
unique metal-ligand bond lengths around the central metal atom (di) from the average value
(dmean).?® The value of ¥ is the sum of the deviation of 12 unique cis ligand—metal-ligand angles
(¢i) from 90°.2425 These distortion values were calculated for compound 8, although it should be
noted that these values do not take into account the resolution of the crystal structure, and should
be weighed accordingly. The value for { is very small, 0.574 A, suggesting only very small
changes to ligand-metal distances for each of the six donor atoms. The X value is also rather small,
90.81°, with the largest deviations from 90° resultant from contributions of the more rigid angles
associated with Glu80 and Asp108. When these distortion parameters are calculated for a structure
of compound 8 that is forced into an idealized co-planar ligand geometry, the { value increases to
0.606 A and ¥ increases to 98.347°, suggesting that the planar MBI structure enforces an inferior
octahedral geometry at the metal centers compared to the experimental structure. Comparing both
the rotated and planar structures of compound 8 to compound 3 (0.357 A, 46.669°) and the ligand
free structure (0.685 A, 44.571°), both conformations of compound 8 exhibit poorer octahedral
character.

The tetrazole in compound 4 displays a slight twist, perhaps due to the same reason as
compound 8, though the rotation appears less pronounced. Interestingly, instead of incorporating
a more distinct twist, this structure adopts different metal-ligand binding distances. The distance
between Mn; and the ketone functional group is 2.3 A, while the distance between the tetrazole
and Mn; is 1.8 A, both the longest and shortest metal-donor distances observed among these
inhibitors, respectively. The co-crystal structure of 6 with PAx gave ambiguous ligand density

and could not be satisfactorily refined. To further probe the metal-binding abilities of the
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molecule, [(Tp"™M€)Zn(6)] was synthesized and examined by small molecule X-ray
crystallography. The structure revealed multiple metal coordination modes for 6 (Figure 3.S1,
Table 3.S7), which may explain the inability to resolve the structure of this compound in PAn.
The average distance from the metal cation in each of these nitrogen donating structures is 2.2 A,
matching the donor-metal distance in oxygen triad MBIs, furthering the argument that the rotations
of compounds 4 and 8 result from attempting to optimize metal binding interactions.

Overall, MBIs following the same donor oxygen triad displayed similar metal binding
activity and binding poses to previously reported structures. MBIs presenting a nitrogen donor
atom instead of the carboxylate oxygen have a greater variability in metal binding behavior and
pose. Heterocyclic nitrogen MBIs were found to have varying degrees of internal ligand rotation,
most notably with compound 8, which is most likely explained by the need to optimize the
octahedral coordination geometry at the Mn> metal center. Gratifyingly, the experimental
structures showed close agreement to the predicted structures calculated in Section 3.3, with all
overlayed structures showing RMSD values of less than 1 A (Figure 3.S5). This finding is an
additional validation of the use of computational metalloenzyme FBDD to predict MBP binding

to active site metals.
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Figure 3.4. Co-crystal structures of PAn endonuclease with compounds 1-5, 8, 9, and 10. The
large panel depicts MBI 5 coordinating Mn; through the exocyclic carbonyl oxygen atom, Mn»
through the carboxylate group, and the hydroxyl donor bridging between Mn; and Mnz. The
protein backbone is shown as a gray cartoon. Mn?" ions and water molecules are shown as purple
and red spheres, respectively. Residues coordinating the Mn?" ions are shown in sticks. Atom
colors are: carbon (green MBI, gray protein), oxygen (red), nitrogen (blue), bromine (dark red).
The electron density of each MBI and the Mn?" ions are displayed as a blue mesh. Mesh is 2F-
F contoured at 2¢.
3.5 Biochemical Evaluation

To determine the efficacy of these molecules against PAn, the MBIs were evaluated using
a fluorescence-quenching-based nuclease activity assay.?® In this assay, a single-stranded, 17-mer
DNA oligonucleotide was labeled with a fluorescence emitter and a fluorescence quencher (see
Experimental section for details). When PAx is active, the nucleotide is cleaved, resulting in a
fluorescent signal, whereas when PAx is inhibited, the fluorescence signal is quenched. Using this
assay, dose response curves were obtained to determine the half-maximal inhibitory concentration
(ICso0) values of these compounds. Importantly, ICso values are strongly dependent on the buffer,

pH, enzyme concentration, and substrate used, and as such may vary somewhat with assay
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conditions.?’” Here, a protein concentration of 25 nM was employed.® As previously identified
hydroxypyridinones have been shown to be tight binders of PAx,? it is expected that molecules
with good metal-binding motifs will demonstrate low ICso values under these assay conditions.?®
The results of the dose response experiment are shown in Table 3.1 as ICso values, with the error
displayed as a 95% confidence interval (CI).

Compound 2 was used as a control to determine whether the addition of a bromine atom
negatively affected the metal-binding ability of the MBP. Fortunately, compounds 1 and 2 showed
similar inhibition activity (Table 3.1), indicating that addition of bromide did not substantially
impact metal-binding relative to the parent compound. Due to their small nature and high
inhibitory activity, both compounds display extremely high ligand efficiencies (LE) (Table 3.1).
Despite conversion from a potentially anionic carboxylate to a neutral carboxyamide, compound
3 showed little difference in activity when compared with compounds 1 or 2. Compound 4 showed
comparable activity to the parent structure, likely due to the shorter metal-ligand bond distances
(Table 3.S5). This is perhaps unsurprising as tetrazoles have been widely investigated as isosteres
for carboxylic acids due to their resistance to biological degradation, lack of biological activity,
and metabolic resistance.” Compound 5 demonstrated moderate inhibition, suggesting somewhat
poorer metal-binding ability, perhaps due to the electron withdrawing nature of the methyoxy
group. Compound 7 demonstrated the most potent ICso value of the evaluated isosteres; however,
a crystal structure was not obtained. Compound 8, functionalized with a methyl-oxadiazole,
showed good inhibition, indicating that the rotation of the heterocycle may contribute to improved
metal binding via optimizing the metal-ligand geometry. While compound 8 does bind favorably,
it demonstrates higher distortion parameters than compound 3, possibly accounting for the

decreased activity of 8 compared to 3. Compound 9 showed relatively poor inhibition, due to the
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loss of a strong interaction with Mna, which cannot be provided by the nitrile isostere in this
context. However, the inhibition observed for 9 is higher than what might be expected for a
compound only interacting with one of the active site metal ions. Previous structures have shown
bidentate hydroxypyridinones coordinating to Mni, with the ketone bridging the Mn; and Mn;
metals with the hydroxyl group bound to only Mn;.%¢ Consistent with every structure reported in
this study, compound 9 bridges the metal ions through the anionic phenolic group, while the ketone
group interacts with Mn» and Lys134. This result indicates that even with poorer-binding isosteres
like 9, the introduction of a substituent in the 2-position of the hydroxypyridine ring drives the
MBI to coordinate in such a way that bridges the metals with the phenolic group, which is a
stronger donor than the ketone and should give better overall affinity. Finally, the saturated
heterocycle isosteres 10 and 11 showed markedly poorer inhibition than the parent MBI, possibly
due to the softer nature of the heterocyclic donor nitrogen atoms, resulting in poorer electron

donation to Mns.
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Table 3.1. Half maximal inhibitory concentration (ICso), 95% confidence interval (95% CI),
logICso (pICso), and ligand efficiency (LE) of compounds 1-11 against PAx endonuclease.

Compound Structure ICs0 (UM) 95% CI pICsq LE
1 HGT-‘*--- L, 0.05 £0.02 7.30 0.93
Br
HN'l""-“
2 oL 0.07 +0.04 7.15 0.83
18"
Br
HN"“‘L‘-'
3 A 0.09 +0.05 7.05 0.82
HN:I;-
4 wo A 0.09 £0.11 7.05 0.70
i»;-h!lH OH
IINj:»
5 oA 0.32 +0.02 649  0.65
e
o OH
||N‘EJ:‘~
6 ik 0.50 £0.16 6.30 0.68
e
7 Mo 0.04 +0.02 7.40 0.69
r
HN’T‘;
8 ey 0.12 £0.06 6.91 0.65
<& L
HN'I;‘\x
9 MO 0.40 +£0.24 6.40 0.81
10 WL ~0.5 - <630  <0.63
11 0L, =0.5 - <630  <0.63
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3.6 Conclusions

In summary, this chapter details the development of several MBIs of the highly active
hydroxypyridinone scaffold for the inhibition of PAx endonuclease. These MBIs were designed
to incorporate isosteric replacement of the nonideal carboxylic acid group and retain metal-binding
capability for use in metalloenzyme FBDD. A variety of fragments with isosteric functional
groups were synthesized via a common intermediate and evaluated in a FRET-based enzymatic
assay. Many of these molecules retain comparable inhibitory activity to the parent carboxylic acid
fragment, confirming successful isosteric replacement. Promisingly, the MBIs possess a range of
physicochemical properties, which may help to overcome pharmacologic liabilities of the parent
carboxylic acid functionalized fragment. These molecules were further evaluated
crystallographically to improve understanding of the structural and metal-binding properties
affected by replacement of the carboxylic acid group. The findings from this chapter demonstrate
that when evaluated against PAN, isosteric groups can replace a problematic carboxylic acid,
demonstrate tunable PK properties, and maintain potent inhibition. The use of these compounds
and others like them in metalloenzyme FBDD will help identify potent binding molecules that are

less susceptible to some of the problems associated with highly polar MBPs.
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3.8 Appendix: Supporting Information
General Experimental Details

All solvents and reagents, unless otherwise noted, were obtained from commercial sources
and used without further purification. All reactions, unless otherwise stated, were performed under
a nitrogen atmosphere. Silica chromatography was performed using a CombiFlash Rf Teledyne
ISCO system using hexane (Hex), ethyl acetate (EtOAc), methylene chloride (DCM), or methanol
(MeOH) as eluents. Cjs reverse phase chromatography was performed using the same instrument
using 0.1% formic acid in methanol, acetonitrile, or water as eluent. Several final compounds
were further purified using a Gilson preparatory HPLC equipped with a UV detector, using Waters
SunFire preparative C1gs OBD columns (5 pM, 19x50 mm or 19x100 mm). A linear gradient from
10 to 90% MeCN in H>O was used for 15 min with a flow rate of 20 mL/min. 'H and *C NMR
spectra were obtained on a Varian (400 MHz) spectrometer, Jeol (500 MHz) spectrometer or a VX
(500 MHz) equipped with XSens cold probe (Varian) spectrometer in the Department of Chemistry

and Biochemistry at U.C. San Diego. The purity of all compounds used in assays was determined
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to be >95% by HPLC analysis. Mass spectrometry was performed at the U.C. San Diego
Molecular Mass Spectrometry Facility. HRMS analysis was performed using an Agilent 6230
Accurate-Mass LC-TOFMS located at the U.C. San Diego Molecular Mass Spectrometry Facility.
pKa values were determined using a Sirius T3 instrument. All titrations were performed in 0.15
M KCI with 0.5 M HCI and KOH. The pK, values were determined by analyzing the MBI sample
in triplicate using potentiometric titration. Experiments were performed over a pH range of 2.0—

12.0.

Compound Synthesis

3-Hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic acid (D). 4-(Benzyloxy)-3-
hydroxypicolinonitrile (200 mg, 0.88 mmol) was dissolved in 2.1 mL of a 5:5:1 mixture of
concentrated hydrochloric acid, acetic acid, and trifluoro acetic acid. The reaction mixture was
heated to 110 °C for 24 h. The solvent was removed in vacuo and the remaining residue was
purified by Cig chromatography eluting in an H>O/MeOH system to afford the product (12 mg,
9%). 'H NMR (500 MHz, DMSO-ds): 6 7.81 (d, J= 6.3 Hz, 1H), 7.02 (d, J = 6.4 Hz, 1H). "*C
NMR (126 MHz, DMSO-ds): o 164.6, 163.0, 152.0, 132.3, 126.5, 112.4. HR-ESI-MS

experimental: 156.0292. Calculated for [CeHsNO4]": 156.0291.

6-Bromo-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxylic acid (2). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinic acid (2a, 50 mg, 0.15 mmol) was dissolved in 5 mL of concentrated hydrochloric
acid and stirred at room temperature for 30 h. The solvent was removed in vacuo and the remaining
residue was taken up in water and extracted with ethyl acetate. The organic solvent was removed

in vacuo and purified over Cis using HoO/MeOH to afford the product (14 mg, 41 %). 'H NMR
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(500 MHz, DMSO-ds): & 7.05 (s, 1H). '*C NMR (126 MHz, DMSO-de): 6 170.7, 156.3, 149.5,
131.3, 129.9, 117.6. HR-ESI-MS experimental: 231.9252. Calculated for [CeHsBrNO4]":

231.9251.

6-Bromo-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carboxamide (3). @ KOH (184 mg, 3.28
mmol) and 4-(benzyloxy)-6-bromo-3-hydroxypicolinonitrile (14, 200 mg, 0.66 mmol) were
combined in EtOH:H>O (10 mL) and heated to 100 °C for 16 h. The reaction was allowed to cool
to room temperature, and the solvent was removed in vacuo. The resulting residue was taken up
in water and acidified with 4M HCI, resulting in the formation of a white-yellow precipitate (3a).
This solid was then dissolved in HCI and stirred for 48 h at room temperature. The reaction was
dried in vacuo and purified over Cs using H2O/MeOH to afford the product (36 mg, 24 %). 'H
NMR (500 MHz, (CD3)2CO): 0 12.83 (s, 1H), 9.94 (s, 1H), 8.18 (s, 1H), 7.52 (s, 1H), 7.52, (s,
1H). BC (126 MHz, (CD3):CO): & 171.2, 155.5, 146.7, 130.6, 129.1, 117.4. HR-ESI-MS

Experimental: 230.9411. Calculated for [CsH4BrN,O3]": 230.9411.

6-Bromo-3-hydroxy-2-(1H-tetrazol-5-yl)89yridine-4(1H)-one (4). 4-(Benzyloxy)-6-bromo-2-
(1H-tetrazol-5-yl)pyridine-3-ol (4a) was taken directly from the previous step and dissolved in 5
mL of concentrated hydrochloric acid. The reaction mixture was heated to 100 °C for 8 h. Upon
completion, the solvent was removed in vacuo and the resulting residue was purified over Cis
using H,O/MeOH to afford the product (33.4 mg, 40 %). 'H NMR (500 MHz, CD;0D): 6 7.07
(s, 1H). *C NMR (126 MHz, CD;0D): & 155.6, 149.9, 143.6, 131.5, 128.0, 115.8. HR-ESI-MS

Experimental: 255.9475. Calculated for [CsH3BrNsO2]: 255.9476.
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6-Bromo-3-hydroxy-N-methoxy-4-oxo-1,4-dihydropyridine-2-carboxamide (5). 6-Bromo-3-
hydroxy-4-ox0-1,4-dihydropyridine-2-carboxylic acid (2, 42 mg, 0.18 mmol) was dissolved in 2
mL of thionyl chloride and heated to reflux for 12 h. The solvent was removed in vacuo and the
resulting acid chloride was dissolved in 2 mL of DCM and cooled to -78 °C. Methoxyamine
hydrochloride (29 mg, 0.35 mmol) and triethylamine (73 pL, 0.52 mmol) were added, and the
reaction was warmed to r.t. and then heated to 40 °C for 48 h. The reaction mixture was filtered,
and the filtrate was concentrated under reduced pressure. The remaining residue was purified over
Cis using H,O/MeOH to afford the product (15.7 mg, 34 %). 'H NMR (500 MHz, CD;OD): ¢
7.04 (s, 1H), 3.82 (s, 3H). *C NMR (126 MHz, CD3;OD): 6 155.8, 149.9, 148.0, 129.9, 129.3,

117.1, 63.2. HR-ESI-MS Experimental: 260.9518. Calculated for [C7H¢BrN2O4]: 260.9516.

6-Bromo-N’,3-dihydroxy-4-oxo-1,4-dihydropyridine-2-carboximidamide (6). N’-acetoxy-3,4-
bis(benzyloxy)-6-bromopicolinimidamide (6a, 100 mg, 0.21 mmol) was dissolved in 4 mL of
concentrated hydrochloric acid. The solution was heated to 50 °C and stirred for 16 h. The reaction
was cooled to room temperature, and the solvent was removed in vacuo. The resulting residue was
taken up in water and extracted with ethyl acetate, which was removed in vacuo to afford the
product (41 mg, 78%). 'H NMR (500 MHz, CDsOD): § 6.91 (s, 1H). 3C NMR (126 MHz,
CDs;OD): o 154.9, 153.1, 143.9, 131.3, 129.1, 114.5. HR-ESI-MS Experimental: 247.9666.

Calculated for [C¢H7BrN3O3]": 247.9665.

3-(6-Bromo-3-hydroxy-4-oxo-1,4-dihydropyridin-2-yl)-1,2,4-oxadiazol-5(4H)-one (7). 3-(3,4-
Bis(benzyloxy)-6-bromopyridin-2-yl)-1,2,4-oxadiazol-5(2H)-one (7a, 51 mg, 0.11 mmol) was

dissolved in 4 mL of concentrated hydrochloric acid. The solution was heated to 50 °C and stirred
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for 16 h. The reaction was cooled to room temperature, and the solvent was removed in vacuo.
The resulting residue was taken up in water and extracted with ethyl acetate. The organic layer
was concentrated in vacuo and purified over Cis, using H>O/MeOH as a gradient to afford the
product (17 mg, 55%). 'H NMR (500 MHz, CD3OD): 6 7.03 (s, 1H). '*C NMR (126 MHz,
CD30OD): 6 159.8,157.0 155.5, 144.1,131.0, 127.4, 115.8. HR-ESI-MS Experimental: 271.9312.

Calculated for [C7H3BrN3O4]: 271.9312.

6-Bromo-3-hydroxy-2-(5-methyl-1,2,4-oxadiazol-3-yl) 9 lyridine-4(1H)-one (8). N’-acetoxy-3,4-
bis(benzyloxy)-6-bromopicolinimidamide (8a, 90 mg, 0.19 mmol) was dissolved in 11 mL of a
5:5:1 mixture of concentrated hydrochloric acid, acetic acid, and trifluoroacetic acid, and stirred
for 48 h at 50 °C. The solvent was removed in vacuo and the product was purified over C;g using
a HoO/MeOH gradient (20 mg, 39%). 'H NMR (500 MHz, CD;0D): 6 7.06 (s, 1H), 2.74 (s, 3H).
13C (126 MHz, CDs;0D): 6 177.5, 165.8, 155.9, 144.3, 131.4, 129.6, 115.9, 10.8). HR-ESI-MS

Experimental: 271.9664. Calculated for [CsH7BrN3O3]": 271.9665

6-Bromo-3-hydroxy-4-oxo-1,4-dihydropyridine-2-carbonitrile (9). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinonitrile (14, 100 mg, 0.33 mmol) was dissolved in 4 mL of concentrated
hydrochloric acid and heated to 50 °C overnight. The solvent was removed in vacuo, and the
resulting solids were dissolved in water and extracted with DCM. The organic layer was dried in
vacuo to afford the product (21 mg, 30 %). 'H NMR (500 MHz, CD;OD): ¢ 7.07 (s, 1H). '*C
NMR (126 MHz, CD30D): 6 155.5,149.2,130.9,118.9, 116.5, 114.2. HR-ESI-MS Experimental:

212.9306. Calculated for [CcH2BrN20O2]: 212.9305.
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6-Bromo-2-(4,5-dihydro- 1 H-imidazol-2-yl)-3-hydroxypyridin-4(1H)-one (10). 4-(Benzyloxy)-6-
bromo-2-(4,5-dihydro-1H-imidazol-2-yl1)92yridine-3-ol (10a, 77 mg, 0.22 mmol) was dissolved
in 3 mL of concentrated hydrochloric acid and stirred overnight at room temperature. Upon
completion, the solvent was removed, and the resulting residue was purified over Cis using
H>0/MeOH to afford the product (12 mg, 22 %). 'H NMR (500 MHz, CDs0D): § 7.14 (s, 1H),
4.06 (s, 4H). 3C NMR (126 MHz, CDs0D): ¢ 162.0, 155.8, 147.3, 131.1, 125.4, 117.0, 44.2.

HR-ESI-MS Experimental: 257.9871. Calculated for [CsHoBrNzO2]": 257.9873.

6-Bromo-2-(4,5-dihydrooxazol-2-yl)-3-hydroxypyridin-4(1H)-one (11). 4-(Benzyloxy)-6-bromo-
2-(4,5-dihydrooxazol-2-yl)pyridin-3-ol (11a, 90 mg, 0.26 mmol) was dissolved in 4 mL of
concentrated hydrochloric acid. The solution was heated to 50 °C and stirred for 16 h. The reaction
was cooled to room temperature, and the solvent was removed in vacuo. The resulting residue was
taken up in water and extracted with ethyl acetate. The organic layer was concentrated in vacuo
and the resulting residue purified over Cis, using H2O/MeOH as a gradient to afford the product
(22 mg, 33 %). 'H NMR (500 MHz, CD30OD): 6 6.78 (s, 1H), 3.81 (t, 2H, J = 5.1 Hz), 3.52 (4,
2H, J = 5.1). 3C NMR (126 MHz, CD;OD): 6 161.2, 159.8, 159.7, 123.9, 122.9, 112.9, 59.4,

43.8. HR-ESI-MS experimental: 258.9718. Calculated for [CsHsBrN»Os]": 258.9713.

4-(Benzyloxy)-6-bromo-3-hydroxypicolinic acid  (2a). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinonitrile (14, 1.0 g, 3.3 mmol) was heated to 100 °C in Ethanol (20 mL) and 6.0 M
NaOH (10 mL) for 20 h, during which, a white precipitate formed. The reaction was diluted with
25 mL of water and 25 mL EtOAc were added. The solution was mixed and filtered. To the white

precipitate was added 50 mL water, and the solution was acidified to pH ~2. The mixture was then
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filtered, affording 4-(benzyloxy)-6-bromo-3-hydroxypicolinic acid as a white solid in 83% yield.
"H NMR (500 MHz, DMSO-ds): 6 7.50 (s, 1H), 7.47 —7.31 (m, 5H), 5.26 (s, 2H). '3C NMR (126
MHz, DMSO-ds): ¢ 170.7, 156.0, 149.8, 135.8, 130.7, 130.3, 129.0, 128.9, 128.7, 115.9, 71.2.

HR-ESI-MS Experimental: 321.9717. Calculated for [C13HoBrNO4]: 321.9720.

4-(Benzyloxy)-6-bromo-2-(1H-tetrazol-5-yl)pyridin-3-ol ~ (4a). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinonitrile (14, 100 mg, 328 umol), sodium azide (32 mg, 492 umol), and ammonium
chloride (53 mg, 0.99 mmol) were combined in DMF (5 mL) and heated to 115 °C for 4 h. After
the reaction mixture had cooled, it was poured into cool water (note: maintain the concentration of
azide in solution <5%) and was acidified to pH 2 with 4M HCI. A white precipitate formed, and
the solution was stirred in an ice bath for 30 min, after which time the solids were collected by
filtration and dried to afford the product. The resulting solids were dissolved in EtOAc and washed
several times with a 5% LiCl solution. Residual DMF was difficult to remove and did not affect
the next step, which was undertaken immediately. 'H NMR (500 MHz, DMSO-d): J 7.54 —7.50
(m, 3H), 7.45 — 7.41 (m, 2H), 7.39 — 7.35 (m, 2H), 5.35 (s, 2H). '3C NMR (126 MHz, DMSO-dj):
o 156.1, 144.2, 135.8, 131.4, 129.7, 129.0, 128.9, 128.7, 128.6, 114.4, 71.3. HR-ESI-MS

Experimental: 345.9943. Calculated for [C13HoBrNsOz]: 345.9945.

4-(Benzyloxy)-6-bromo-N',3-dihydroxypicolinimidamide  (6a). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinonitrile (14, 1.0 g, 3.3 mmol), hydroxylamine hydrochloride (0.5 g, 6.6 mmol), and
triethylamine (0.9 mL, 6.6 mmol) were combined in ethanol (10 mL) in a synth vial. The reaction
mixture was heated to 50 °C for 1 h and cooled to room temperature, resulting in the formation of

an off-white precipitate. The reaction mixture was diluted with water and extracted with EtOAc
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two times. The addition of brine aided with emulsions. The organic layers were combined and
concentrated under vacuum to afford the product (0.9 g, 90%). 'H NMR (500 MHz, DMSO-dj):
6 12.35 (s, 1H), 10.38 (s, 1H), 7.48 — 7.36 (m, 5H), 7.35 (s, 1H), 6.30 (s, 2H), 5.22 (s, 2H). *C
NMR (126 MHz, DMSO-ds): o 155.5, 153.1, 145.1, 136.1, 131.7, 129.3, 129.0, 128.8, 128.7,

113.1, 70.9. HR-ESI-MS Experimental: 335.9989. Calculated for [C13H11BrN30O3]: 335.9989.

3-(3,4-Bis(benzyloxy)-6-bromopyridin-2-yl)-1,2,4-oxadiazol-5(4H)-one (7a). 3.4-
Bis(benzyloxy)-6-bromo-N'-hydroxypicolinimidamide (16, 200 mg, 0.47 mmol), CDI (151 mg,
0.93 mmol), and triethylamine (78.1 pL, 0.56 mmol) were dissolved in 5 mL of DMF. The reaction
mixture was heated to 80 °C for 8 h. The solvent was removed in vacuo and ethyl acetate was
added. The solution was rinsed with water and the organic solvent removed in vacuo to afford the
product (142 mg, 67 %). 'H NMR (500 MHz, CDCl3): § 7.45 (s, 5H), 7.38 — 7.36 (m, 2H), 7.33
—7.30 (m, 3H), 7.21 (s, 1H), 5.21 (s, 2H), 5.16 (s, 2H). HR-ESI-MS Experimental: 452.0258.

Calculated for [C21H15sBrN3O4]: 452.0251

4-(Benzyloxy)-6-bromo-2-(4,5-dihydro- 1 H-imidazol-2-yl)pyridin-3-ol (10a). 4-(Benzyloxy)-6-
bromo-3-hydroxypicolinonitrile (14, 100 mg, 0.33 mmol) was dissolved in toluene (3 mL),
followed by the addition of ethane-1,2-diamine (29.5 mg, 0.30 pL, 0.49 mmol) and zinc chloride
(0.6 mg). The reaction was heated to 130 °C for 20 h. Upon completion, the reaction was allowed
to cool to room temperature and the solvent was removed in vacuo. Ethyl acetate was added, and
solution was washed with water. The organic solvent was removed in vacuo and the resulting
residue purified over silica using a 0-10% (DCM/MeOH) gradient to afford the product (77 mg,

68%). 'H NMR (500 MHz, CDCls): ¢ 7.43 (d, J= 7.3 Hz, 2H), 7.36 (t, J = 7.3 Hz, 2H), 7.34 —
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7.31 (m, 1H), 7.27 (s, 1H), 5.09 (s, 2H), 3.92 — 3.82 (m, 4H). HR-ESI-MS experimental: 348.0342.

Calculated for [C1sH;sBrN3O2]": 348.0342.

4-(Benzyloxy)-6-bromo-2-(4,5-dihydrooxazol-2-yl)pyridin-3-ol (11a). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinonitrile (14, 100 mg, 0.33 mmol) was dissolved in toluene (2 mL), followed by the
addition of 2-aminoethan-1-ol (29.7 pL, 0.49 mmol) and zinc chloride (0.6 mg). The reaction
mixture was heated to 90 °C for 16 h. Upon completion, the reaction was allowed to return to room
temperature and the solvent was removed in vacuo. The remaining residue was taken up in ethyl
acetate and washed with water. The organic layer was concentrated to afford the product (96 mg,
84%). 'H NMR (500 MHz, CDsOD): 6 7.51 —7.47 (m, 2H), 7.40 — 7.34 (m, 2H), 7.34 — 7.29 (m,
1H), 6.92 (s, 1H), 5.13 (s, 2H), 3.79 (t, J = 5.1 Hz, 2H), 3.50 (t, J = 5.1 Hz, 2H). HR-ESI-MS

experimental: 349.0183. Calculated for [C15sH14BrN2Os3]": 349.0182.

4,6-Dibromo-3-hydroxypicolinonitrile (13). = Compound 13 was prepared as previously
described.>® To a mechanically stirred solution of 3-hydroxypicolinoitrile (12, 10.0 g, 83.3 mmol)
and sodium acetate (13.7 g, 167 mmol) in water (150 mL) and methanol (50 mL) at 0 °C was
slowly added Br» (13 mL, 250 mmol) from a pressure-equalizing dropping funnel while
maintaining the temperature at <20 °C. The reaction mixture was then stirred overnight at room
temperature. After the reaction was complete, as indicated by TLC analysis, the reaction mixture
was cooled to 5-10 °C, and slowly charged with an aqueous solution of 25% NaHSO3 (100 mL)
while keeping the temperature at <20 °C. The resulting suspension was stirred for 30 min and
filtered. The filter cake was washed with water, dried in air for several hours and then under

vacuum to afford the product as a light-yellow solid (21.5 g, 93 %). 'H NMR (500 MHz, DMSO-
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ds): 8.27 (s, 1H). *C NMR (126 MHz, DMSO-ds): 6 156.3, 136.2, 130.0, 126.6, 122.0, 115.2.

HR-ESI-MS experimental: 274.8462. Calculated for [CsHBraN>O]: 274.8461.

4-(Benzyloxy)-6-bromo-3-hydroxypicolinonitrile (14). Compound 14 was prepared as previously
described.? In a flame-dried flask, NaH (3.6 g, 90 mmol) was stirred in dry DMSO (20 mL, dried
on molecular sieves). Benzyl alcohol (9.4 mL, 90 mmol) was added dropwise to the mixture,
pausing when excessive foam formed. When the reaction was complete, as evidenced by the
cessation of hydrogen evolution, 4,6-dibromo-3-hydroxypicolinonitrile (13, 5.0 g, 18 mmol) in dry
DMSO (10 mL) was added dropwise to the stirring solution, and the mixture was heated to 60 °C
for 18 h, monitoring conversion by thin-layer chromatography. When the reaction was complete,
the mixture was placed in an ice bath, and 150 mL of water were added. The mixture was stirred
for 10 min, during which time the solution clouded and then clarified. To remove residual benzyl
alcohol, the aqueous solution was extracted twice with 100 mL portions of diethyl ether. Residual
ether was then removed from the aqueous portion under vacuum, and the solution was cooled to 5
°C on ice. The addition of 4M HCI (until pH ~2) resulted in a solid precipitate. It is imperative to
maintain an ice bath temperature during acidification; otherwise, excess heat or residual ether
present in the solution will result in the formation of a gummy, orange oil in lieu of off-white
crystallites. If an oil forms, it can be slowly dissolved in basic (pH > 10) water with sonication to
repeat the precipitation. The acidified mixture was stirred for 30 min on ice, and the resultant solids
were filtered, rinsed with H2O, and dried. Purification via silica gel chromatography in an
EtOAc/Hex system afforded 4-(benzyloxy)-6-bromo-3-hydroxypicolinonitrile (4.3 g, 78%). 'H

NMR (500 MHz, DMSO-de): J 11.62 (s, 1H), 7.57 (s, 1H), 7.53 — 7.48 (m, 2H), 7.44 — 7.34 (m,
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3H), 5.33 (m, 2H). HR-ESI-MS experimental: 302.9777. Calculated for [Ci13HsBrN2O-]:

302.9775.

3,4-Bis(benzyloxy)-6-bromopicolinonitrile (15). 4-(Benzyloxy)-6-bromo-3-
hydroxypicolinonitrile (14, 1.0 g, 3.3 mmol) and potassium carbonate (0.9 g, 6.6 mmol) were taken
up in DMF (30 mL), and (bromomethyl)benzene (0.8 mL, 6.6 mmol) was added slowly. The
reaction was stirred for 19 h at 40 °C. After cooling, 30 mL of ethyl acetate was added to the
reaction mixture, which was then washed with 30 mL of water. The organic layer was collected,
and the aqueous layer was extracted once more with 30 mL of ethyl acetate. The organic layers
were combined and concentrated in vacuo. The product was separated over silica using a 0-50%
Hex/EtOAc gradient. (1.2 g,91%). 'H NMR (500 MHz, DMSO-ds): & 7.83 (s, 1H), 7.55 — 7.50
(m, 2H), 7.48 — 7.41 (m, 3H), 7.35 — 7.32 (m, 5H), 5.38 (s, 2H), 5.22 (s, 2H). '*C NMR (126 MHz,
DMSO-ds): 0 159.8, 148.8, 136.9, 135.8, 135.3, 129.3, 129.2, 128.9, 128.8, 126.8, 117.6, 114.8,

75.9, 72.1. HR-ESI-MS experimental: 395.0387. Calculated for [C20H16BrN2O2]": 395.0390.

3,4-Bis(benzyloxy)-6-bromo-N"-hydroxypicolinimidamide ~ (16). 3,4-Bis(benzyloxy)-6-
bromopicolinonitrile (15, 2.1 g, 5.0 mmol), hydroxylamine hydrochloride (0.9 g, 13.2
mmol), and triethylamine (1.8 mL, 18.8 mmol) were combined in Ethanol (200 mL) in a round-
bottom flask. The reaction mixture was heated to 50 °C for 15 h. The solvent was removed in
vacuo and the residue was taken up in ethyl acetate and rinsed with water. The organic layer was
collected and removed in vacuo to afford the product (2.1 g, 97 %). 'H NMR (500 MHz,

(CD3)2CO: 6 9.34 (s, 1H), 7.08 — 7.01 (m, 3H), 7.01 — 6.89 (m, 5H), 6.87 — 6.81 (m, 3H), 5.31 (s,
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2H), 4.85 (s, 2H), 4.51 (s, 2H). HR-ESI-MS experimental: 428.0599. Calculated for

[C20H19BrN3O3]": 428.0604.

N'-acetoxy-3,4-bis(benzyloxy)-6-bromopicolinimidamide (17). To a 5 °C solution of 4-
(benzyloxy)-N',3-dihydroxypicolinimidamide (16, 100 mg, 0.23 mmol) and DBU (77.4 uL, 0.51
mmol) in dry THF stirring on ice was added acetic anhydride (44.1 uL, 0.47 mmol) dropwise. The
solution was stirred 30 min on ice and was then heated to 80 °C for 8 h. The solvent was then
evaporated in vacuo. The resulting mixture was dissolved in ethyl acetate and rinsed with water.
The organic layer was concentrated in vacuo and the resulting residue was separated over silica
using Hex/EtOAc as a gradient to afford the product (110 mg, 80%). 'H NMR (500 MHz, CDCl5):
0 7.46 — 7.43 (m, 2H), 7.41 (s, SH), 7.29 — 7.25 (m, 3H), 7.13 (s, 1H), 5.64 — 5.54 (bs, 2H), 5.15
(s, 2H), 5.14 (s, 2H), 2.22 (s, 3H). HR-ESI-MS experimental: 470.0707. Calculated for

[C22H21BrN3O4] : 470.0710.

PAN Endonuclease Assay

PAN endonuclease activity assays were carried out as previously reported.'® Assays were
performed using Black Costar 96-well plates. Each well contained a total volume of 100 pL
comprised of buffer (20 mM Tris, 150 mM NaCl, 2 mM MnCl,, 0.2% TritonX100, pH 8.0, 0.2%
2-mercaptoethanol), influenza PAn endonuclease (25 nM), inhibitor (various concentrations), and
fluorescent ssDNA-oligo substrate (250 nM). A single-stranded, 17-mer DNA substrate labeled
with a 5'-FAM fluorophore and a 3'-TAM quencher ([6-
FAM]AATCGCAGGCAGCACTC[TAM], Sigma-Aldrich) was employed as the substrate. All

assay components were pipetted into the plate, and ultimately, the substrate was added using a
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multi-channel pipette, and the assay was immediately started. Samples were prepared in
triplicates. Background wells consisting of all assay components except enzyme were prepared
for each sample. Positive and negative controls were prepared on each plate to gauge the
fluorescence signal of fully active protein and the absence of protein. Change in fluorescence of
each well was measured by a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek) at 39
second intervals over 45 min at 37 °C (Aex = 485 nm; Aem = 528 nm). The gain was set to 100.
Typically, data collected between 20 and 35 min was used in the activity calculations, as this data
range had a linear slope. The slope of the fluorescence signal for each sample was background
corrected and percent inhibition was determined by normalizing the slope of the sample to that of
the positive and negative controls. Dose response curves were generated for inhibitors by plotting
percent inhibition versus log of the concentration for each inhibitor. The data were fit with a
sigmoidal curve to determine the ICso value using a four parameter MATLAB script. Ligand
efficiency (LE) values were calculated using the following equation: LE = AG/heavy atom count
(HAC). This equation can be calculated for ICso values using the equation: -RTIn(ICs0)/HAC,

which can be approximated as 1.4(pICso)/HAC.%!
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Computational Prediction of pKa Values

The predictions were performed slightly modified from a published procedure.'® Density
functional theory (DFT) calculations were performed with the Gaussian software package
(Gaussian, Inc., Wallingford CT, 2016). The calculations were done with the B3LYP hybrid
functional and the 6-31++ g(d,p) basis set. Solvent effects were included using CPCM model.
The concentration of bulk water was considered to be 55.49 M. The structures of all calculated
molecules correspond to ground state minima on the ground state potential energy surfaces with
no imaginary frequencies present. The following thermodynamic cycle and equations were used

to determine the pKa value:

AG
HA(g) + H20(9) —> A(g) + H30%9)

T_AGS(HA) T—AGS(HQO) iAGS(A-) iAGS(H3O+)

S

HA(s) + HyO(s) —> A(s) + Hz0%(s)

s=aqueous phase, g=gas phase

AGs = AGg+ AGs(A") + AGs(H30%) - AGs(HA) - AGs(H20)

pKa = (AGs / 1.364) — log(H20)
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Computational Prediction of Binding Poses

The geometry of the fragment was determined using density-functional theory (DFT) calculations
with the Gaussian software package (Gaussian, Inc., Wallingford CT, 2016). The calculations
were performed using the Pople double-zeta basis set with a single set of polarization functions on
non-hydrogen atoms (6-31G(d)). Solvent effects were included using a polarizable continuum
model (PCM). The structures of all calculated molecules correspond to minima on the ground
state potential energy surfaces with no imaginary frequencies present. The metalloprotein
structure (PDB Code: 6E6V)?> was downloaded from the Protein Data Bank
(https://www.rcsh.org/) and prepared for the docking experiment using the Molecular Operating
Environment (MOE, Chemical Computing Group ULC, Montreal, QC, Canada, 2019) software
package. Water molecules, other small molecules, inhibitors as well as ions were removed.
Hydrogen atoms were added, and the side chains protonated at physiological pH. The structurally
optimized molecules were docked using the Genetic Optimization for Ligand Docking (GOLD,
Cambridge Crystallographic Data Centre, Cambridge, United Kingdom, 2019) software package.
The protein structure was considered rigid. The binding pose of the compounds was predicted
using a genetic algorithm with a population size of 200, selection pressure of 1.2, number of
operations of 500000, number of islands of 5, niche size of 2, crossover frequency of 95, mutation
frequency of 95, and a migration frequency of 10. The genetic algorithm was set to 100 runs. The
metal ions within the active site were predefined to have an octahedral geometry. During the
docking procedure the binding poses were evaluated using the ChemPLP scoring function. After

docking, the obtained solutions were re-scored using the GoldScore fitness function.
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Table 3.51. Comparative predictions of cLogP.”

Compound R=H R=Br R=Me R=Ph
2R -0.35 0.47 -0.14 0.95
3R -1.15 -0.33 -0.95 0.15
4R -1.04 -0.22 -0.84 0.26
SR -0.78 0.04 -0.58 0.52
6R -1.09 -0.27 -0.88 0.21
TR -0.31 0.5 -0.11 0.98
SR -0.10 0.72 0.05 0.88
IR -0.12 0.70 0.08 1.18
10R -0.75 0.70 -0.55 0.55
11R 0.07 0.88 0.27 1.36
“Values calculated in MarvinSketch 19.6.
Table 3.52. Predicted and measured phenolic pKa values.

Compound Calculated pK; Measured pK;

1 8.5

9.4 9.79 £ 0.01

3 9.2 9.64 £0.02

4 12.6 =12

5 8.4

6 8.9 9.06 £0.02

7 9.8

8 10.7

9 8.1

10 9.7

11 9.5
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Protein Expression and Purification

Expression and purification of PAy endonuclease was performed as reported previously.
The pandemic HIN1 N-terminal PA (PAy) endonuclease A52-64:Gly truncated construct was
expressed from a pET-28a parent vector containing a kanamycin-resistance reporter gene with
expression inducible by the Lacl operon. PAy endonuclease was expressed as an 8-histidine
tagged fusion protein cleavable by TEV protease. The transformation protocol was adapted from
pET system manual (Novagen) using single competent BL21 cells. Briefly, 1 uL of 25 ng/ul
recombinant plasmid was used for transformation. Cells were mixed with the plasmid and were
heat shocked at 42 °C for 30 sec followed by incubation on ice for 3 min. Outgrowth was plated
on LB agarose plates containing 50 pg/mL kanamycin and was incubated overnight at 37 °C. One
colony was scraped from the LB plate and added to 5 mL of SOC broth containing 50 pg/mL
kanamycin and was incubated overnight at 37 °C with shaking at 125 rpm. SOC media (100 mL)
containing 50 pg/mL kanamycin was combined with the 5 mL overnight growth and was incubated
with shaking at 200 rpm at 37 °C until the ODgq Of this starter culture reached >2 (3-4 hours). The
culture was equally divided into 6, 2L flasks containing 1L of expression media (TB media with
added 0.2% dextrose, 0.1 mM MnCl,, and 0.1 mM MgSQOy,, 50 pg/mL kanamycin). Cells were
grown to and ODgyo between 0.4-0.6 at room temperature with shaking at 200 rpm (3-4 hours).
Expression was then induced by addition of IPTG to a final concentration of 0.1 mM. The cultures
were grown with vigorous shaking (250 rpm) overnight at room temperature. After ~18 h the cells
were harvested by centrifuging at 2000g for 30 min at 4 °C. The resulting paste was stored at -80
°C prior to lysis.

Cell paste was thawed in batches on ice for 2 h and resuspended in 25-35 mL of lysis buffer

(1% Triton-X, ImM MgCl2-6H.0, 2mM DTT, 10-100 pg/mL DNAse-1, 1mg/ml lysozyme, and
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1% glycerol) and EDTA free protease inhibitor (Roche). Cells were lysed using a probe sonicator
(Fisherbrand model 120) with cycles of 25 second pulses and 59 second rest at 60% amplitude.
Cell debris was then pelleted by centrifugation at 10000 rpm for 45 min at 4 °C. The supernatant
was decanted from the pellet, and a HisTrap FF (Cytiva) column was utilized to isolate His-tagged
fusion protein from the cell lysates according to the manufacturer’s recommendations at 4 °C.
Briefly, cell-free lysates from 6 L growth were loaded on 5 mL column that had previously been
charged with Ni ions. The column was then washed with binding buffer (20 MM Na,PO,, 500 mM
NaCl, 25 mM imidazole, pH 7.4) until fraction absorbance reached a steady baseline. The protein
was then eluted over a gradient from 0-100% elution buffer (20 mM Na,PO,, 500 mM NacCl, 500
mM imidazole, pH 7.4) at a flow rate of 4 mL/min. PAy endonuclease eluted between 40-60%
elution buffer. SDS-PAGE analysis showed a band corresponding to PAy endonuclease running
at ~23 kDa with several small impurities.

Fractions containing PAy endonuclease were combined in a 10K MWCO dialysis bag with
1000 units of TEV protease and were dialyzed against dialysis buffer (100 mM NaCl, 1 mM
dithiothreitol, 1 mM MnCl,, 20 mM Tris, 5% glycerol, pH 8.0) overnight with three buffer
exchanges. The proteolytic cleavage of the fusion protein is slow and greatly benefits from the
addition of excess TEV protease. A white precipitate forms over time. After buffer exchange, the
solution was filtered through a 0.45 pum filter. The solution was run through the Histrap FF column
equilibrated with the same binding buffer as before. The resulting flow through contained His-
cleaved PAy endonuclease, which was then concentrated to 5-10 mg/mL using a pressurized
Amicon and/or spin Amicon concentrator. The concentrated protein was then purified on a gel-
permeation size exclusion column (GE Superdex 75, 10/300 GL) according to manufacturer

recommendations in buffer (150 mM NaCl, 2 mM MgCl,, 2 mM MnCl,, 20 mM HEPES, pH 7.5).
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A large peak corresponding to the cleaved PAy endonuclease eluted at ~12 mL eluent. A small
shoulder before the main peak was occasionally observed, which contained primarily uncleaved
and/or unfolded PAy endonuclease construct. Fractions containing pure cleaved PAy endonuclease
were combined and concentrated to 2-5 mg/mL. Stored protein was flash-frozen in liquid nitrogen
and was kept at -80 °C. This protein was suitable for use in enzyme or thermal shift assays or for

protein crystallography.

Protein Crystallography

Purified protein for crystallization was stored at 2.2-4.3 mg/mL at -80 °C after flash
freezing in buffer consisting of 150 mM sodium chloride, 20 mM HEPES (pH 7.5), 2 mM MgCl,,
and 2 mM MnCl,. Co-crystallization and crystal soaking methods were used to obtain co-crystal
structures of inhibitors bound to PAN endonuclease. For co-crystallization, protein was incubated
with 0.5 mM inhibitor for 1 hour on ice prior to setting the crystallization drops. For crystal
soaking, fully formed holo crystals were transferred to a new drop containing 5 pL of reservoir
solution and 1 pL of 50 mM DMSO inhibitor stock solution (final concentration 8.3 mM). Crystals
were left undisturbed overnight and either stored in liquid nitrogen, or collected on an in-house X-
ray diffractometer the following day. In both crystallization methods, crystals were grown using
hanging drop and set in 24-well pre-greased plates (Hampton HR3-171) with siliconized glass
slides (Hampton HR3-231). A 5:1 ratio of purified protein to reservoir solution at room
temperature was found to be the optimal ratio for the largest crystal formation. Reservoir solution
consisted of 22-34% PEG (MW 4000 g/mol), 100 mM Tris (pH 8.35), and 220 mM sodium acetate.
Colorless crystals with hexagonal bipyramidal morphology appeared within 2 days and reached

full size after 1-2 weeks. Crystals were typically 50 to 200 microns in diameter. Crystals were
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cryoprotected with perfluoroether (Hampton HR2-814) prior to flash freezing in liquid nitrogen.
Crystals were stored in liquid nitrogen until data collection.

Datasets for protein co-crystallized with compounds 5, 9, and 10 were collected on an in-
house X-ray diffractometer. For these experiments, diffraction data was collected at 100 K on a
Bruker X8 Proteum diffractometer using a Bruker Microfocus Rotating Anode (MicroStar FR-
592) X-ray generator with a Bruker APEX Il CCD detector at wavelength 1.54178 A. Data was
integrated, scaled, and merged using the Bruker APEX3 software package (Bruker, 2017).
Datasets for protein co-crystallized with compounds 1, 2, 3, 4, and 8 were collected at the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, in collaboration with Dr.
Banu Sankaran through Collaborative Crystallography program on beamline 8.2.1. For all datasets
(including datasets collected on the in-house X-ray generator), phasing was determined by
molecular replacement against a previously published PAy endonuclease structure (PDB 4AWM)

using PHASER. All structures were refined with Phenix version 1.19.2.
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Table 3.S3. X-ray crystallographic data collection and refinement statistics.

Cell dimensions a,
b,c,(A)a, B,y (°)

119.451 90 90
120

121.608 90 90
120

119.317 90 90
120

Compound 1 2 3 4
PDB 8CTF 8DDB 7V04 8DDE
Data collection statistics
Resolution range 5745 - 2.14158.02 - 2.15]|65.32 - 1915781 - 222
(2.217 -2.14) | (2.227 -2.15) (1.978 -1.91) (2.299 -2.22)
Space group P6,22 P6,22 P6,22 P6,22
75.66 75.66 | 76.228 76.228 | 75.421  75.421 | 75.979 75979

121.005 90 90
120

Unique reflections

11738 (1134)

11965 (1158)

16216 (1580)

10783 (1053)

Completeness (%)

99.65 (99.74)

99.91 (99.83)

99.86 (100.00)

99.81 (99.15)

Mean I/sigma(I) 23.37 (2.50) 25.56 (2.58) 29.60 (2.59) 24.87 (2.54)
R-merge 0.07424 (1.636) | 0.0699 (2.003) 0.05714 (1.42) 0.08323 (2.05)
R-measured 0.07587 (1.669) | 0.07145 (2.043) | 0.05841 (1.455) | 0.08492 (2.092)
R-work 0.2030(0.3203) | 0.1824 (0.2868) | 0.1967 (0.3112) | 0.1876 (0.3225)
R-free 0.2419 (0.3374) | 0.2385 (0.3637) | 0.2347 (0.3702) | 0.2442 (0.4187)
RMS(bonds) 0.003 0.011 0.008 0.01
RMS(angles) 0.44 1.1 0.98 1.02
Ramachandran

favored (%) 98.29 94.86 98.86 94.89
Ramachandran

outliers (%) 0 0.57 0 0.57

Average B-factor | 68.07 68.88 51.24 64.51
Redundancy 25 25 24.4 26.2

CC1/2 1.000 0.999 0.999 1.000

* Metrics for highest resolution shell given in parentheses
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Table 3.54. X-ray crystallographic data collection and refinement statistics.

Compound 5 8 9 11

PDB 8DJV 8DHN 8DAL 8DJY

Data collection statistics

Resolution range 37.24-2.08 64.98-2.40 40.15-2.2 (2.28- | 44.29-2.5 (2.5-
(2.15-2.08) (2.48-2.40) 2.2) 2.59)

Space group P6,22 P6,22 P6,22 P6,22

Cell dimensions a 74.465 74.465 | 75.034 75.034 | 75.403 75.403 | 75.807 75.807

b.c.(A) @ f. 7 (o)’ 120.259 90 90 | 121.24 90 90 | 120.436 90 90| 119.978 90 90
120 120 120 120

Unique reflections | 12322 (1077) 15004 (1221) 11981 (1049) 13372 (732)

Completeness (%) | 99.1 (90.8) 99.74 (100.0) 100.0 (100.0) 100.0 (100.0)

Mean I/sigma(I) 13(2.3) 20 (2.0) 17.2 (1.5) 20 (2.0)

R-merge 0.1 (0.775) 0.1 (1.439) 0.09 (1.368) 0.091 (1.243)

R-measured 0.103 (0.815) 0.102 (1.478) 0.092 (1.432) 0.093 (1.292)

R-work 0.2626 (0.3450) | 0.2006(0.2792) | 0.1998 (0.3086) | 0.2116 (0.3358)

R-free 0.291 (0.354) 0.2563 (0.3205) | 0.2576 (0.3866) | 0.2860 (0.3964)

RMS(bonds) 0.01 0.004 0.004 0.008

RMS(angles) 1.21 0.62 0.57 0.86

Ramachandran

favored (%) 94.32 96.57 98.86 96.02

Ramachandran

outliers (%) 0 0 0 0

Average B-factor | 48.6 54.1 54.5 57.6

Redundancy 17.7 29 19.6 19.1

CC1/2 0.999 1.000 1.000 0.999

* Metrics for highest resolution shell given in parentheses
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Table 3.55. Metal-binding distances between coordinating atoms and metals. 1Cso values are
shown for context.

Compound Isostere-Mn:2 OH-Mn; OH-Mny Carbonyl-Mny Mn-Mn 1Cs0
1 22A 1.9A 23A 1.7A 39A 0.05 pM
2 2.1A 2.1A 22A 22A 37A 0.07 uM
3 21A 2A 22A 22A 38A 0.09 uM
4 1.8A 23A 19A 23A 37A 0.09 uM
5 20A 22A 21A 2A 38A 0.32 uM
8 21A 23A 21A 21A 39A 0.12 uM
9 28A 22A 22A 23A 39A 0.40 uM
10 20A 23A 2A 2.3 A 38A >0.5 pM
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Table 3.56. Octahedral Distortion Parameters.

Compound Dmean 4 )
Ligand free (water) 2.1914 0.685765 44,5718
3 2.1662 0.357853 46.6692
4 2.1378 1.151002 64.0144
8 2.2385 0.574277 90.8137
8 (artificially forced planar) 2.2330 0.606847 98.3470
9 2.3006 1.042725 92.6387

Synthesis and Crystallization of Tris(pyrazolyl)borate Model Complexes

[(Tp"™Me)ZnOH] was synthesized as reported using [TpP"MeK], which was prepared as
previously reported.3? [(TpP"M€)ZnOH] (10 mg, 0.02 mmol) and 6-bromo-3-hydroxy-2-(5-methyl-
1,2,4-oxadiazol-3-yl)pyridin-4(1H)-one (8, 5 mg, 0.02 mmol) were dissolved in 1 mL DCM and
0.5 mL of MeOH. The reaction mixture was stirred overnight at room temperature. The resulting
mixture was evaporated to dryness via rotary evaporation and subsequently dissolved in a minimal
amount of benzene. The solution was filtered to remove any undissolved solids. The resulting
complex in benzene was recrystallized using vapor diffusion with pentane to afford crystals. The
TpZn structure with compound 6 was prepared similarly, though additional [(Tp"™M¢)ZnOH] was
used. [(TpP"M&)ZnOH] (60 mg, 0.11 mmol) was dissolved in 2 mL of DCM. 6-bromo-N',3-
dihydroxy-4-oxo-1,4-dihydropyridine-2-carboximidamide (6, 15 mg, 0.06 mmol) was dissolved
in 2 mL of DCM was added, and the reaction mixture was stirred overnight under a nitrogen
atmosphere. The resulting mixture was evaporated to dryness via rotary evaporation and

subsequently dissolved in a minimal amount of benzene. The solution was filtered to remove any

110



undissolved solids. The resulting complex in benzene was recrystallized using vapor diffusion with

pentane.

Single Crystal X-ray Diffraction

Suitable crystals of [(Tp™™Mezn),(6)] and [(Tp™M€)zn(8)] (Tp™™Me = hydrotris(3,5-
phenylmethylpyrazolyl)borate) were selected and data was collected at 100 K on a Bruker APEX-
Il Ultra diffractometer with a Mo-Ka Microfocus Rotating Anode and a APEX-1I CCD area
detector or a Bruker Kappa diffractometer equipped with a Bruker X8 APEX Il Mo sealed tube
and a Bruker APEX-11 CCD. The data were integrated using the Bruker SAINT Software program
and scaled using the SADABS software program. The structure was solved with the ShelXT3
structure solution program using direct methods and refined with the XL refinement package using
least squares minimization using Olex2.3* The crystal data files were deposited into the Cambridge

Crystallographic Data Centre (CCDC).
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Figure 3.S1. Crystal structure of [(Tp™M¢),Zn,(6)] (ORTEP, 50% probability ellipsoids)
highlighting the ability of the compound to form multiple metal chelates. Phenyl rings are omitted
for clarity.

Figure 3.52. Crystal structure of [(Tp™M®)Zn(8)] (ORTEP, 50% probability ellipsoids). Phenyl
rings are omitted for clarity.
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Table 3.57. Crystal data and structure refinement for [(Tp™"M®),Zn2(6)] and [(Tp™"M¢)Zn(8)]
complexes.

Compound [(TpP™Me),Zn,(6)] [(Tp"™Me)Zn(8)]
Identification code 2163562 2163563
Empirical formula Cs3H30BBrosN75015Zn C41H36BBrN903Zn

Formula weight 671.78 858.88
Temperature/K 100 100
Crystal system triclinic monoclinic

Space group P-1 P21/c

a/A 13.0275(5) 24.986(2)
b/A 13.1334(6) 13.5052(12)
c/A 19.2346(8) 23.071(2)
al® 79.7020(10) 90

pl° 78.8350(10) 94.770(3)
y/° 89.1920(10) 90

Volume/A3 3175.9(2) 7758.1(12)

Z 4 8
Pealcg/cm?® 1.405 1.471
w/mm 1.443 1.715
F(000) 1380 3512
Crystal size/mm?® 0.1x0.1x0.1 0.1x0.1x0.1
Radiation MoKa (A =0.71073) MoKa (A =0.71073)
20 range _for ilata 2194 to 52.244 3.776 10 48.342
collection/

Index ranges

-16<h<16,-16<k<15,-23<

-28<h<27,-15<k<15,-26 <

1<23 1<26
Reflections collected 33400 167523
Independent 12591 [Rint = 0.0394, Rsigma = | 12421 [Rint = 0.2372, Rsigma =
reflections 0.0472] 0.0814]
Data/restraints/para 12591/0/812 12421/0/1022
meters
Goodness;of-flt on 1.055 1.001
Final R indexes _ _ R1=0.0584, wR2 =0.1338
(1526 (I)] R1=0.0517, wR2 = 0.1673
Final R indexes [all Ry = 0.0673, WR, = 0.1787 R1=0.1141, wR2 = 0.1689
data]
Largest diff. 2.02/-1.72

peak/hole / e A

3.56/-0.39
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Octahedral Distortion

Figure 3.S3. Visualization of octahedral distortion around Mnz in PAn endonuclease. The ligand
coordination sphere is shown with the central purple sphere representing Mny, red spheres
representing oxygen donor atoms, and blue spheres representing nitrogen donor atoms. Top left:
Octahedron of Mn, with no inhibitor (bound water molecules), Top right: Octahedron of
experimentally measured structure of compound 3. Bottom left: Octahedron of experimentally
measured structure of compound 8. Bottom right: An ‘artificial structure’ of compound 8 forced
into a planar conformation. Octahedral distortion parameters are shown in Table 3.S6.
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Figure 3.S4. Docking poses of MBI’s predicted by GOLD.
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Figure 3.S5. RMSD values between computationally predicted structures (green) and
experimentally obtained co-crystal structures (grey). Calculated using LigRMSD.®
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Chapter 4: Evaluation of 3-dimensionality in Approved and Experimental Drug Space
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4.1 Introduction

As discussed in Chapter 1.6, three-dimensionality is an important consideration in fragment
library design because the diversity of druggable protein targets requires ligands to possess both
structural and conformational variety to generate effective pharmaceuticals.! Many compounds
used in FBDD have the propensity to trend towards planarity, as was highlighted in Chapter 1.6.
This chapter seeks to analyze large libraries of compounds that can be used in (fragment-based)
drug discovery, quantify their three-dimensionality, and explore new approaches to address the
lack of highly 3D fragment libraries.

The 3D shape of a molecule can be described by the number of sp® carbons,? the plane of
best fit calculation,® or normalized principal moment of inertia (PMI) values,* among other
parameters.> ¢ These descriptors have facilitated the topological analysis of large fragment’ and
high-throughput screening (HTS) libraries;® to the best of our knowledge, only limited analyses of
approved and late-stage drugs have been undertaken.” ' ! The normalization that is common
practice for PMI analysis allows for the comparison of compounds with diverse structural features
and molecular weights (MW) and is a straightforward calculation that can be readily carried out
by many commercial software packages. The PMI parameter was demonstrated to be a robust
method for evaluating 3D topology when compared to the other methods.’

Using PMI analyses, this chapter aims to evaluate the 3D conformations of structures
reported in the DrugBank, including approved and experimental therapeutics. Of particular
interest is the relationship between the energy minimized/optimized conformations of approved
therapeutics and the conformation of those molecules when bound to proteins in the PDB.
Previous efforts have focused on the exploration of flexible conformations upon protein binding

as they relate to in silico screening and predicting binding conformations rather than the inherent
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L1213 T astly, this chapter consider the role that

change in 3D topology as described herein.
inorganic chemistry could play in increasing the prevalence of more 3D molecules in the drug

discovery pipeline.

4.2 3D Diversity in the DrugBank

The DrugBank is an online cheminformatics and bioinformatics database that provides
extensive information on both drugs and drug targets.!* The DrugBank repository contains over
13,000 chemical entities, with over 4000 unique targets. Of the 13,000+ chemical entities, 8696
can be downloaded as 3D structures (version 5.1.4), with 8532 having MW >100 Da. These
structures include approved, experimental, investigational, illicit, and withdrawn drugs, as well as
nutraceuticals. Molecular Operating Environment (MOE) is a drug discovery software platform
that can be used for the curation and evaluation of these structures. MOE was used to determine
the moments of inertia for each compound (/; < I> < I3), which describe the torque needed for a
given angular acceleration. These values were used to determine the normalized PMI values, /;/13
and [»/I3, for structures with MW >100 Da. The most common presentation of these data is
graphically (Figure 4.1a), where the [0 1] apex is a linear molecule (dimethylbutadiyne), the [0.5
0.5] corner is a planar molecule (benzene), and the [1 1] apex is a spherical structure (adamantane).
Where a conformation falls within these parameters provides an indication of its topology, with

molecules having larger scores (1;/I5+ I2/I5) being considered more 3D in character.
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Figure 4.1. PMI analysis of (a) 8532 entries from the DrugBank, plotted on a typical PMI triangle
plot and (b) as 3D Score ({,/13+ I2/I3) vs. MW.

The DrugBank structures, when analyzed by normalized PMIs, are found to have largely
linear and planar topologies, with just under 80% having a 3D score <1.2 (Figure 4.1). Structures
having 3D scores >1.6 (Figure 4.1b, IV and V) can be considered ‘highly’ 3D, and only 0.5% of
the DrugBank falls in these regions. This is in agreement with a previous report that found
molecules in the ChEMBL Database (a database of bioactive compounds with drug-like properties)
tend towards planarity.”> The topological distribution of the DrugBank structures is also typical
of organic libraries used in drug development, such as the ZINC database of virtual fragments,
where ~75% of the fragments have a 3D score of <1.2.7 This is not to imply that contemporary
drug discovery does not include concerted design and synthetic efforts at achieving the best 3D
molecular shape for a target, only that when libraries of currently and previously used compounds
and fragments are retroactively analyzed they are often observed to lack decidedly 3D topologies.
The traditional chemical feedstocks used in drug discovery campaigns are dominated by sp?-rich
molecules and retrosynthetic analyses of large drug-like libraries have confirmed this,
demonstrating the bias toward using planar building blocks in medicinal chemistry.!> Though it

has been demonstrated that relatively planar scaffolds may be combined in a way that provides
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access to a reasonable sampling of chemical and topological space, it has also been shown that
constraints in synthetic accessibility limit a more unbiased and diverse sampling of topological
space.” Additionally, adherence to the rule of five!® (Ro5) in drug design, which helps select for
oral bioavailability, may predispose molecules to flatter geometries, for example, by limiting the
number of rotatable bonds.

The 3D scores of the DrugBank structures were evaluated with respect to their MWs,
ranging from 100 to 1268 Da. There is no obvious relationship between the MW of a compound
and its 3D shape (Figure 1b). Interestingly, in each 3D score range the MWs are broadly distributed
between 100 and ~700 Da. The molecules with the greatest 3D scores (IV) range from 140 to 568
Da. This demonstrates that what might perhaps be the more intuitive notion, that larger molecules

have greater 3-dimensionality, is not the case, as has been discussed recently.!’

4.3 3D Diversity in the PDB

The PDB is the premier repository for biological macromolecular structures, containing
over 150,000 total entries and over 11,000 depositions in 2019 alone.'® Within the PDB, ligands
bound to protein structures having DrugBank IDs have been identified, and their corresponding
ligand coordinates can be downloaded. Limiting these structures to compounds with a MW >100
Da yields 7411 structures that comprise ~500 unique chemical entities. The 3D analysis of all the
protein-bound structures generates a PMI plot whose general features are similar to those of the
DrugBank molecules, with the highest concentration of compounds in the upper left corner
(Appendix, Figure 4.S2). However, this data set is biased by molecules that appear with greater
frequency. For example, sapropterin, a dietary supplement administered to reduce blood

phenylalanine levels appears in this list 1036 times. To better illustrate the conformational
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diversity of the PDB, the PMI values for each duplicate molecular entry were averaged over all
conformations to yield 502 unique PMI values and 3D scores (Figure 4.2). As was the case for the
DrugBank and individual PBD entries, the averaged PMI values from the different PDB
conformations localize primarily in the upper left linear region. Despite the large differences in
protein targets and MW values of the structures analyzed here, both the energy minimized
conformations (DrugBank) and protein bound conformations remain largely linear and/or planar.
There have been in-depth discussions regarding the extensive molecular rearrangements drug
molecules are capable of undergoing in order to facilitate protein binding.!? %20 It is interesting
to note that these rearrangements do not translate to an overall change in 3D topology, at least for
the molecular structures explored here.

The 3D score vs. MW of the averaged PDB ligand conformations was plotted (Figure 4.2b)
and found to be similar to the outcome for the minimized DrugBank 3D structures (Figure 4.1b).
The 3D scores represent molecules of broad MW distributions and there is no obvious relationship
between MW and 3D topology. As demonstrated in the PMI plot (Figure 4.2a), the majority
(83.5%) of compounds fall into bin I (Figure 4.2b), with decreasing prevalence in each bin of
increasing 3-dimensionality. This follows the same general trend as the geometry minimized
DrugBank structures and further highlights the absence of highly 3D topologies in currently used
and proposed drug molecules. As described earlier, it is possible that these linear/planar features
are the result of the feedstocks and libraries used for drug discovery campaigns.

The energy of protein bound ligand structures in the context of conformational change tolerance
has been explored elsewhere.!”?> However, the 3D topologies of these different conformations
has not been evaluated through the PMI analysis. Many of the DrugBank structures appear in the

PDB with high frequency, though many do not undergo significant changes (<0.1) in 3D score.
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Diclofenac (Figure 4.3), an orally administered nonsteroidal anti-inflammatory drug (NSAID),
was chosen as a case study to explore both energy and topology. Diclofenac has 51 protein-bound

structures in the PDB with 3D scores ranging from 1.03 (linear, I) to 1.52 (moderately 3D, III).
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Figure 4.2. Averaged PMI analysis of (a) 502 entries from the PDB, plotted on a typical PMI
triangle plot and (b) as 3D Score (/;/13+ 12/I3) vs. MW.

Three representative conformations of diclofenac, the least and most 3D, as well as the
energy minimized structures, are shown in Figure 4.3a. These structures have 3D scores of 1.03,
1.52, and 1.22, respectively, and can be visually identified as significant and obvious changes in
their 3D conformations. The least 3D structure has the two aromatic rings nearly in plane with
each other, while in the most 3D topology the rings are much closer to perpendicular, and the
energy minimized conformation falls in between. When the potential energy surfaces of the
different conformations are determined, there is no clear relationship to their diverse 3D topologies
(Figure 4.3b). The higher energy conformations (white/orange) include some of the most and least
3D topologies. The lower energy conformations (black) span 3D scores between 1.1 and 1.4,
representing significant topological translations. These findings are in agreement with previous
reports stating that a wide range of strain energies can be tolerated by therapeutics when bound to

target sites. ! 12 19:21.22
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Figure 4.3. Diclofenac is an NSAID with 51 PDB entries. a) The most and least 3D conformations
of diclofenac, as well as an energy-minimized conformation. b) An analysis of the relative energies
of the various conformations of the diclofenac PDB entries.

To more closely examine the effects of a protein active site on a molecule, a PMI analysis
of several FDA-approved human immunodeficiency virus (HIV) drugs from two distinct target
classes was conducted. Nevirapine and efavirenz are non-nucleoside reverse transcriptase
inhibitors (NNRTISs), while nelfinavir, lopinavir, and saquinavir are protease inhibitors.”> Relevant
ligand conformations were downloaded from the PDB, and a PMI analysis was performed for each
entry (Figure 4.4).

The aforementioned inhibitors were bound to HIV reverse transcriptases and proteases that
contained a range of sequence mutations. In this analysis, sequence identity between reverse
transcriptases was conserved to at least 98% when compared to a parent sequence (Table 4.S1).
Similarly, homology between proteases was maintained to a minimum of 78% in order to ensure
comparison of inhibitor structures bound to similar proteins. For the purposes of this analysis, it
was assumed that tertiary structure remained largely conserved across the mutations. For each
protein-bound inhibitor, the PMI remained mostly static, indicating a high conservation of binding

motif, as expected for compounds bound to conserved targets. Nelfinavir and nevirapine showed
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almost no variation in conformation across 11 and 17 structures, respectively, while saquinavir
remained mostly consistent, with two notable exceptions. Both exceptions, at [0.40 0.97] and
[0.56 0.61] from PDB entries 3S56 and 3UFN, respectively, are due to a second saquinavir
molecule that is bound to an extension of the active site cavity near the protein surface.?*? These
second drug molecules exhibit a more 3D conformation than the saquinavir molecule found in the
active site, which in the 3S56 PDB structure has a PMI of [0.31 0.86]. While this more 3D
conformation is likely due to both crystal packing and mutational differences between the
proteases, it is an interesting example of one molecule displaying significantly different topologies
even when interacting with the same protein. In particular, this example demonstrates that an
active site can dictate the topology of the bound ligand quite substantially, and any straying from
that binding pocket can result in notable changes in conformation. It is interesting to observe that
with a single exception across 52 structures, each protease inhibitor adopts a conformation with a
3D score <1.2. These topologies are likely due to both the shape of the active site of HIV proteases,
as well as their chemical structural similarities. Both NNRTIs (efavirenz and nevirapine) also

show closely related 3D scores, though slightly higher than those of the protease inhibitors.
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Figure 4.4. PMI analysis of FDA-approved antiviral therapies, nevirapine, efavirenz (reverse
transcriptase inhibitors), nelfinavir, lopinavir, and saquinavir (protease inhibitors).
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These similar PMI values across several drugs designed for the same target highlight the
importance of the protein-binding pocket shape in drug discovery. While the need for 3D scaffolds
to explore many current and desired target sites exists, it is also true that in some cases a
linear/planar molecule will be best suited. It is for this reason that topological shape diversity is
desired in library development and is predicated on the ability to generate molecules of high 3-
dimensionality, as low 1- and 2-dimensionality is already broadly covered. Attempts to address
the size and shape of protein active sites has resulted in a suite of tools that can be used to aid in

drug discovery efforts. 26-°

4.4 Achieving 3-dimensionality in Medicinal Chemistry

To address the lack of 3-dimensionality in pharmaceuticals there have been efforts in
academic and industry labs to design and synthesize libraries of 3D molecules to be used in drug
discovery campaigns.”> 73933 These structures include compounds prepared through diversity-
oriented syntheses with a higher than typical number of sp* carbons, as well as chiral and spiro
centers. Such strategies are often regarded as possible solutions to the over representation of flat
molecules in fragment libraries and drug discovery feedstocks.?* 7-17:3133 To evaluate the success
of such approaches, a PMI analysis (Figure 4.5) was carried out on 15 unique fragments from
three different reports (Figure 4.S4).” 3% 33 These studies each sought to generate organic
fragments with high degrees of 3-dimensionality. Of the compounds evaluated, 6/15 (40%)
effectively escape the linear/planar region (3D Score >I). These results represent a significant
enhancement in 3D character compared to the typical fragments libraries that have 75% of
molecules in “flatland.”” While these results are promising, all organic fragments presented here

fail to achieve 3D Scores >1Il, indicating their relatively limited topological diversity. This is not
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a comprehensive survey of current efforts in this area, but it does suggest that there is room for
further improvement.

The medicinal inorganic community has considered the inclusion of metal centers into
existing drugs as an intriguing method for augmenting existing therapeutics.>* Tamoxifen is a
chemotherapeutic agent that has been modified to include a ferrocene group (ferrocifen), and the
anticancer activity against estrogen-receptor positive cancers increases upon the inclusion of the
iron moiety. An unanticipated consequence of this modification is that the 3-dimensionality of the
molecule increases slightly from tamoxifen to ferrocifen (Figure 4.5). With an understanding of
the inherent 3-dimensionality of metal-complexes, Meggers and co-workers set out to incorporate
organometallic groups into kinase inhibitors as deliberately 3D moieties.***® When a
representative compound from Meggers’ work is analyzed using the PMI method, the inclusion of
a Ru(Il) center increases the 3-dimensionality of staurosporine quite significantly (Figure 4.5). In
one representative example the authors crystalized a DAPK1 (PDB 2YAK) selective staurosporine
derivative OS4 with the protein kinase.>’” When the molecular structure is compared to the PDB
structure, there is no significant change in the 3D topology, suggesting the shape is relevant to the
selectivity of the inhibitor. In addition to these and prior efforts which aim to augment existing
organic therapeutics, the work in Chapter 5 introduces the creation of a 3D metallofragment (mF)
library (Figure 4.S5).3° A PMI analysis of 13 compounds from this library, including metallocenes,
piano-stool, and octahedral complexes, found that 100% of the compounds fall outside of flatland
(Figure 4.5). This mF library broadly covers 3D chemical space with a relatively small number of
molecules and starts to address the need for topologically diverse feedstocks for drug discovery

campaigns.
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These efforts to prepare both organic and inorganic libraries with high 3-dimensionality will allow
for exploration of biological space that has previously been inaccessible with the limited 1D/2D

molecular entities.

4.5 Conclusion

This chapter explores the three-dimensionality of large molecule libraries that are relevant
in drug discovery efforts. It was found that both energy-minimized (DrugBank) and protein-bound
conformations (PDB) of small molecule drugs are overwhelmingly linear and planar. This holds
true across a wide range of MWs. Less than 1% of any of the molecular conformations surveyed
fall in the highest 3D-area (V, 3D Score >1.8). While the 3D score of any particular molecule is
partly due to the intrinsic ability of the molecule to adopt a 3D conformation, the capacity of the
target protein to accept a 3D conformation also plays a critical role in determining the final bound
shape of the molecule. The features of an active site, such as nearby or reactive residues, are
already taken into consideration in drug design and in the modeling of bound inhibitors. This
analysis demonstrates the relevance of the overall shape of the binding site to the final protein-
drug complex.

The true need for topological diversity in feedstocks and final drug molecules remains
unclear given the overwhelming number of linear and planar drugs. The question remains as to
whether more 3D compounds represent attractive and untapped therapeutic space, or if more
linear/planar molecules are indeed the best topologies for bioactive molecules. Similarly, is the
linearity and planarity of current ligands because they produce the most bioactive compounds, or
are they simply a consequence of the scarcity of highly 3D molecules in the pipeline? Given the

38,39

range of proteins currently considered undruggable, or even those targets for which no therapy
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has been successfully designed, it is anticipated that a broader survey of protein target sites will
yield greater shape diversity. Furthermore, the development of topologically rich and varied
feedstocks will subsequently yield elaborated bioactive molecules with high 3-dimensionality that
may allow for the development of molecules with greater potency and specificity than their planar
predecessors. Chapter 5 will introduce metal complexes as highly 3D fragments to help address

the lack of three-dimensionality in molecular libraries demonstrated here.
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4.7 Appendix: Supporting Information
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Figure 4.S1. PMI plot for all 8532 structures in the DrugBank downloaded as 3D minimized
structures.
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3D Fragment library chemical structures
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PDB ID Values for HIV Drug Conformations

Table 4.S1. The HIV therapies and the associated PDB ID values used to evaluate therapeutic
conformations in the active site. Percent sequence identity for nevirapine and efavirenz-bound
structures was calculated against 3LP1 for HIV reverse transcriptases. Percent sequence identity
for nelfinavir, lopinavir, and saquinavir-bound structures was calculated against 3EKX for HIV

proteases.

Compound PDB IDs

Efavirenz 1FKO9, 1FKO, 11KV, 1IKW, 1JKH.

Lopinavir 1IMUI, 1RV7, 204S, 2Q5K, 2QHC, 2RKF,

2RKG, 2754, 4L1A, 6DJ1, 6DJ2.
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Chapter 5: Expanding Medicinal Chemistry into 3D Space: Metallofragments as 3D
Scaffolds for Fragment-based Drug Discovery
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5.1 Introduction

As noted in Chapter 4, it remains a challenge to create a high degree of structural diversity
in fragment libraries.’> However, structural diversity is highly desirable because molecular shape
is among the most important factors dictating biological effects of molecules, such as recognition
by a biological target.1> %7 Additionally, increased 3D shape can lead to greater aqueous solubility
due to greater solvation and poorer solid-state crystal lattice packing, as well as improved ADMET
properties.’ As a result, increasing the 3D shape of molecules has been correlated to broader
biological activity.": It has also been shown that molecular shape is more strongly dictated by the
core compound scaffold rather than the shape or positioning of substituents decorating the core
scaffold,’ 7 further incentivizing the exploration of fragment libraries consisting of a variety of 3D
scaffolds, which are expected to display a wider range of biological activities compared to single
scaffold libraries.t% 57

As an example of the dominance of 2D structures in FBDD, a previously reported analysis
of 18,534 organic fragments from the ZINC database (a collection of commercially available
chemicals used for virtual screening) showed that the majority (~75%) of conventional fragments
have a linear (1D) or planar (2D) shape (Figure 5.1).1 The ZINC database was analyzed using the

method of Sauer and Schwartz,? as detailed in Chapter 4.
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Figure 5.1. Normalized PMI values of a molecule can be plotted to assess molecular topology.
Analysis of the ZINC database showed that ~75% of conventional fragments have a linear/planar
shape (fall in the white region of the plot), indicating that fragments with 3D topology (gray region
of the plot) are vastly underexplored in FBDD.

The lack of structural diversity in fragment libraries is in large part due to the challenge of
producing small, organic molecules with inherent 3D shape.! Efforts to create 3D organic
fragments have included diversity-oriented synthesis,®* * ” combinatorial libraries,? incorporation
of cubanes,® and incorporation of chiral carbon atoms,? all of which pose significant synthetic
challenges. This chapter discusses how the highly flat FBDD landscape may be addressed by
introducing the first mF library composed entirely of small inorganic complexes with inherent 3D
topologies. This small, proof-of-concept library consists of 71 compounds divided into 13
different classes based on metal center and structural homology. The prospective value of this mF
library is demonstrated by screening the library against three therapeutic targets, including an
antiviral target, an antibacterial target, and an anticancer target. The specific proteins screened in
this study are PAn endonuclease, New Delhi metallo-p-lactamase-1 (NDM-1), and the N-terminal
domain of heat shock protein 90-a (Hsp90), respectively. The findings of this chapter show that

3D mFs are an innovative and potentially useful new tool for FBDD that are capable of targeting

topological space not readily accessible by conventional organic fragment libraries.
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5.2 Metallofragment Library Design

The bioinorganic community has explored the use of coordination and organometallic
compounds as inhibitors or as auxiliary groups to augment existing organic moieties,®* and some
of these metal-containing inhibitors having entered clinical trials, such as ferroquine.'>® A few
uses of organometallic groups to augment existing organic inhibitors have produced spectacular
results, including highly selective and active kinase inhibitors.'> " However, none of these efforts
have approached the use of coordination compounds as fragments for FBDD. This is an important
distinction from prior studies: rather than using the metal complex alone or to augment an existing
molecule, the approach presented here starts with the coordination compound as a core structural
scaffold. Additionally, Dyson and coworker have recently presented a new type of fragment-based
approach using metal complexes.*® Their approach involves merging known, bioactive metal
compounds to create bimetallic compounds with the potential to form short- or long-range
crosslinks in DNA and protein targets.'® This is substantially different from our approach, which
focuses on 3D mononuclear complexes as structural scaffolds that can be elaborated into more
drug-like molecules through modification/elaboration of the ligand components of the fragments.

The heart of this work is a novel mF library, which consists of 13 classes of various
sandwich, half-sandwich, and octahedral metal complexes (Figure 5.2). Members within each
class share the same metal and core geometry, but feature ligands with different functional groups
and/or heterocycles. Approximately 15% of the library was purchased from commercial sources
and used without further modification, while the remaining majority of complexes were prepared
according to literature procedures (see Appendix for details). Of the prepared metal compounds,
~30% (19/71) represent previously unreported chemical entities. The majority of these novel

complexes are ruthenium arene derivatives and rhenium tricarbonyl complexes (Classes J and K).

151



In addition to their described application in this work as mFs, these new compounds will have
potential applications in the development of new anticancer agents (Ru(ll) arenes)*?? and model
agents for imaging applications (Re(l) tricarbonyls).?> The majority of the ligands in the
complexes in Classes J and K are derived from previously reported metal-binding
pharmacophores.?* The other synthesized compounds include metallocene and piano-stool
derivatives with substituent modifications carried out on their respective aromatic rings (Classes
A, B, D, E),?® and a variety of carbene and diimine Re(l) complexes that have been reported
extensively elsewhere.?6?® One particular advantageous aspect of this library is that most
complexes, both reported and novel, were prepared in one or two steps from commercially
available starting material. This presents the opportunity in this and future studies to rapidly
expand the contents of the mF library, in part due to the intrinsically modular nature of ligand and
metal complex syntheses. In addition to library expansion, the modularity of ligand synthesis will
allow for fragment growth or linking, as is the practice in traditional FBDD campaigns. Indeed,
the mFs could potentially be screened in tandem with organic fragment libraries, providing insight
to the appropriate ligand substituents needed to achieve potent target binding. Every class of mFs
contain positions for modification, via ligand modification, that will facilitate future hit-to-lead or
fragment building efforts.

To explore extensive chemical space, features such as charge (e.g., neutral Class A versus
cationic Class B), hydrophobicity, synthetic accessibility, structural diversity, aqueous stability,
and rule-of-three compliance (see below) were used to guide this initial library design.*
Fragments were selected with the aim of having a kinetically and thermodynamically stable core,
ideally posing no significant pharmacokinetic challenge beyond that found for conventional

organic fragments. Each compound in the library presented herein consists of only one metal ion.
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Other studies have examined the utility of metal cluster compounds in drug discovery;® 3
however, these tend to be much larger compounds, which makes them less suitable for FBDD.

Within the mF library there are three sub-groups described by their general structure
(Figure 5.2): sandwich or metallocene complexes (Classes A-C), half-sandwhich or piano-stool
complexes (Classes D, E and J), and six-coordinate octahedral complexes (Classes F-1 and K-M).
Class A contains ferrocene derivatives, which are one of the most common metal-containing
scaffolds explored in medicinal bioinorganic chemistry due to their ease of functionalization,
stability, and low cost.!**? Ferrocene was first introduced as a bioisostere for aryl/heteroaryl rings,
and ferrocene has been utilized to improve anticancer, antimalarial, and antibacterial properties of
organic therapies.**21:32 Classes B and C are comprised of cobaltocenes and bis(arene)rhenium
scaffolds, which are structurally similar to Class A but possess a positive charge.

The half-sandwich compounds included in our library are Re(l) compounds (Class D) that
have been used for biomedical imaging applications,® Mn(I) complexes (Class E) that have been
used as CO releasing agents, and Ru(ll) agents (Class J) that have been extensively studied as
potential therapeutics in their own right.!t 6. 21 20 Despite the large number of reports on the
biological activity of the Ru(ll) arene complexes, this work represents, to the best of our

knowledge, the first attempt to use Ru(ll) arene complexes as core structural scaffolds.
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Figure 5.2. Classes of compounds in the mF library, separated into sub-groups defined by their
overall geometry.
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All the octahedral complexes presented in our mF library contain Re(l) with 3-4 carbonyl
ligands (Classes F-1 and K-M, Figure 5.2). Complexes similar to those in Classes F and G with
bidentate N,N donors have been investigated for their anticancer properties.'* 2 Classes H and |
are carbene complexes; most reported biologically active metal-carbene complexes are prepared
with Ag(l) and Au(l) and have shown anticancer and antimicrobial properties. ' 2 Class K
molecules consist of O,0 and S,O heterocyclic bidentate ligands, while Classes L and M are
prepared with N,N,O (Class L) and N,N,N (Class M) tridentate donor ligands. Again, to the best
of our knowledge, this work is the first time that the Re(l)-based compounds in Classes H, I, K,
L, and M are being utilized in FBDD. It is worth noting that octahedral complexes in the library
containing asymmetric bidentate ligands (Classes G and K) form enantiomeric mixtures due to
different binding orientations of the bidentate ligand. Small molecule crystal structures of some
Class K mFs (Figure 5.S14) show that both enantiomers are present in the product. No attempt to
separate the enantiomers was made as it is beyond the scope of this work. Use of enantiomeric
mixtures in early-stage drug discovery is commonplace and as such does not represent a significant
shortcoming of the mF library. Future work dedicated to hit-to-lead development of Class G and

K molecules will address purification of the enantiomers.

5.3 Redefining the ‘rule of three’ for mFs

The concept of ‘drug-like properties’ is constantly evolving. For example, it was recently
shown that the average molecular weight of drug molecules has increased substantially in the last
20 years, and its validity as an indicator of drug-likeness has been called into question.3* As stated
earlier, fragments for FBDD are generally designed to be ‘rule-of-three’ compliant, which includes

MW <300 Da, cLogP <3, number of hydrogen bond donors <3, number of hydrogen bond
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acceptors <3, and <3 rotatable bonds.>* mFs generally satisfy all of these rules except MW <300
Da. This rule — much like the Lipinski rule stating a 500 Da cutoff for drug-like molecules® — can
be considered a proxy to account for molecular size, which can impact permeability and uptake,
rather than a strict restriction on MW. Although transition metal ions have a much higher atomic
weight than a carbon atom, the actual molecular volume (MV, A®) of transition metal ions is not

proportionally larger than a carbon atom.
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Figure 5.3. Representation of mF K5 (from left-to-right): chemical structure, X-ray structure,
and molecular surface colored by lipophilicity. Hydrophilic and lipophilic regions are represented
by pink and green surfaces, respectively. The molecular volume of K5 was determined to be 292
A3 and only one enantiomer is shown from the X-ray structure (see ESI for details).

With this in mind, an analysis of representative mFs was performed to redefine the rule-
of-three parameter for MW in terms of molecular size. This redefinition was validated by
comparing the heavy atom count (HAC; the number of non-hydrogen atoms) and ‘apparent MW’
of mFs (where the atomic weight of the metal ion is substituted for a carbon atom) to that of
conventional organic fragments. The MV of representative mFs was evaluated against their
apparent MW and their HAC. The result of this analysis (Figure 5.S15) shows that the MV of mFs
varies in a manner that is indistinguishable from the MV of conventional organic fragments based
on HAC and apparent MW. Thus, although the mFs have a greater MW compared to organic

fragments, they are not proportionally greater in size, and hence should operate as suitable

scaffolds for FBDD. Based on this analysis, in lieu of MW <300 Da, we propose a new rule-of-
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three for mFs: MV <300 A3. As a representative example, the chemical structure, X-ray structure,
and molecular surface of mF K5 is shown in Figure 5.3; the molecular volume of K5 is 292 A3

(calculated by Molecular Operating Environment, v. 2019.0101). 3¢

5.4 3-Dimensional Analysis of Metallofragments

To confirm that the initial fragment selection encompassed the desired 3D molecular space,
a normalized PMI analysis of each mF was performed as described using the Molecular Operating
Environment program (version 2019.0101, see Appendix for details).? The normalized PMI ratios
were benchmarked using the same standards as previously reported (Figure 5.4): 2-butyene (1D),
benzene (2D), and adamantane (3D). As shown in Figure 5.4, the mF library broadly covers the
3D section of the normalized PMI plot. When compared to existing fragment libraries, such as the
ZINC library (Figure 5.1), the mF library covers a much broader 3D topological space using far
fewer compounds. This was quantified by determining the percentage of mFs above the left-hand
boundary given by the equation x +y = 1.2 or (I1/13) + (I2/13) = 1.2. In our analysis, which is based
on the ZINC library analysis performed by Hung and coworkers,! fragments that satisfy the
equation (I1/13) + (I2/13) > 1.2 are considered to have a 3D shape. Of the 71 mFs in the library, 55
(77 %) satisfy (11/13) + (12/13) > 1.2 and can be considered to have a 3D shape. Comparatively,
Hung’s analysis of the ZINC library showed that only ~25% of conventional fragments have 3D
shape.! Thus, by the normalized PMI metric to analyze molecular shape, the mF library clearly
achieves the goal of providing greater access to 3D scaffolds.

The topology of the mFs was also analyzed by complex type (sandwich, half-sandwich,
and octahedral complexes). The normalized PMI plots (Figure 5.4) show that mFs belonging to

the same complex type tend to have similar topology. The sandwich mFs cluster near the linear
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region of the plot, half-sandwich mFs occupy the top of the plot in the linear to spherical region,
and octahedral mFs are concentrated between the planar and spherical region. This analysis
validates the notion that the core scaffold of a molecule contributes more to its overall shape than
does its substituents.> ” Knowledge of the general topology of various scaffolds may be useful in

targeted FBDD.
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Figure 5.4. Top: Normalized PMI analysis of the entire mF library shows that the mF library
broadly populates 3D topological space. mFs of each complex type tend to have a related topology.
Within the 3D region, metallocene complexes (red circles) are more linear/planar, piano-stool
complexes (blue squares) are more linear/spherical, and octahedral complexes (green diamonds)
are more planar/spherical. Bottom: Normalized PMI analysis of approved drug molecules in
DrugBank (v. 5.1.3). In both plots, the degree of increasing 3D topologies, or the 3D scores, is
delineated by lines with x + y < 1.2 (I linear/flat), 1.4 (11), 1.6 (111), 1.8 (1V), and x + y > 1.8 (V).

For comparison to the mF library, the molecular topology of FDA-approved drugs was
assessed (Figure 5.4), using structures in the DrugBank (version 5.1.3 from 4 April 2019).
Structures were downloaded as ‘3D’, meaning that the downloaded structure represents the lowest
energy conformer of the free drug molecule. Normalized PMI calculations of the lowest energy
conformer were performed on all structures, and the results are shown in Figure 5.4. To the best

of our knowledge, this 3D analysis of approved drugs has not previously been performed and it

serves as an interesting insight to the current scope of therapeutic structural diversity. Of the
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approved drugs with structures in the DrugBank database 23% (161/712) have 3D scores falling
above 1.2 ((11/13) + (I2/13) > 1.2). The largely 2D character of drug molecules has been previously
described,® but it is important to note that these energy-minimized structures may not reflect the
protein-bound or solution confirmations of the drugs.®*" These energy-minimized structures may
also demonstrate some bias towards the left side of the PMI plot due to the steric interactions of
side-chains, producing some artificial linearity/planarity. Even concerted efforts in FBDD
campaigns to drive towards 3D diversity fail to achieve high 3-dimensionality (3D score > I11).}
Of the 712 approved therapies examined here, only 5 (0.7%) compounds are considered highly 3D
(3D score > 111), while with only 71 entries, the mF platform places 2 complexes, ~3% of the
library, in this space. Given the 3D nature of these core fragment scaffolds, the mF library offers
more direct access to molecules that occupy the previously unexplored 3D space at both the

fragment and drug level.

5.5 Metallofragment Library Evaluation and Screening

As described above, many of the sandwich, half-sandwich, and octahedral complexes that
comprise the mF library have been broadly examined for their biological activity. In this work the
mFs are intended to serve as inert scaffolds upon which fragment growth can be carried out. To
determine the general stability of each fragment class, *H NMR analysis was carried out in
deuterated DMSO prior to screening against potential protein targets. Spectra were collected of
the first entry in each Class and for each complex A-11 and L-M1 only a single species was
observed (Figure 5.519). Complexes in Class K undergo partial solvation through the loss of the
monodentate heterocycle to produce a second species with a coordinated DMSO (Figure 5.518).

Such complexes have been reported,®® and it is anticipated that all components of these solutions
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will be aguated once dissolved in agueous media. Similarly, the Ru(arene) scaffolds in Class J
exhibit some ligand exchange in DMSO; the speciation of such complexes has been studied
extensively in both organic and aqueous media.®*® While these particular scaffolds may not be an
ideal mF motif, the relevance of these compounds to the bioinorganic literature and their 3D
topological diversity prompted the inclusion of Class J as a starting point for these studies.

To assess the utility of the mF library for FBDD, the library was screened against three
therapeutically relevant targets (Figure 5.5). The selected targets were: the polymerase acidic N-
terminal (PAn) endonuclease domain from the HIN1 influenza A virus (antiviral target), New
Delhi metallo-B-lactamase-1 (NDM-1; antibacterial target), and the N-terminal domain of heat
shock protein 90-a (Hsp90; anticancer target).*>*! The role of these enzymes in their respective
diseases and inhibitor development for each are presented elsewhere.*#? Briefly, PAn
endonuclease is one of three proteins in the RNA-dependent RNA polymerase complex of the
influenza A virus, along with the polymerase basic protein 1 (PB1) and the polymerase basic
protein 2 (PB2).** PAN endonuclease contains a dinuclear metal active site, in which two Mn?* or
Mg?* cations catalyze endonuclease activity.** A functional RNA polymerase complex is essential
to viral replication,*® and the first treatment targeting this protein, Baloxavir marboxil, has now
gained FDA approval.*®* Baloxavir, along with other leading drug discovery efforts, have targeted
the metal centers nestled in the large active site of PAn as a means of enzyme inhibition. NDM-1
is a protein found in both Gram-negative and Gram-positive bacteria that has been shown to
hydrolyze clinically relevant B-lactam antibiotics.*® The active site of NDM-1 is largely
hydrophobic, with fluctional conformations and two Zn(ll) ions that participate in antibiotic
hydrolysis.*” There has been substantial effort to develop NDM-1 inhibitors and the target is still

considered promising,*° though NDM-1 inhibitors have yet to gain FDA approval. The final target,
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Hsp90, is a ubiquitous molecular chaperone with many diverse functions including the folding,
stability, and activity of many proteins (‘clients’).*3*® Several Hsp90 clients have been identified
as oncoproteins that are associated with cancer hallmarks.*>4° The binding site of the reported

50 More than a dozen

inhibitors is a 15 A deep pocket capable of binding to polypeptide chains.
Hsp90 inhibitors with a variety of mechanisms of action have entered clinical trials, but none have
received FDA approval.*!4°

The mF library was screened at a fragment concentration of 200 M against all three targets
using established, high-throughput screening assays for each protein (Figure 5.5).*4! Considering
the library as an entirety, a hit rate (percent inhibition > 50%) of approximately ~28 % (20/71) was
achieved against PAn. Classic high-throughput screening (HTS) of drug-like molecules have
reported hit rates between 0.001% and 0.2 %, while organic fragment libraries are reported to have
hit rates ranging from 3% to 30%.°2°% Thus, at least against PAn, the mF library performs as well
as or better than traditional screening libraries, speaking to the promise of this screening platform.

Class A ferrocene derivatives were observed to exhibit photosensitivity.>**> DMSO stock
solutions of certain Class A mFs exposed to ambient light resulted in photodecomposition. Many
of the derivatives in class A contain a ferrocenyl carbonyl motif, which has been previously
reported to undergo photoaquation (A >280 nm) in wet DMSO to produce a
monocyclopentadienyliron cation, the anionic ligand, and free cyclopentadiene.®® Suspecting
issues with photostability, compound A7 was dissolved in DMSO-ds, exposed to ambient room
light (fluorescent light bulb), and monitored for stability by NMR. Indeed, photoinstability was
confirmed by the observance of free cyclopentadienyl peaks appearing in the *H NMR spectrum.

The instability of these compounds highlights the importance of rigorously evaluating fragment

stability for each fragment class. Accordingly, screening data for Class A compounds is only
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presented against PAn, and compound stock solutions were prepared fresh and kept isolated from
light prior to evaluation. While these compounds may present promising scaffolds for future work
on fragment growth and elaboration, it is important to recognize their general lack of specificity.
Excessive lipophilicity, along with properties such as redox activity and metal chelation are
considered to be hallmarks of potential ligand promiscuity.>® The lipophilicity of ferrocene and
ferrocene derivatives, discussed in terms of the partition coefficient log P, are typically between
2-5.57 These values fall on the higher end of what is generally considered acceptable for drug-like
molecules (log P < 5), and it is likely that their lipophilicity would only increase with fragment
growth. Given this, should a Class A mF be selected as a hit compound in future efforts,
precautions would be advised to ensure that the complex binds to the desired binding pocket rather
than non-specific hydrophobic interactions leading to inhibitory responses. Additional care should
be taken to ensure that photodecomposition does not occur. The non-specificity and
photosensitivity demonstrated by these compounds represent some of the challenges inherent to
using metal complexes in FBDD. Accordingly, appropriate precautions should be taken to

characterize the stability, speciation, and shelf-life of mFs used in future efforts.
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Figure 5.5. Screening results, presented as percent inhibition, for the mF library tested at 200 uM
mF concentration against the viral target PAn, the bacterial target NDM-1, and the human cancer
target Hsp90 (NR = Not Reported).

In addition to validating the suitability of the mF platform for future FBDD campaigns,

these screening results allow for the examination of the relationship between mF 3D topologies
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and their biological activity. Based on the PMI analysis presented above, the large majority of
mFs have 3D scores of 11 (1.2 < (11/13) + (I2/13) < 1.4) compared to the ZINC fragment library
where ~75% of fragments have (11/Is) + (I2/13) < 1.2, a 3D score of 1.1 Within 11 there are mFs
from each subgroup, and they all exhibit a broad range of inhibitory effects against the three
targets. Of the most 3D fragments, those that fall into 1V, none of them achieved percent inhibition
values above 50%. There are only 2 mFs with this score, representing ~3% of the library, and both
are from the half-sandwich complex subgroup. It is challenging to draw any significant
conclusions regarding their moderate biological activity given the limited scope. Nonetheless,
these highly 3D fragments demonstrated weak inhibition at 200 UM against at least one of the
targets, and as such could potentially be pursued for fragment growth and lead development. In
future studies it will be important to populate these higher 3D scores so that more informative
analyses of the relationship between 3-dimensionality and biological activity can be undertaken.
The ability to measure and compare these inhibitors will allow future FBDD campaigns to take

full advantage of the topological diversity afforded by the mF library.

5.6 Structure-activity relationship of mFs

In an effort to elucidate the possible mechanism of inhibition, preliminary docking
exercises were carried out on a representative mF, K6. Fragment K6 showed good inhibitory
activity against PAn endonuclease, and also stood out as a potent inhibitor of Hsp90, providing a
model mF for this docking study. The coordinates of an aquated version of K6 were determined
from the X-ray crystal structure of K5 (see Appendix Figure 5.S14 and Table 5.S1) and the
complex was docked against a reported inhibitor-bound PAx endonuclease structure (6E3M) and

an inhibitor-bound crystal structure of Hsp90 (1YET) using the Molecular Operating Environment
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program (version 2019.0101).%8 The best scoring pose against each protein is shown in Figure 5.6.
While these poses may not indicate the true binding mode of K6 against these two targets, they
serve as an initial starting point in the rational development of new inhibitors. In both docking
studies the proteins and mF are mapped from pink to green based on their lipophilicities (Figure
5.6). Interestingly, many of the mF library entries do not have hydrogen bond donating or accepting
entities, as is the case for K6. As such, an analysis of the molecular interactions shows that the
docking of the mF in the pockets of PAn endonuclease and Hsp90 is driven primarily by the steric

interactions, directly related to the fragment 3-dimensionality.

Figure 5.6. Aquated fragment K6 docked against PAn endonuclease (left) and Hsp90 (right).
Fragments and protein are shown with molecular surface maps colored to indicate lipophilicity.
Hydrophilic and lipophilic regions are represented by pink and green surfaces, respectively.
5.7 Conclusions

The use of metal complexes to complement organic fragment libraries for drug discovery
applications has not been considered elsewhere. The benefit this approach aims to impart on the

FBDD methodology is the ability to access underexplored 3D chemical topologies. To evaluate

the feasibility and the validity of such an approach, this chapter details the design, synthesized and
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characterization of a modest library of coordination and organometallic complexes with diverse
3D topologies. A comparative shape analysis by the PMI method impressively demonstrates the
validity of our approach, with 77% populating the 3D region, as opposed to only 25% from the
much larger ZINC library of purely organic compounds. As a proof-of-concept, the mF library
was then screened against three different, relevant biological enzyme targets, i.e. PAN
endonuclease, NDM-1, and Hsp90 at 200 uM fragment concentration. These assays generated a
range of inhibitory responses, in which some mF classes performed well, while others achieved
only moderate to poor inhibition. Through the combination of fragment screening and molecular
docking, this chapter demonstrates that these mFs are capable of the same types of analyses
undergone by traditional organic fragments in medicinal chemistry campaigns. Such analyses will
be critical for future works carrying out HTL development utilizing the mF platform.

An analysis of the 3D topologies of ~700 approved therapeutics demonstrates that a large
majority fall under a linear/flat regime. Because of the limitations in the synthesis of 3D rich
drug/fragment libraries, it is difficult to know if these flat/linear structures represent ideal
geometries, or if they are simply a consequence of the tools used to prepare drug discovery
libraries. The mFs presented here have comparatively highly 3D topologies, but this space has
been so challenging to access that the potential of truly 3D scaffolds has yet to be determined.
Overall, this work showcases the utility of a novel mF library of modest size with 3D diversity that
exhibits a broad range of biological responses. Though the methodology applied in this chapter
represents a novel approach to FBDD, it must be carefully applied, as metal complexes may be
susceptible to challenges not common in traditional FBDD.>* Future efforts will build on these
exciting proof-of-concept studies by expanding the mF library to include more highly 3D

fragments with careful consideration of their kinetic and thermodynamic stability. Specifically,
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the analysis of a large database of metal complexes will help to identify metal complexes that
provide thorough and systematic coverage of chemical space. With a second-generation library in
development, these mFs can be further developed into lead-like molecules and previously

inaccessible or challenging targets will be examined.
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5.9 Appendix: Supporting Information

All reagents and solvents were obtained from commercial sources and used without further
purification. Microwave reactions were performed in 10 mL or 35 mL microwave vials using a
CEM Discover S reactor. Silica gel column chromatography was performed on a CombiFlash Rf
Teledyne ISCO system with prepacked silica cartridges or High-Performance Gold C18 columns.
Reverse phase column chromatography (C18 column) was performed on the same instrument
using 0.1% formic acid in methanol, acetonitrile, or water as eluent. Separations were monitored
by mass spectrometry via a Teledyne ISCO RF* Purlon ESI-MS or APCI-MS detector with 1 Da
resolution. *H NMR spectra were recorded at ambient temperature on a 400 or 500 MHz Varian

FT-NMR instrument located in the Department of Chemistry and Biochemistry at the University
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of California, San Diego. Some *H NMR spectra were recorded at ambient temperature on a 200,
250, 300, or 400 Bruker FT-NMR instrument located in the Department of Chemistry at the Ruhr
University in Bochum, Germany. *H NMR data is expressed in parts per million (ppm) relative to
the residual non-deuterated solvent signals, and spin multiplicities are given as s (singlet), d
(doublet), dd (doublet of doublets), t (triplet), dt (doublet of triplets), q (quartet), m (multiplet),
and bs (broad singlet). Available coupling constants (J) are reported in hertz (Hz). Mass spectra
were obtained at the Molecular Mass Spectrometry Facility (MMSF) in the Department of
Chemistry and Biochemistry at the University of California, San Diego. Some mass spectra were
obtained in the Department of Chemistry and Biochemistry at the Ruhr University in Bochum,
Germany. Further details on synthesis may be found in the following sections of the Supporting
Information. The purity of all compounds used in assays was determined to be >95% by *H NMR

spectroscopy and confirmed by mass spectrometry.
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Synthesis and characterization of mF library
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Fe(n®-CsHs)2] (ferrocene; Al). Compound Al was purchased from Sigma Aldrich and used

without further purification.

[Fe(n°-CsHs)(n°-CsH4Br)] (bromoferrocene; A2). Compound A2 was purchased from Sigma

Aldrich and used without further purification.

[Fe(n°-CsHs)(n°>-CsH4CCH)] (ethynylferrocene; A3). Compound A3 was purchased from

Sigma Aldrich and used without further purification.

[Fe(n°-CsHs)(n°>-CsH4sCOCHBa)] (acetylferrocene; A4). Compound A4 was purchased from

Sigma Aldrich and used without further purification.

[Fe(n®-CsHs)(n°>-CsH4aCHsNH?2)] (ferrocenemethylamine; A5). Ferroceneoxime was made
from ferrocenecarboxaldehyde following a previously reported procedure.’® To a solution of
ferroceneoxime (214 mg, 0.93 mmol) in 12 mL dry THF in a N2-flooded Schlenk flask, LiAlH4
(2.4 M in THF, 2.06 mL) was added slowly. The reaction mixture was stirred for 72 h at room
temperature, then poured onto ice. Et2O was added and the resulting gray solid was collected via
filtration. The aqueous layer was washed with Et>O, and the combined organic layers were dried
over MgSQg4 and the solvent was evaporated under reduced pressure to yield A5. Yield: 174 mg
(87%). H NMR (200 MHz, Chloroform-di): 6 4.24 — 4.06 (m, 9H), 3.55 (s, 2H). ESI-MS(+):

m/z 224.7 [M+H]".

170



[Fe(n°-CsHs)(n°>-CsH4sCOOH)] (ferrocenecarboxylic acid; A7). Compound A7 was purchased

from Sigma Aldrich and used without further purification.

[Fe(n°-CsHs)(n*>-CsH4CONHCH3)] (A8).  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and hydroxybenzotriazole (HOBt) were added to a suspension of ferrocenecarboxylic
acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture was cooled to 0 °C
and methylamine was added. The reaction mixture was allowed to warm and stir at room
temperature for 1 h before the solvent was removed. The product was purified with silica-based
column chromatography and then recrystallized from DCM/EtOAc (5:1), yielding orange crystals.
Yield: 55%. 'H NMR (500 MHz, DMSO-ds): & 7.74 (bs, 1H), 4.74 (t, J = 1.96 Hz, 2H), 4.32 (¢,

J=1.83 Hz, 2H), 4.14 (s, 5H), 2.69 (d, J = 4.65 Hz, 3H). ESI-MS(+): m/z 244.22 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4CONHCsHs)] (A9). EDC and HOBt were added to a suspension of
ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture
was cooled to 0 °C and aniline was added. The reaction mixture was allowed to warm and stir at
room temperature for 1 h before the solvent was removed. The product was purified with silica-
based column chromatography and then recrystallized from DCM/EtOAc (5:1), yielding orange
crystals. Yield: 15%. 'H NMR (500 MHz, DMSO-de): 6 9.44 (s, 1H), 7.68-7.72 (m, 2H), 7.29 -
7.36 (m, 2H), 7.06 (m, 1H), 5.01 (t, J = 1.9 Hz, 2H), 4.45 (t, J = 1.9 Hz, 2H), 4.22 (s, 5H). ESI-

MS(+): m/z 306.43 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4CONHCH2CesHs)] (A10). EDC and HOBt were added to a suspension of

ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture
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was cooled to 0 °C and benzylamine was added. The reaction mixture was allowed to warm and
stir at room temperature for 1 h before the solvent was removed. The product was purified with
silica-based column chromatography and then recrystallized from DCM/EtOAc (5:1), yielding
orange crystals. Yield: 65%. *H NMR (400 MHz, DMSO-dg): ¢ 8.37 (t, J = 6.05 Hz, 1H), 7.30
- 7.36 (M, 4H), 7.20 - 7.26 (m, 1H), 4.82 (t, J = 1.9 Hz, 2H), 4.34 - 4.39 (m, 4H), 4.12 (s, 5H).

ESI-MS(+): m/z 320.29 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4sCOCH2CeHs)] (All). To a stirred solution of ferrocene in DCM (5 mL)
at 0 °C was added AICIs in portions. A solution of 2-phenylacetyl chloride in DCM (5 mL) was
added dropwise over 1 min while keeping the temperature at 0 °C. After addition, the reaction
mixture was warmed to room temperature and stirred for 1 h. The reaction mixture was
concentrated under reduced pressure and purified with silica-based column chromatography using
a gradient of 0-100% Hex/EtOAc. Yield: 90%. *H NMR (500 MHz, DMSO-ds): ¢ 7.28 - 7.38
(m, 4H), 7.20 - 7.27 (m, 1H), 4.88 (t, J = 1.8 Hz, 2H), 4.60 (t, J = 1.8 Hz, 2H), 4.19 (s, 5H), 4.04

(s, 2H). ESI-TOFMS(+): m/z 305.0622 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4COCsHs)] (A12). To astirred solution of ferrocene in DCM (5 mL) at 0
°C was added AICIs in portions. A solution of benzoyl chloride in dichloromethane (5 mL) was
added dropwise over 1 min while maintaining the temperature at 0 °C. After addition, the reaction
mixture was warmed to room temperature and stirred for 1 h. The reaction mixture was
concentrated under reduced pressure and purified with silica-based column chromatography using

a gradient of 0-100% Hex/EtOAc. Yield: 58%. *H NMR (500 MHz, DMSO-dg): 6 7.87 (m, 2H),
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7.51-7.64 (m, 3H), 4.83 (m, 2H), 4.70 (m, 2H), 4.25 (s, 5H). ESI-TOFMS(+): m/z 291.0467

[M+H]".

[Fe(n°-CsHs)(n°>-CsH4CONHCH2C4OH3)] (A14). EDC and HOBt were added to a suspension
of ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture
was cooled to 0 °C and furanylmethylamine was added. The mixture was stirred for 1 h at room
temperature before the solvent was removed under reduced pressure. The product was purified
with silica-based column chromatography and then recrystallized from DCM/EtOAc (5:1),
yielding orange crystals. Yield: 65%. *H NMR (500 MHz, DMSO-dgs): ¢ 8.24 (t, J = 5.87 Hz,
1H), 7.58 (dd, J = 0.86, 1.83 Hz, 1H), 6.41 (dd, J = 1.71, 3.18 Hz, 1H), 6.26 (dd, J = 0.73, 3.18
Hz, 1H), 4.81 (t, J = 1.96 Hz, 2H), 4.37 (d, J = 5.87 Hz, 2H), 4.34 (t, J = 1.96 Hz, 2H), 4.12 (s,
5H). ESI-TOFMS(+): m/z 310.0523 [M+H]*. To the best of our knowledge, compound A14 has

not been reported previously in the literature.

[Fe(n°-CsHs)(n°>-CsH4CONHCH2C4SH3)] (A15). EDC and HOBt were added to a suspension
of ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture
was cooled to 0 °C and thiophenylmethylamine was added. The mixture was stirred for 1 h at
room temperature before the solvent was removed under reduced pressure. The product was
purified with silica-based column chromatography and then recrystallized from DCM/EtOAc
(5:1), yielding orange crystals. Yield: 71%. *H NMR (500 MHz, DMSO-dg): & 8.44 (t, J =5.99
Hz, 1H), 7.40 (dd, J=1.34,5.01 Hz, 1H), 7.02 (dd, J = 1.22, 3.42 Hz, 1H), 6.97 (dd, J = 3.55, 5.01
Hz, 1H), 4.81 (t, J = 1.96 Hz, 2H), 4.53 (d, J = 5.62 Hz, 2H), 4.35 (t, J = 1.96 Hz, 2H), 4.12 (s,

5H). ESI-TOFMS(+): m/z 326.0295 [M+H]".
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[Fe(n°-CsHs)(n°-CsH4CeHs)] (phenylferrocene; A16). Aniline (1.2 mmol), H2O (2 ml) and
concentrated HCI (2 ml) were combined in a round-bottom flask and cooled to 0 — 5 °C. While
maintaining the temperature of the solution below 5 °C, 0.1 g NaNO- in 2 ml H20O was added
dropwise. After the addition, the mixture was stirred for 1-1.5 h at 5 °C. Adequate urea was
added to decompose the surplus HNO2. Then, again keeping the temperature below 5 °C, a
solution of ferrocene (in 5 ml ether) and 0.1 g cetrimonium bromide (CTAB, C1sH33N(CHz3)3Br)
was added dropwise over 5 mins with stirring. The solution was stirred for 2 h at room
temperature. The solvent was evaporated under reduced pressure, and the product was purified
with silica-based column chromatography using EtOAc/Hex (gradient 0-10%). Yield: 18%. H
NMR (500 MHz, DMSO-dg): & 7.53 (m, 2H), 7.29 (m, 2H), 7.18 (m, 1H), 4.78 (m, 2H), 4.34 (m,

2H), 4.01 (s, 5H). ESI-MS(+): m/z 262.46 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4CON(CHs)2)] (Al7). EDC and HOBt were added to a suspension of
ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture
was cooled to 0 °C and dimethylamine was added. The mixture was stirred for 1 h at room
temperature before the solvent was removed under reduced pressure. The product was purified
with silica-based column chromatography and then recrystallized from DCM/EtOAc (5:1),
yielding orange crystals. Yield: 76%. H NMR (500 MHz, DMSO-dg): ¢ 4.60 (t, J = 1.83 Hz,

2H), 4.36 (t, J = 1.96 Hz, 2H), 4.22 (s, 5H), 2.7-3.25 (bd, 6H). ESI-MS(+): m/z 258.20 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4CONCH(CHa)2)] (A18). EDC and HOBt were added to a suspension of

ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature, the mixture
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was cooled to 0°C and isopropylamine was added. The mixture was stirred for 1 h at room
temperature before the solvent was removed under reduced pressure. The product was purified
with silica-based column chromatography and then recrystallized from DCM/EtOAc (5:1),
yielding orange crystals. Yield: 72%. *H NMR (500 MHz, DMSO-ds): ¢ 7.47 (d, J = 7.83 Hz,
1H), 4.80 (m, 2H), 4.31 (m, 2H), 4.13 (s, 5H), 3.98 - 4.08 (m, 1H), 1.13 (d, J = 6.60 Hz, 6H). ESI-

MS(+): m/z 272.17 [M+H]".

[Fe(n°-CsHs)(n°>-CsH4CONHCH2CeH4CeHs)] (A19). EDC and HOBt were added to a
suspension of ferrocenecarboxylic acid in DCM (5 mL). After stirring for 1 h at room temperature,
the mixture was cooled to 0 °C and (biphenyl-4-yl)methylamine was added. The mixture was
stirred for 72 h at room temperature before the solvent was removed under reduced pressure. The
product was purified with silica-based column chromatography using a gradient of 0-100%
Hex/EtOAc. Yield: 40 %. *H NMR (500 MHz, DMSO-dg): ¢ 8.37 (t, J = 6.0 Hz, 1H), 7.62 (d, J
= 8.1 Hz, 4H), 7.41 (t, J = 7.8 Hz, 4H), 7.31 (t, J = 7.4 Hz, 1H), 4.81 (t, J = 1.8 Hz, 2H), 4.39 (d, J

= 6.0 Hz, 2H), 4.34 — 4.32 (m, 2H), 4.11 (s, 5H). m/z 396.24 [M+H]".

[Fe(n®-CsHisCOCeHs)2] (A20). To astirred solution of ferrocene in DCM (5 mL) at 0 °C was
added AICIs in portions. A solution of benzoyl chloride in dichloromethane (5 mL) was added
dropwise over 1 min while keeping the temperature at 0 °C. After addition, the reaction mixture
was warmed to room temperature and stirred for 1 h. The reaction mixture was concentrated under
reduced pressure and purified with silica-based column chromatography using a gradient of O-

100% Hex/EtOAc. Yield: 26%. H NMR (500 MHz, DMSO-ds): 6 7.69 - 7.81 (m, 4H), 7.56 -

175



7.64 (m, 2H), 7.42 - 7.54 (m, 4H), 4.78 - 4.94 (m, 4H), 4.62 - 4.77 (m, 4H). ESI-TOFMS(+): m/z

395.0727 [M+H]".

[Fe(n°-CsHsCH20H)2] (1,1’-ferrocenedimethanol; A21). Compound A21 was purchased from

Sigma Aldrich and used without further purification.

[Fe(n°-CsHsCOOH)] (1,1°-ferrocenedicarboxylic acid; A22). Compound A22 was purchased

from Sigma Aldrich and used without further purification.
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Figure 5.S2. Cobaltocene scaffolds that comprise the Class B mFs.

[Co(°-CsHs)2]*[PFs]- (cobaltocenium hexafluorophosphate; B1). Compound B1 was

purchased from Sigma Aldrich and used without further purification.
[Co(°-CsHs)(n>-CsH4sCCH)]*[PFs]” (B2). Compound B2 was synthesized following a
previously reported procedure.®® *H NMR (500 MHz, DMSO-dg): 6 6.19 (t, J = 2.1 Hz, 2H), 5.91

(t, = 2.0 Hz, 2H), 5.88 (s, 5H), 4.71 (5, 1H). ESI-MS(+): m/z 212.7 [M+H]".
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Figure 5.S3. The rhenium sandwhich complex that comprises Class C.
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[Re(n®-CsHe)2]*[OTf] (Bis(arene)rhenium triflate; C1). Compound C1 was synthesized
following a previously reported procedure.’® 'H NMR (250 MHz, DMSO-dg): 6 6.04 (s, 12H).

ESI-MS(+): m/z 342.5 [M+H]".
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Figure 5.54. Rhenium piano-stool scaffolds that comprise the Class D mFs.

Note: Mass spectra could not be obtained for most Class D compounds.

[Re(n®-CsHs)(CO)s] (D1). Compound D1 was purchased from commercial sources and used

without further purification.

[Re(n®-CsH4CH3)(CO)s] (D2). Compound D2 was synthesized following a previously reported

procedure.’r *H NMR (200 MHz, Chloroform-d1): 6 5.23 (s, 4H), 2.23 (s, 3H).
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[Re(n°-CsH4CCH)(CO)3] (D3). To make the Re(Cp-acetylene-TMS)(CO)s precursor, compound
D10 (121 mg, 0.26 mmol) and TMS-acetylene (0.05 mL, 0.38 mmol) were dissolved in 3.5 mL of
a mixture of NEta/DMF/THF (0.5:1:2). The mixture was degassed by three freeze-pump-thaw
cycles before Pd(MeCN)2Cl2 (5 mol%) and Cul (10 mol%) were added. The reaction mixture
stirred overnight at room temperature. The solvent was evaporated under reduced pressure, and
Re(Cp-acetylene-TMS)(CO)s was purified with silica-based column chromatography using
PE/EtOAC (20:1) as eluent. Yield: 84 mg (76%). To make compound D3, Re(Cp-acetylene-
TMS)(CO)s (81 mg, 0.19 mmol) and K>COz (29 mg, 0.21 mmol) were diluted with 2 mL MeOH,
and the white suspension stirred for 3 h at room temperature. After the addition of 4 mL H0, the
product was extracted with Et,0. Yield: 61 mg (90%). *H NMR (300 MHz, Chloroform-di): ¢

5.66 (t, J = 2.2 Hz, 2H), 5.28 (t, J = 2.2 Hz, 2H), 2.82 (s, 1H).

[Re(n°-CsH4COOH)(CO)s] (D4). Compound D1 (110 mg, 0.33 mmol) was dissolved in 6 mL
dry THF in a N2-flooded Schlenk flask, and the solution was cooled to -78 °C. After the slow
addition of n-BuL.i (1.6 M in n-hexane; 0.31 mL), the reaction mixture was kept cooled and stirred
for 1 h. CO2was bubbled through the mixture while it was allowed to warm up very slowly over
several hours. The reaction was quenched with water, and the aqueous layer was washed with
Et.O. The pH of the aqueous layer was adjusted to 1 with 1 M HCI, and the product was extracted
with EtzO. Yield: 41 mg (33%). H NMR (500 MHz, DMSO-ds): & 6.22 (t, J = 1.9 Hz, 2H),

5.75 (t, J = 1.9 Hz, 2H). EI-MS(+): m/z 379.9 [M].

[Re(n°-CsHaNH2)(CO)s3] (D5). Compound D5 was synthesized following a previously reported

procedure.?! After extraction, the product was purified with silica-based column chromatography
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using PE/EtOAc (10:1) as the eluent. Solvent was evaporated from the product under reduced
pressure, and the product was recrystallized by slow evaporation of a mixture of DCM/n-hexane.
'H NMR (200 MHz, Chloroform-di): §5.05 (t, J = 2.2 Hz, 2H), 4.92 (t, J = 2.2 Hz, 2H), 3.28 (s,

2H). EI-MS(+): m/z 350.9 [M].

Re(n®>-CsHsNCOCHS3)(CO)s (D6). Compound D6 was synthesized following a previously
reported procedure.®? *H NMR (200 MHz, Chloroform-di1): ¢ 6.90 (s, 1H), 5.69 (g, J = 2.0 Hz,

2H), 5.19 (g, J = 2.0, 2H), 2.07 (s, 3H). ESI-TOFMS(+): m/z 394.0081 [M+H]".

[Re(m>-CsH4CN)(CO)3] (D7). Re(n°-CsHsCOH)(CO)s was synthesized following a previously
reported procedure with some modification.?” To make the Re(n>-CsH4COH)(CO)s precursor,
compound D1 (200 mg, 0.60 mmol) was dissolved in 12 mL dry THF in a N2-flooded Schlenk
flask, and the solution was cooled to -78 °C. After the slow addition of n-BuL.i (1.6 M in n-hexane,
0.56 mL), the reaction mixture was kept cool and stirred for 35 min. Dry DMF (0.11 mL,
1.49 mmol) was added, and the mixture was stirred first for 1.5 h at -78 °C and then for 1 h at -
5 °C. The reaction was quenched with saturated aqueous NH4Cl (3 mL). The aqueous phase was
extracted with Et,O, and the combined organic layers were dried over MgSO4 and filtered. The
solvent was evaporated under reduced pressure. Purification of Re(n®>-CsHsCOH)(CO)s was
performed with silica-based column chromatography using DCM/PE (1:2) as eluent. Yield:
169 mg (78%). Compound D7 was synthesized following a previously reported procedure with
some modification.®® To Re(n°®-CsH4COH)(CO)s (169 mg, 0.47 mmol) and NH,OH-HCI (48 mg,
0.70 mmol) was added 6 mL of formic acid. The mixture was stirred for 30 min at 80 °C. After

cooling to ambient temperature, it was poured onto ice. The aqueous layer was extracted with
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Et20O, and the combined organic layers were washed with H,O and brine, dried over MgSOs, and
filtered. The solvent was evaporated under reduced pressure. The compound was dissolved in
DCM, and the organic layer was washed with saturated aqueous NaHCOs3, dried over MgSQg, and
filtered. The solvent was evaporated under reduced pressure, and the product was purified with
silica-based column chromatography using DCM/n-hexane (1:1) as the eluent. Yield: 72 mg

(41%). *H NMR (200 MHz, Chloroform-d1): 65.91 (t, J = 2.3 Hz, 2H), 5.42 (t, J = 2.3 Hz, 2H).

[Re(n®-CsHisCH20H)(CO)s] (D8).  Re(n>-CsHsCOH)(CO)s was synthesized following a
previously reported procedure with some modification, as described for D7.2” To make compound
D8, Re(n*-CsH4COH)(CO)3 (130 mg, 0.36 mmol) was dissolved in 6 mL dry Et2O in a N2-flooded
Schlenk flask at 0 °C, and LiAIH4 (7 mg, 0.18 mmol) was added. The reaction mixture stirred for
1hat0°C and 1.5 h at room temperature. The reaction was quenched with saturated aqueous
NH4CI (3 mL), and the aqueous layer was extracted with Et,O. The combined organic layers were
washed with H20 and brine, dried over MgSOg, and filtered. The solvent was evaporated under
reduced pressure, and the product was purified with silica-based column chromatography using
DCM as the eluent. Yield: 86 mg (66%). *H NMR (200 MHz, Chloroform-d;): 65.31 (t, J=2.2

Hz, 2H), 5.45 (t, = 2.2 Hz, 2H), 4.44 (d, J = 5.2 Hz, 2H).

[Re(n°-CsH4COOCHS3)(CO)3] (D9). Compound D1 (100 mg, 0.30 mmol) was dissolved in
12 mL dry THF in a N2-flooded Schlenk flask, and the solution was cooled to -78 °C. After the
slow addition of n-BuL.i (1.6 M in n-hexane, 0.22 mL), the reaction mixture was kept cooled and
stirred for 30 min. Methyl chloroformate (0.03 mL, 0.43 mmol) was added, and the mixture stirred

first for 1.5 h at -78 °C, then for 1 h at -5 °C. The reaction was quenched with saturated aqueous
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NH4Cl (3 mL). The aqueous phase was extracted with Et2O, and the combined organic layers were
dried over MgSO4 and filtered. The solvent was evaporated under reduced pressure and
purification of the product was done with silica-based column chromatography using DCM/n-
hexane (1:3) as the eluent. Yield: 114 mg (98%). *H NMR (200 MHz, Chloroform-d1): § 6.10 —

5.91 (m, 2H), 5.43 — 5.30 (m, 2H), 3.81 (s, 3H).

[Re(n°-CsHal)(CO)s] (D10). ReCp(CO)s (125 mg, 0.37 mmol) was dissolved in 10 mL dry THF
in a N2-flooded Schlenk flask, and the solution was cooled to -78 °C. After the addition of n-BuLi
(1.6 M in n-hexane; 0.35 mL), the reaction mixture was kept cooled and stirred for 1 h. 1> (142 mg,
0.56 mmol) was dissolved in 3 mL dry THF and slowly added to the reaction mixture. The mixture
was allowed to warm gradually to reach room temperature and then continued to stir overnight.
The reaction was quenched with 3 mL of a saturated aqueous NH4ClI solution, extracted with Et20,
and washed with brine. The combined organic layers were dried over MgSO4 and filtered, and the
solvent was evaporated under reduced pressure. Purification was performed with silica-based
column chromatography using n-hexane/EtOAc (20:1) as the eluent. Yield: 121 mg (70%). H

NMR (200 MHz, Chloroform-ds): 6 5.61 (t, J = 2.2 Hz, 2H), 5.27 (t, J = 2.2 Hz, 2H).
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Figure 5.S5. The manganese tricarbonyl complex is the Class E mF.

[Mn(n®-CsHs)(CO)z] (E1). Compound E1 was purchased from commercial sources and used

without further purification
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Figure 5.56. Rhenium tricarbonyl scaffolds that comprise the Class F mFs.

[Re(2,2'-bipyridine)Br(CO)s] (F1). Re(CO)sBr (50 mg, 0.14 mmol) and 2,2'-bipyridine (27 mg,
0.15 mmol) were suspended in 5 mL toluene (stored over molecular sieves). The suspension was
saturated with N2 and stirred overnight at 60 °C before the solvent was evaporated under reduced

pressure. The residue was dissolved in DCM, and MeOH was added to the solution. The DCM

183



was slowly evaporated under reduced pressure until the product started to precipitate. The yellow
crystalline product was collected via filtration. Yield: 66 mg (97%). *H NMR (500 MHz, DMSO-
de): 09.04 (d, J=5.3 Hz, 2H), 8.77 (d, J = 8.1 Hz, 2H), 8.33 (td, J = 8.0 Hz, 1.6 Hz, 2H), 7.83 —

7.70 (m, 2H). ESI-TOFMS(+): m/z 523.9589 [M+NHa]*, 528.9142 [M+Na]".

[Re(2,2'-bipyridine)CI(CO)s] (F2). Re(CO)sCl (50 mg, 0.14 mmol) and 2,2'-bipyridine (27 mg,
0.15 mmol) were suspended in 5 mL toluene (stored over molecular sieves). The suspension was
saturated with N2 and stirred overnight at 60 °C before the solvent was evaporated under reduced
pressure. The residue was dissolved in DCM, and MeOH was added to the solution. The DCM
was slowly evaporated under reduced pressure until the product started to precipitate. The yellow
crystalline product was collected via filtration. Yield: 66 mg (97%). H NMR (500 MHz,
Chloroform-di): 69.02 (d, J = 5.2 Hz, 2H), 8.77 (d, J = 8.1 Hz, 2H), 8.34 (td, J = 7.9 Hz, 1.3 Hz,

2H), 7.76 (m, 2H). ESI-TOFMS(+): m/z 427.0084 [M-CI]*.

[Re([2,2'-bipyridine]-4,4'-diyldimethanol)CI(CO)s] (F6). Re(CO)sCl (50 mg, 0.14 mmol) and
[2,2'-bipyridine]-4,4'-diyldimethanol (31 mg, 0.15 mmol) were suspended in 5 mL toluene (stored
over molecular sieves). The suspension was saturated with N2 and stirred overnight at 60 °C before
the solvent was evaporated under reduced pressure. The resulting residue was suspended in a
mixture of DCM and MeOH and was sonicated for 0.5 h. The yellow powdery product was
collected via filtration. Yield: 48 mg (67%). *H NMR (500 MHz, DMSO-ds): §8.94 (d, J =5.7
Hz, 2H), 8.61 (d, J = 1.6 Hz, 2H), 7.69 (dd, J = 5.7, 1.6 Hz, 2H), 5.81 (t, J = 5.7 Hz, 2H), 4.77 (d,

J=5.7 Hz, 4H). ESI-MS(+): m/z 544.93 [M+Na]*. ESI-MS(-): m/z 520.95 [M-H]".
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[Re(6,6'-dimethyl-2,2'-bipyridine)CI(CO)s] (F7). Re(CO)sCl (50 mg, 0.14 mmol) and 6,6'-
dimethyl-2,2'-bipyridine (27 mg, 0.15 mmol) were suspended in 5 mL toluene (stored over
molecular sieves). The suspension was saturated with N2 and stirred overnight at 60 °C before the
solvent was evaporated under reduced pressure. The residue was dissolved in DCM, and MeOH
was added to the solution. The DCM was slowly evaporated under reduced pressure until the
product started to precipitate. The yellow crystalline product was collected via filtration. Yield:
66 mg (97%). 'H NMR (500 MHz, Chloroform-ds): & 7.99 (dd, J = 7.7, 1.0 Hz, 2H), 7.89 (t, J =
7.9 Hz, 2H), 7.45 (dd, J = 7.7, 1.2 Hz, 2H), 3.13 (5, 6H). ESI-MS(+): m/z 513.00 [M+Na]*, 455.17

[M-CI]*.
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Figure 5.S7. Rhenium tricarbonyl scaffolds that comprise the Class G mFs.

[Re(2-(1H-imidazol-2-yl)pyridine)CI(CO)3] (G1). Re(CO)sCI (50 mg, 0.14 mmol) and 2-(1H-
imidazol-2-yl)pyridine (21 mg, 0.15 mmol) were suspended in 5 mL toluene (stored over
molecular sieves). The suspension was saturated with N2 and stirred overnight at 60 °C. The
solvent was evaporated under reduced pressure, and the yellow residue was washed with pentane
and dried in vacuo. Recrystallization from hot acetone gave the product as yellow crystals. Yield:

61 mg (98%). *H NMR (500 MHz, DMSO-de): ¢ 8.90 (d, J = 5.4 Hz, 1H), 8.34 — 8.21 (m, 2H),
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7.69 (d, J = 1.3 Hz, 1H), 7.62 (ddd, J = 7.3, 5.4, 1.8 Hz, 1H), 7.50 (d, J = 1.4 Hz, 1H). ESI-MS(+):

m/z 416.04 [M-CI]", 433.66 [M-CIl+NHs].

[Re(2-(1H-benzimidazol-2-yl)pyridine)CI(CO)s] (G2). Re(CO)sCl (50 mg, 0.14 mmol) and 2-
(1H-benzimidazol-2-yl)pyridine (28 mg, 0.15 mmol) were suspended in 5 mL toluene (stored over
molecular sieves). The suspension was saturated with N2 and stirred overnight at 60 °C. The
solvent was evaporated under reduced pressure, and the yellow residue was washed with pentane
and dried in vacuo. Recrystallization from hot acetone gave the product as yellow crystals. Yield:
62 mg (90%). *H NMR (500 MHz, Methanol-ds): 6 9.10 (dt, J =5.5, 1.2 Hz, 1H), 8.41 — 8.34 (m,
1H), 8.30 (td, J = 7.8, 1.5 Hz, 1H), 7.97 — 7.92 (m, 1H), 7.76 — 7.68 (m, 2H), 7.57 — 7.50 (m, 2H).

ESI-MS(+): m/z 466.04 [M-CI]", 433.66 [M-CI+NHs].

[Re(2-(1H-1,2,4-triazol-5-yl)pyridine)CI(CO)s] (G3). Re(CO)sCI (50 mg, 0.14 mmol) and 2-
(1H-1,2,4-triazol-5-yl)pyridine (21 mg, 0.15 mmol) were suspended in 5 mL toluene (stored over
molecular sieves). The suspension was saturated with N2 and stirred overnight at 60 °C. The
solvent was evaporated under reduced pressure, and the residue was suspended in acetone. The
suspension was filtered, and hexane was added slowly to the filtrate. The resulting precipitate was
collected via filtration and was re-dissolved in a mixture of acetone and H.O. The acetone was
slowly evaporated under reduced pressure until a white solid started to precipitate. The precipitate
was collected via filtration and evaporated to dryness. The product was recrystallized from
acetone. Yield: 15 mg (24%). *H NMR (500 MHz, Acetone-ds): ¢ 9.47 (s, 1H), 9.07 (ddd, J =

5.5,1.5, 0.9 Hz, 1H), 8.39 (dt, J = 8.0, 1.2 Hz, 1H), 8.34 (td, J = 7.7, 1.5 Hz, 1H), 7.84 — 7.76 (m,
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1H). ESI-MS(+): m/z 417.14 [M-CI]* 434.70 [M-CI+H20]*. To the best of our knowledge,

compound G3 has not been reported previously in the literature

[Re(2-(1H-1,2,3-triazol-5-yl)pyridine)CI(CO)s] (G4). Re(CO)sCl (50 mg, 0.14 mmol) and 2-
(1H-1,2,3-triazol-5-yl)pyridine (21 mg, 0.15 mmol) were suspended in 3 mL acetone. The
suspension was heated to 60 °C overnight. The solvent was evaporated under reduced pressure,
and the residue was purified with silica-based column chromatography using DCM/MeOH as
eluent (3 min 0% MeOH, 22 min 0-10.1% MeOH, 3.4 min 10.1% MeOH). Yield: 18 mg (29%).
IH NMR (500 MHz, Acetone-ds): 6 9.13 (s, 1H), 9.06 (dt, J = 5.6, 1.1 Hz, 1H), 8.33 (dt, J = 7.9,
1.2 Hz, 1H), 8.27 (td, J = 7.7, 1.4 Hz, 1H), 7.67 (ddd, J = 7.4, 5.6, 1.4 Hz, 1H). ESI-MS(+): m/z
417.02 [M-CI]* 434.69 [M-CI+H.0]". ESI-MS(-): m/z 451.03 [M-H]". To the best of our

knowledge, compound G4 has not been reported previously in the literature.
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Figure 5.S8. Rhenium tricarbonyl scaffold that is the Class H mF.
[Re(imidazolidine)Br(CO)s] (H1). Compound H1 was synthesized following a previously

reported procedure.®* 'H NMR (200 MHz, Chloroform-ds:): ¢ 6.87 (bs, 2H), 3.78 (s, 4H). ESI-

TOFMS(+): m/z 465.9398 [M+NH,]*, 470.8937 [M+Na]".
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Figure 5.59. Rhenium tricarbonyl scaffolds that comprise the Class I mFs.

[Re(2,3-dihydro-1H-benzo[d]imidazole)Br(CO)s] (11). To make the 2-((triphenyl-A°-
phosphaneylidene)amino)aniline ligand, 2-azidoaniline (224 mg, 1.67 mmol, 1 eq.) was dissolved
in toluene in a nitrogen atmosphere. After 10 minutes the reaction mixture was treated with a
solution of triphenylphosphine (440 mg, 1.7 mmol, 1.02 eq.) in toluene. The solution was stirred
for 20 h at room temperature before the solvent was removed under reduced pressure, and the
crude foamy product was purified by silica-based column chromatography using hexanes/EtOAc
(4:1to 0:1) as the eluent. The ligand was obtained as an orange crystalline solid and dried under
reduced pressure. Yield: 550 mg (89%). 'H NMR (250 MHz, Chloroform-di): ¢ 7.82 —7.72 (m,
6H), 7.56 — 7.42 (m, 9H), 6.75 — 6.70 (m, 1H), 6.60 — 6.52 (m, 1H), 6.41 — 6.31 (m, 2H), 4.36 (bs,

2H). ESI-MS(+): m/z 369.0 [M+H]*.

The following synthetic procedure for compound I1 was originally published elsewhere.?® Under
a nitrogen atmosphere, bromopentacarbonylrhenium(l) (220 mg, 0.54 mmol, 1 eq.) and 2-
((triphenyl-A>-phosphaneylidene)amino)aniline (200 mg, 0.54 mmol, 1 eq.) were dissolved in

toluene and stirred for 24 h at ambient temperature. The solvent was removed under reduced
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pressure, and the crude product was purified by silica-based column chromatography using
hexanes/EtOAcC (9:1) as the eluent. The product was obtained as an off-white solid and dried under
reduced pressure. Yield: 230 mg (86%). *H NMR (200 MHz, DCM-d2): 6 10.54 (bs, 2H), 7.59

—7.53 (m, 2H), 7.42 — 7.35 (m, 2H). EI-MS(+): m/z 495.8 [M]".

[Re(2,3-dihydro-1H-benzo[d]imidazole)CI(CO)s] (12). Under a nitrogen atmosphere,
pentacarbonylchlororhenium(l) (300 mg, 0.83 mmol, 1 eq) and 2-((triphenyl-A5-
phosphaneylidene)amino)aniline (305 mg, 0.83 mmol, 1 eq.) were dissolved in toluene and stirred
for 18 h at ambient temperature. The solvent was removed under reduced pressure, and the crude
product was purified by silica-based column chromatography using PE:EtOAc (4:1) as the eluent.
The desired product was obtained as a beige solid and dried under reduced pressure. Yield: 282
mg (75%). *H NMR (200 MHz, Chloroform-ds): 5 10.58 (bs, 2H), 7.58 — 7.50 (m, 2H), 7.42 — 7.34

(m, 2H). ESI-TOFMS(+): m/z 469.9899 [M+NH.]*, 474.9452 [M+Na]".

[Re(1-ethyl-2,3-dihydro-1H-benzo[d]imidazole)Br(CO)s] (13). To make the N-ethyl-2-
((triphenyl-A>-phosphaneylidene)amino)aniline ligand, 2-azido-N-ethylaniline (166 mg, 1 mmol,
1 eq.) was dissolved in toluene in a nitrogen atmosphere. The reaction mixture was treated with a
solution of triphenylphosphine (268 mg, 1 mmol, 1 eq.) in toluene. The solution was stirred for
20 h at room temperature. Subsequently, the solvent was removed under reduced pressure, and
the crude product was purified by silica-based column chromatography using DCM as the eluent.
The product was obtained as an orange crystalline solid. Yield: 190 mg (48%). H NMR (200

MHz, Chloroform-ds): & 7.81-7.72 (m, 6H), 7.56-7.41 (m, 9H), 6.70-6.64 (m, 1H), 6.59-6.54 (m,
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1H), 6.42-6.38 (m, 1H), 6.33-6.27 (m, 1H), 4.99 (bs, 1H), 3.24 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1

Hz, 3H). ESI-MS(+): m/z 397.0 [M+H]".

The following synthetic procedure for compound I3 was originally published elsewhere.?® Under
a nitrogen atmosphere, N-ethyl-2-((triphenyl-A>-phosphaneylidene)amino)aniline (160 mg, 0.4
mmol, 1 eq.) was dissolved in dry toluene (8 ml) and treated with rheniumpentacarbonylbromide
(166 mg, 0.4 mmol, 1 eq.). The orange solution was stirred for 18 h at room temperature.
Subsequently, the solvent was removed under reduced pressure, and the beige crude product was
purified by silica-based column chromatography using hexanes:EtOAc (4:1) as the eluent. The
product was obtained as a beige crystalline solid. Yield: 127 mg (60%). H NMR (200 MHz,
Chloroform-di): & 11.19 (bs, 1H), 7.55 — 7.47 (m, 2H), 7.41 — 7.35 (m, 2H), 4.52 (q, J = 7.2 Hz,

2H), 1.56 (t, J = 7.2 Hz, 3H). ESI-TOFMS(+): m/z 445.0199 [M-HBr]*, 541.9690 [M+NH4]*.

[Re(1-benzyl-2,3-dihydro-1H-benzo[d]imidazole)Br(CO)s] (14). To make the N-benzyl-2-
((triphenyl-A>-phosphaneylidene)amino)aniline ligand, 2-azido-N-benzylaniline (200 mg, 0.9
mmol, 1 eq.) was dissolved in toluene under a nitrogen atmosphere and treated with a solution of
triphenylphosphine (239 mg, 0.91 mmol, 1.05 eq.) in toluene. The solution was stirred for 24 h at
room temperature. Subsequently, the solvent was removed under reduced pressure, and the crude
product was purified by silica-based column chromatography using hexanes/EtOAc (4:1) as the
eluent. The product was obtained as an orange solid and dried under reduced pressure. Yield:
310 mg (75%). *H NMR (250 MHz, Chloroform-ds): & 7.91-7.80 (m, 6H), 7.65-7.48 (m, 11H),
7.45-7.28 (m, 3H), 6.67-6.57 (m, 2H), 6.50-6.44 (m, 1H), 6.37-6.29 (m, 1H), 5.50 (bs, 1H), 4.54

(s, 2H). ESI-MS(+): m/z 458.9 [M+H]".
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The following synthetic procedure for compound 14 was originally published elsewhere.?® Under
a nitrogen atmosphere, bromopentacarbonylrhenium(l) (112 mg, 0.28 mmol, 1 eq.) and N-benzyI-
2-((triphenyl-A>-phosphaneylidene)amino)aniline (126 mg, 0.28 mmol, 1 eq.) were dissolved in
THF and stirred for 24 h at room temperature. The solvent was removed in vacuo and the crude
product was purified by silica-based column chromatography using hexanes/EtOAc (4:1) as the
eluent. The product was obtained as a grey solid and dried under reduced pressure. Yield: 137
mg (85%). 'H NMR (200 MHz, Chloroform-ds): 6 11.35 (s, 1H), 7.54 — 7.50 (m, 1H), 7.36 — 7.21

(m, 6H), 7.04 — 7.00 (m, 2H), 5.67 (s, 2H).
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Figure 5.510. Ruthenium piano-stool scaffolds that comprise the Class J mFs.

[Ru(n8-p-cymene)Cl(maltol)] (J1). A solution of 0.2 M sodium methoxide was made by
dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL). The reaction was kept as dry as

possible, and the sodium methoxide solution was kept under a nitrogen atmosphere.
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Bis[dichlorido(n®-p-cymene)Ru(11)] (0.9 eq.) was added to a solution of maltol (1 eg.) and sodium
methoxide (1.1 eq.) in methanol (80 mL). The reaction mixture was stirred at room temperature
under a nitrogen atmosphere for 4-8 h. Afterwards the solvent was evaporated under reduced
pressure, and the residue was dissolved in dichloromethane and filtered to remove NaCl. Solvent
was evaporated from the filtrate under reduced pressure, and the resulting solid was purified with
silica-based column chromatography using DCM/MeOH as eluent (gradient of 0-10% MeOH).
Yield: 56.0 mg (78%). *H NMR (500 MHz, Chloroform-ds1): & 7.55 (d, J = 5.1 Hz, 1H), 6.50 (d,
J =5.1Hz), 5.53 - 5.49 (m, 2H), 5.32 — 5.27 (m, 2H), 2.91 — 2.88 (m, 1H), 2.41 (s, 3H), 2.32 (s,

3H), 1.34 — 1.29 (m, 6H). ESI-MS(+): m/z = 361.23 [M-CI]".

[Ru(n®-p-cymene)CIl(6-(hydroxymethyl)-4-oxo-4H-pyran-3-olate)] (J2). A solution of 0.2 M
sodium methoxide was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL).
The reaction was kept as dry as possible, and the sodium methoxide solution was kept under a
nitrogen atmosphere. Bis[dichlorido(n®-p-cymene)Ru(I1)] (0.9 eq.) was added to a solution of 5-
hydroxy-2-(hydroxymethyl)-4H-pyran-4-one (1 eg.) and sodium methoxide (1.1 eq.) in methanol
(80 mL). The reaction mixture was stirred at room temperature under a nitrogen atmosphere for
4-8 h. Afterwards the solvent was evaporated under reduced pressure, and the residue was
dissolved in dichloromethane and filtered to remove NaCl. Solvent was evaporated from the
filtrate under reduced pressure, and the resulting solid was purified with silica-based column
chromatography using DCM/MeOH as eluent (gradient of 0-10% MeOH). Yield: 47.8 mg (64%).
IH NMR (500 MHz, Chloroform-dy): & 7.68 (s, 1H), 6.63 (s, 1H), 5.54 — 5.51 (m, 2H), 5.31 (s,
2H), 4.44 (s, 2H), 2.92 — 2.90 (m, 1H), 2.70 (s, 1H), 2.30 (s, 3H), 1.33 — 1.29 (m, 6H). ESI-MS(+):

m/z = 377.23 [M-CI]".
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[Ru(n®-p-cymene)Cl(allomaltol)] (J3). A solution of 0.2 M sodium methoxide was made by
dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL). The reaction was kept as dry as
possible, and the sodium methoxide solution was kept under a nitrogen atmosphere.
Bis[dichlorido(n®-p-cymene)Ru(I1)] (0.9 eq.) was added to a solution of allomaltol (1 eq.) and
sodium methoxide (1.1 eq.) in methanol (80 mL). The reaction mixture was stirred at room
temperature under a nitrogen atmosphere for 4-8 h. Afterwards the solvent was evaporated under
reduced pressure, and the residue was dissolved in dichloromethane and filtered to remove NaCl.
Solvent was evaporated from the filtrate under reduced pressure, and the resulting solid was
purified with silica-based column chromatography using DCM/MeOH as eluent (gradient of 0-
10% MeOH). Yield: 44.3 mg (62%). *H NMR (500 MHz, Chloroform-ds); 6 7.62 (s, 1H), 6.30
(s, 1H), 5.49 (t, J = 6.6 Hz, 2H), 5.28 (d, J = 5.9 Hz, 2H), 2.91 — 2.85 (m, 1H), 2.27 (s, 3H), 2.21

(s, 3H), 1.28 (dd, J = 6.6, 4.5 Hz, 6H). ESI-MS(+): m/z = 361.25 [M-CI]*.

[Ru(n®-p-cymene)Cl(6-(methylsulfonyl)-4-oxo-4H-pyran-3-olate)] (J6). A solution of 0.2 M
sodium methoxide was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL).
The reaction was kept as dry as possible, and the sodium methoxide solution was kept under a
nitrogen atmosphere. Bis[dichlorido(n®-p-cymene)Ru(I1)] (0.9 eq.) was added to a solution of 5-
hydroxy-2-(methylsulfonyl)-4H-pyran-4-one (1 eq.) and sodium methoxide (1.1 eg.) in methanol
(80 mL). The reaction mixture was stirred at room temperature under a nitrogen atmosphere for
4-8 h. Afterwards the solvent was evaporated under reduced pressure, and the residue was
dissolved in dichloromethane and filtered to remove NaCl. Solvent was evaporated from the
filtrate under reduced pressure, and the resulting solid was purified with silica-based column

chromatography using DCM/MeOH as eluent (gradient of 0-10% MeOH). Yield: 18.4 mg (25%).
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'H NMR (500 MHz, Chloroform-di): 6 7.76 (s, 1H), 6.67 (s, 1H), 5.56 (t, J = 4.6 Hz, 2H), 5.34
(dd, J=5.1, 3.9 Hz, 2H), 4.18 (d, J = 2.9 Hz, 2H), 2.96 (s, 2H), 2.31 (s, 3H), 1.35-1.33 (dd, J =
6.9, 0.8 Hz, 6H). ESI-MS(+): m/z = 439.00 [M-CI]*. To the best of our knowledge, compound J6

has not been reported previously in the literature

[Ru(n®-p-cymene)Cl(4-o0x0-4H-chromen-3-olate)] (J8). A solution of 0.2 M sodium methoxide
was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL). The reaction was
kept as dry as possible, and the sodium methoxide solution was kept under a nitrogen atmosphere.
Bis[dichlorido(n®-p-cymene)Ru(11)] (0.9 eq.) was added to a solution of 3-hydroxy-4H-chromen-
4-one (1 eg.) and sodium methoxide (1.1 eq.) in methanol (80 mL). The reaction mixture was
stirred at room temperature under a nitrogen atmosphere for 4-8 h. Afterwards the solvent was
evaporated under reduced pressure, and the residue was dissolved in dichloromethane and filtered
to remove NaCl. Solvent was evaporated from the filtrate under reduced pressure, and the resulting
solid was purified with silica-based column chromatography using DCM/MeOH as eluent
(gradient of 0-10% MeOH). Yield: 18.8 mg (24%). *H NMR (500 MHz, Chloroform-d;): ¢ 8.82
(dd, J = 8.2, 1.5 Hz, 1H), 7.93 (s, 1H), 7.60 (ddd, J = 8.6, 7.0, 1.6 Hz, 1H), 7.49 — 7.44 (m, 1H),
7.34 (ddd, J=8.1, 7.1, 0.9 Hz, 1H), 5.65 — 5.59 (M, 2H), 5.40 (t, J = 4.8 Hz, 2H), 2.99 — 2.94 (m,
1H), 2.36 (s, 3H), 1.37 — 1.33 (m, 6H). ESI-MS(+): m/z = 397.21 [M-CI]". To the best of our

knowledge, compound J8 has not been reported previously in the literature

[Ru(n®-p-cymene)Cl(3-isopropyl-7-oxocyclohepta-1,3,5-trien-1-olate)] (J12). A solution of

0.2 M sodium methoxide was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50

mL). The reaction was kept as dry as possible, and the sodium methoxide solution was kept under
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a nitrogen atmosphere. Bis[dichlorido(n®-p-cymene)Ru(I1)] (0.9 eq.) was added to a solution of
2-hydroxy-4-isopropylcyclohepta-2,4,6-trien-1-one (1 eq.) and sodium methoxide (1.1 eq.)
in methanol (80 mL). The reaction mixture was stirred at room temperature under a nitrogen
atmosphere for 4-8 h. Afterwards the solvent was evaporated under reduced pressure, and the
residue was dissolved in dichloromethane and filtered to remove NaCl. Solvent was evaporated
from the filtrate under reduced pressure, and the resulting solid was purified with silica-based
column chromatography using DCM/MeOH as eluent (gradient of 0-10% MeOH). Yield: 66.4
mg (84%). *H NMR (500 MHz, Chloroform-di): 6 7.21 (d, J = 1.5 Hz, 1H), 7.11 — 7.09 (m, 2H),
6.73 — 6.66 (M, 1H), 5.53 (t, J = 6.7 Hz, 2H), 5.32 (t, J = 5.9 Hz, 2H), 2.90 (dt, J = 13.8, 6.9 Hz,
1H), 2.73 (dt, J = 13.7, 6.9 Hz, 1H), 2.32 (d, J = 2.7 Hz, 3H), 1.32 — 1.30 (m, 6H), 1.19 — 1.17 (m,
6H). ESI-MS(+): m/z = 399.19 [M-CI]*. To the best of our knowledge, compound J12 has not

been reported previously in the literature.

[Ru(m®-p-cymene)CI(7-oxocyclohepta-1,3,5-trien-1-olate)] (J13). A solution of 0.2 M sodium
methoxide was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL). The
reaction was kept as dry as possible, and the sodium methoxide solution was kept under a nitrogen
atmosphere.  Bis[dichlorido(n®-p-cymene)Ru(ll)] (0.9 eq.) was added to a solution of 2-
hydroxycyclohepta-2,4,6-trien-1-one (1 eg.) and sodium methoxide (1.1 eq.) in methanol (80 mL).
The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 4-8 h.
Afterwards the solvent was evaporated under reduced pressure, and the residue was dissolved in
dichloromethane and filtered to remove NaCl. Solvent was evaporated from the filtrate under
reduced pressure, and the resulting solid was purified with silica-based column chromatography

using DCM/MeOH as eluent (gradient of 0-10% MeOH). Yield: 53.0 mg (75%). *H NMR (500
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MHz, Chloroform-da): & 7.24 — 7.14 (m, 4H), 6.81 — 6.73 (m, 1H), 5.54 (d, J = 6.1 Hz, 2H), 5.33
(d, J = 6.1 Hz, 2H), 2.90 (dt, J = 13.9, 6.9 Hz, 1H), 2.32 (s, 3H), 1.31 (d, J =7.0 Hz, 6H). ESI-

MS(+): m/z = 357.13 [M-CI]".

[Ru(n®-p-cymene)CI(2-(methylcarbamoyl)-4-oxo-4H-pyran-3-olate)] (J14). A solution of 0.2
M sodium methoxide was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50
mL). The reaction was kept as dry as possible, and the sodium methoxide solution was kept under
a nitrogen atmosphere. Bis[dichlorido(n®-p-cymene)Ru(I1)] (0.9 eq.) was added to a solution of
3-hydroxy-N-methyl-4-oxo-4H-pyran-2-carboxamide (1 eq.) and sodium methoxide (1.1 eq.)
in methanol (80 mL). The reaction mixture was stirred at room temperature under a nitrogen
atmosphere for 4-8 h. Afterwards the solvent was evaporated under reduced pressure, and the
residue was dissolved in dichloromethane and filtered to remove NaCl. Solvent was evaporated
from the filtrate under reduced pressure, and the resulting solid was purified with silica-based
column chromatography using DCM/MeOH as eluent (gradient of 0-10% MeOH). Yield: 31.3
mg (39%). *H NMR (500 MHz, Chloroform-di): & 9.08 (d, J = 4.4 Hz, 1H), 7.83 (d, J = 5.1 Hz,
1H), 6.59 (d, J = 5.1 Hz, 1H), 5.66 — 5.55 (m, 2H), 5.37 (dd, J = 5.2, 3.7 Hz, 2H), 2.99 (d, J = 4.9
Hz, 3H), 2.96 — 2.84 (m, 1H), 2.33 (s, 3H), 1.36 (t, J = 6.7 Hz, 6H). ESI-MS(+): m/z = 404.07 [M-
Cl]*. To the best of our knowledge, compound J14 has not been reported previously in the

literature

[Ru(n®-p-cymene)Cl(methyl-2-oxo-1,2-dihydropyridin-3-olate)] (J18). A solution of 0.2 M

sodium methoxide was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL).

The reaction was kept as dry as possible, and the sodium methoxide solution was kept under a
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nitrogen atmosphere. Bis[dichlorido(n®-p-cymene)Ru(l1)] (0.9 eq.) was added to a solution of 3-
hydroxymethylpyridin-2(1H)-one (1 eq.) and sodium methoxide (1.1 eq.) in methanol (80 mL).
The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 4-8 h.
Afterwards the solvent was evaporated under reduced pressure, and the residue was dissolved in
dichloromethane and filtered to remove NaCl. Solvent was evaporated from the filtrate under
reduced pressure, and the resulting solid was purified with silica-based column chromatography
using DCM/MeOH as eluent (gradient of 0-10% MeOH). Yield: 40.2 mg (56%). *H NMR (500
MHz, Chloroform-di): 6 6.63 (dd, J = 7.7, 1.4 Hz, 1H), 6.43 (dd, J = 6.5, 1.4 Hz, 1H), 6.20 (dd, J
=7.7,6.5 Hz, 1H), 5.55 - 5.51 (m, 2H), 5.32 (t, J = 5.5 Hz, 2H), 3.62 (s, 3H), 2.96 — 2.89 (m, 1H),
2.32(s,3H), 1.36 - 1.31 (m, 6H). ESI-MS(+): m/z =360.24 [M-CI]*. To the best of our knowledge,

compound J18 has not been reported previously in the literature

[Ru(n®-p-cymene)Cl(2-oxopyridin-1(2H)-olate)] (J19). A solution of 0.2 M sodium methoxide
was made by dissolving sodium (230 mg, 10.0 mmol) into methanol (50 mL). The reaction was
kept as dry as possible, and the sodium methoxide solution was kept under a nitrogen atmosphere.
Bis[dichlorido(n®-p-cymene)Ru(11)] (0.9 eq.) was added to a solution of hydroxypyridin-2(1H)-
one (1 eq.) and sodium methoxide (1.1 eq.) in methanol (80 mL). The reaction mixture was stirred
at room temperature under a nitrogen atmosphere for 4-8 h. Afterwards the solvent was
evaporated under reduced pressure, and the residue was dissolved in dichloromethane and filtered
to remove NaCl. Solvent was evaporated from the filtrate under reduced pressure, and the resulting
solid was purified with silica-based column chromatography using DCM/MeOH as eluent
(gradient of 0-10% MeOH). Yield: 31.4 mg (45%). *H NMR (500 MHz, Chloroform-d;): & 7.82

(dd, J = 6.7, 1.7 Hz, 1H), 7.14 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 6.75 (dd, J = 8.7, 1.6 Hz, 1H), 6.36
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(td, J = 6.9, 1.6 Hz, 1H), 5.53 (dd, J = 9.7, 5.8 Hz, 2H), 5.30 (dd, J = 8.0, 5.9 Hz, 2H), 2.97 — 2.91
(m, 1H), 2.34 (s, 3H), 1.34 (dd, J = 6.9, 2.9 Hz, 6H). ESI-MS(+): m/z = 346.11 [M-CI]*. To the

best of our knowledge, compound J19 has not been reported previously in the literature.

Class K compounds
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Figure 5.S11. Rhenium tricarbonyl scaffolds that comprise the Class K mFs.

[Re(pyridine)(allomaltol)(CO)s] (K1). Re2(CO)w0 (50 mg, 0.08 mmol), allomaltol (22 mg,
0.18 mmol) and pyridine (12 pL, 0.15 mmol) were suspended in 3 mL toluene (stored over
molecular sieves) in a Teflon-lined steel vessel. The steel vessel was placed in an oven maintained
at 140 °C for 48 h. The mixture was transferred to a round bottom flask, and the solvent was
evaporated under reduced pressure. The residue was purified by silica-based column
chromatography using n-hexane/EtOAc as eluent (3 min 0% EtOAc, 22.7 min 0-100% EtOAc, 4.3
min 100% EtOAc). Yield: 41 mg (57%). *H NMR (500 MHz, Acetone-ds): ¢ 8.60 (tg, J = 3.2,
1.7 Hz, 2H), 8.08 — 8.01 (m, 1H), 7.87 (t, J = 2.4 Hz, 1H), 7.58 (ddd, J = 7.1, 4.7, 2.4 Hz, 2H),

6.53 (t, J = 2.4 Hz, 1H), 2.34 (q, J = 2.0 Hz, 3H). ESI-MS(+): m/z = 497.80 [M+Na]*; 446.71
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[M-CQO] *; 350.08 [M-(O,0-Lig)]*. To the best of our knowledge, compound K1 has not been

reported previously in the literature.

[Re(pyridine)(maltol)(CO)s] (K2). Rez(CO)1o (75 mg, 0.11 mmol), maltol (33 mg, 0.26 mmol)
and pyridine (19 pL, 0.23 mmol) were suspended in 3 mL toluene (stored over molecular sieves)
in a Teflon-lined steel vessel. The steel vessel was placed in an oven maintained at 140 °C for
48 h. The mixture was transferred to a round bottom flask, and the solvent was evaporated under
reduced pressure. The residue was purified by silica-based column chromatography using n-
hexane/EtOAc as eluent (3 min 0% EtOAc, 22.7 min 0-100% EtOAc, 4.3 min 100% EtOACc).
Yield: 64 mg (59%). *H NMR (400 MHz, Acetone-ds): & 8.70 — 8.57 (m, 2H), 8.02 (dd, J = 9.5,
6.5 Hz, 2H), 7.57 (t, J = 6.9 Hz, 2H), 6.63 (d, J = 5.0 Hz, 1H), 2.39 (s, 3H). ESI-MS(+): m/z =
446.98 [M-CQ] *; 350.15 [M-(O,0-Lig)]*. To the best of our knowledge, compound K2 has not

been reported previously in the literature.

[Re(pyridine)(5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one)(CO)s] (K3). Re2(CO)1o
(80 mg, 0.12 mmol), 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one (40 mg, 0.28 mmol) and
pyridine (20 pL, 0.25 mmol) were suspended in 3 mL toluene (stored over molecular sieves) in a
Teflon-lined steel vessel. The steel vessel was placed in an oven maintained at 140 °C for 48 h.
The mixture was transferred to a round bottom flask, and the solvent was evaporated under reduced
pressure. The residue was purified by silica-based column chromatography using n-hexane/EtOAc
as eluent (1.8 min 0% EtOAc, 2 min 0-40% EtOAc, 18 min 40-100% EtOAc, 3.7 min 100%
EtOAC). Yield: 70 mg (58%). *H NMR (400 MHz, Acetone-ds): & 8.61 (d, J = 5.6 Hz, 2H), 8.05

(t, J = 7.9 Hz, 1H), 7.92 (s, 1H), 7.59 (t, J = 6.9 Hz, 2H), 6.71 (s, 1H), 4.84 (d, J = 6.9 Hz, 1H),

199



4.49 (t, J = 5.8 Hz, 2H). ESI-MS(+): m/z =529.67 [M+K]"; 513.78 [M+Na] *; 350.10 [M-(O,0-
Lig)]*. To the best of our knowledge, compound K3 has not been reported previously in the

literature.

[Re(pyridine)(tropolone)(CO)s] (K4). Rez(CO)w0 (50 mg, 0.08 mmol), tropolone (22 mg,
0.18 mmol) and pyridine (12 pL, 0.15 mmol) were suspended in 3 mL toluene (stored over
molecular sieves) in a Teflon-lined steel vessel. The steel vessel was placed in an oven maintained
at 140 °C for 48 h. The mixture was transferred to a round bottom flask, and the solvent was
evaporated under reduced pressure. The residue was purified by silica-based column
chromatography using n-hexane/EtOAc as eluent (1.8 min 0% EtOAc, 20 min 0-100% EtOAc, 4
min 100% EtOAc). Yield: 24 mg (33%). H NMR (400 MHz, Acetone-ds): & 8.67 — 8.51 (m,
2H), 8.02 (t, J = 8.6, 6.7 Hz, 1H), 7.58 (t, J = 5.9 Hz, 2H), 7.54 (t, J = 9.2 Hz, 2H), 7.35 (d, J =
11.0 Hz, 2H), 7.13 (t, J = 9.6 Hz, 1H). APCI-MS: m/z = 392.96 [M-pyridine+H]*; 382.87 [M-
cycloheptatriene+H]*. ESI-MS(+): m/z = 443.3 [M-CO]"; 431.5 [M-pyridine+K]*; 414.5 [M-

pyridine+Na]*.

[Re(pyridine)(5-hydroxy-1,2-dimethylpyridin-4(1H)-one)(CO)3] (K5). Re2(CO)10 (50 mg,
0.08 mmol), 5-hydroxy-1,2-dimethylpyridin-4(1H)-one (25 mg, 0.18 mmol) and pyridine (12 pL,
0.15 mmol) were suspended in 3 mL toluene (stored over molecular sieves) in a Teflon-lined steel
vessel. The steel vessel was placed in an oven maintained at 140 °C for 48 h. The mixture was
transferred to a round bottom flask, and the solvent was evaporated under reduced pressure. The
residue was purified by silica-based column chromatography using n-hexane/EtOAc as eluent (1

min 0% EtOAc, 5 min 0-100% EtOAc, 15 min 100% EtOAc). Yield: 32 mg (43%). ‘H NMR
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(400 MHz, Acetone-ds): o 8.66 —8.56 (m, 2H), 7.99 (t, J = 7.9 Hz, 1H), 7.53 (t, J = 6.9 Hz, 2H),
7.16 (s, 1H), 6.33 (s, 1H), 3.71 (s, 3H), 2.31 (s, 3H). ESI-MS(+): m/z = 487.9 [M]"; 460.0 [M-
COJ". To the best of our knowledge, compound K5 has not been reported previously in the

literature.

[Re(pyridine)(3-hydroxy-1-methylpyridin-2(1H)-one)(CO)3] (K®6). Re2(CO)10 (50 mg,
0.08 mmol), 3-hydroxy-1-methylpyridin-2(1H)-one (22 mg, 0.18 mmol) and pyridine (12 pL,
0.15 mmol) were suspended in 3 mL toluene (stored over molecular sieves) in a Teflon-lined steel
vessel. The steel vessel was placed in an oven maintained at 140 °C for 48 h. The mixture was
transferred to a round bottom flask, and the solvent was evaporated under reduced pressure. The
residue was purified by silica-based column chromatography using n-hexane/EtOAc as eluent (1
min 0% EtOAc, 20 min 0-100% EtOAc, 5 min 100% EtOAc). Yield: 40 mg (55%). 'H NMR
(400 MHz, Acetone-ds): 6 8.66 (dt, J = 5.1, 1.6 Hz, 2H), 8.01 (tt, J = 7.7, 1.6 Hz, 1H), 7.61 — 7.50
(m, 2H), 6.83 (dd, J = 6.5, 1.4 Hz, 1H), 6.59 (dd, J = 7.7, 1.4 Hz, 1H), 6.35 (dd, J = 7.7, 6.5 Hz,
1H), 3.71 (s, 3H). ESI-TOFMS(+): m/z 395.9890 [M-pyridine]*. To the best of our knowledge,

compound K6 has not been reported previously in the literature.

[Re(pyridine)(1-hydroxypyridin-2(1H)-one)(CO)s] (K8). Re2(CO)io (75 mg, 0.11 mmol), 1-
hydroxypyridin-2(1H)-one (29 mg, 0.26 mmol) and pyridine (19 pL, 0.23 mmol) were suspended
in 3 mL toluene (stored over molecular sieves) in a Teflon-lined steel vessel. The steel vessel was
placed in an oven maintained at 140 °C for 48 h. The mixture was transferred to a round bottom
flask, and the solvent was evaporated under reduced pressure. The residue was purified by silica-

based column chromatography using n-hexane/EtOAc as eluent (3.0 min 0% EtOAc, 22.7 min 0-
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100% EtOAc, 9.3 min 100% EtOAc). Yield: 41 mg (39%). Single crystals were obtained by
layering a DCM solution of the compound with n-hexanes. *H NMR (400 MHz, Acetone-ds): o
8.68 (d, J = 6.1 Hz, 2H), 8.04 (d, J = 8.0 Hz, 2H), 7.59 (d, J = 6.7 Hz, 2H), 7.43 — 7.34 (m, 1H),
6.80 (d, J = 9.0 Hz, 1H), 6.63 (d, J = 7.4 Hz, 1H). ESI-MS(+): m/z = 444.7 [M-O]*; 483.7 [M-O-
pyridine+NH4]*; 365.8 [M-O-pyridine]*; 337.8 [M-O-pyridine-CO]*. To the best of our

knowledge, compound K8 has not been reported previously in the literature.

[Re(1-methyl-1H-imidazole)(3-hydroxy-2-methyl-4H-pyran-4-one)(CO)z] (K9). Re2(CO)1o
(50 mg, 0.08 mmol), 3-hydroxy-2-methyl-4H-pyran-4-one (22 mg, 0.18 mmol) and 1-methyl-1H-
imidazole (12 pL, 0.15 mmol) were suspended in 3 mL toluene (stored over molecular sieves) in
a Teflon-lined steel vessel. The steel vessel was placed in an oven maintained at 140 °C for 48 h.
The mixture was transferred to a round bottom flask, and the solvent was evaporated under reduced
pressure. The residue was purified by silica-based column chromatography using n-hexane/EtOAc
as eluent (5 min 0% EtOAc, 25 min 0-100% EtOAc, 3 min 100% EtOAc). Yield: 50 mg (68%).
Single crystals were obtained by layering a DCM solution of the compound with n-hexanes. H
NMR (400 MHz, Acetone-ds): ¢ 8.03 (d, J = 5.1 Hz, 1H), 7.83 (s, 1H), 7.13 (s, 1H), 6.98 (s, 1H),
6.59 (d, J = 5.1 Hz, 1H), 3.78 (s, 3H), 2.40 (s, 3H). ESI-MS(+): m/z = 516.8 [M+K]*; 500.8
[M+Na]*; 478.0 [M]"; 450.3 [M-CO]*. To the best of our knowledge, compound K9 has not been

reported previously in the literature.

[Re(pyridine)(3-hydroxyflavone)(CO)s] (K10). Re2(CO)10 (50 mg, 0.08 mmol), 3-

hydroxyflavone (42 mg, 0.18 mmol) and pyridine (12 uL, 0.15 mmol) were suspended in 3 mL

toluene (stored over molecular sieves) in a Teflon-lined steel vessel. The steel vessel was placed
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in an oven maintained at 140 °C for 48 h. Orange powder and dark colored crystals were obtained,
filtered, washed with hexane, and air-dried. Yield: 67 mg (74%). *H NMR (400 MHz, Acetone-
de): 0 8.78 — 8.70 (m, 4H), 8.23 (d, J = 8.1 Hz, 1H), 7.99 — 7.91 (m, 1H), 7.88 — 7.80 (m, 2H),

7.63 — 7.47 (m, 6H). ESI-MS(+): m/z = 587.8 [M]*; 559.2 [M-CO]*; 531.7 [M-pyridine+Na]".

[Re(pyridine)(2-acetyl-1-naphthol)(CO)s] (K11). Re2(CO)1o (50 mg, 0.08 mmol), 2-acetyl-1-
naphthol (33 mg, 0.18 mmol) and pyridine (12 pL, 0.15 mmol) were suspended in 3 mL toluene
(stored over molecular sieves) in a Teflon-lined steel vessel. The steel vessel was placed in an
oven maintained at 140 °C for 48 h. The mixture was transferred to a round bottom flask, and the
solvent was evaporated under reduced pressure. The residue was purified by silica-based column
chromatography using n-hexane/EtOAc as eluent (5 min 0% EtOAc, 16 min 0-25%, 6 min 25-
100% EtOAc, 3 min 100% EtOAc). Yield: 31 mg (38%). Single crystals were obtained by
layering a DCM solution of the compound with n-hexanes. *H NMR (400 MHz, Acetone-ds): ¢
8.75 (dt, J = 4.9, 1.6 Hz, 2H), 8.57 (d, J = 8.3 Hz, 1H), 8.07 — 7.98 (m, 1H), 7.69 — 7.60 (m, 2H),
7.57 (ddd, J = 7.7, 5.0, 1.5 Hz, 2H), 7.53 — 7.45 (m, 2H), 6.88 (d, J = 9.2 Hz, 1H), 2.63 (s, 3H).
ESI-MS(+): m/z =534.8 [M]"; 506.9 [M-CQO]". To the best of our knowledge, compound K11 has

not been reported previously in the literature.

[Re(pyridine)(2-(methylthio)phenol)(CO)s] (K12). Rex(CO)wo (50 mg, 0.08 mmol), 2-
(methylthio)phenol (21 pL, 0.18 mmol) and pyridine (12 pL, 0.15 mmol) were suspended in 3 mL
toluene (stored over molecular sieves) in a Teflon-lined steel vessel. The steel vessel was placed
in an oven maintained at 140 °C for 48 h. The mixture was transferred to a round bottom flask,

and the solvent was evaporated under reduced pressure. The residue was purified by silica-based
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column chromatography using n-hexane/EtOAc as eluent (5 min 0% EtOAc, 20 min 0-50%
EtOAc, 5 min 50% EtOAc). Yield: 34 mg (45%). Single crystals were obtained by layering a
DCM solution of the compound with n-hexanes. *H NMR (400 MHz, Acetone-ds): & 8.79 (s, 2H),
8.02 (s, 1H), 7.56 (s, 2H), 7.33 (s, 1H), 7.02 (s, 1H), 6.78 (s, 1H), 6.46 (s, 1H), 3.08 (s, 3H). ESI-
MS(+): m/z=512.5[M+Na]*. To the best of our knowledge, compound K12 has not been reported

previously in the literature.
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Figure 5.512. Rhenium tricarbonyl scaffold that is the Class L mF.

[Re(histidine)(CO)s] (L1). Re(CO)sCl (50 mg, 0.14 mmol), histidine (21 mg, 0.14 mmol), and
NaOH (6 mg, 0.14 mmol) were dissolved in 3 mL H20. The reaction mixture stirred overnight at
60 °C. The mixture was concentrated under reduced pressure, and the white precipitate was
collected via filtration, washed with H-O, and dried in vacuo. The filtrate and washing solution
were combined, concentrated, and stored at -18 °C overnight. The precipitate was collected via
filtration, and both precipitation fractions were combined. The product was recrystallized from a

MeOH/H.0 mixture. Yield: 17 mg (29%). *H NMR (500 MHz, Methanol-d4): 68.01 (d, J=1.4
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Hz, 1H), 7.02 (s, 1H), 5.74 (d, J = 6.7 Hz, 1H), 5.19 — 5.01 (m, 1H), 4.03 (ddd, J = 6.6, 4.3, 2.5

Hz, 2H), 3.18 (ddd, J = 17.1, 4.3, 1.5 Hz, 2H). ESI-MS(+): m/z 448.14 [M+Na]".
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Figure 5.513. Rhenium tricarbonyl scaffolds that comprise the Class M mFs.

[Re(ethyl-bis((1H-pyrazol-1-yl)methyl)glycinate)(CO)s]* [OTf]" (M1).

[Re(SO(CHs3)2)3(CO)3]* triflate (75 mg, 0.11 mmol) was mixed with ethyl bis((1H-pyrazol-1-
yl)methyl)glycinate (33 mg, 0.13 mmol), and the mixture was stirred for 1 h at 40 °C and for
additional 0.5 h at 50 °C. MeOH was added, and the mixture was filtered. The filtrate was
concentrated under reduced pressure. The residue was dissolved with MeCN, poured into cold
Et,O, and stored at -20 °C overnight. The obtained white solid was separated from the solution by
decantation and air dried. Yield: 35 mg (45%). 'H NMR (400 MHz, Acetone-dg): §8.19 (d, J =
2.8 Hz, 2H), 8.05 (d, J = 2.3 Hz, 2H), 6.54 (d, J = 12.1 Hz, 2H), 6.44 (t, J = 2.5 Hz, 2H), 5.79 (d,
J=12.1Hz, 2H), 4.33(q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H). ESI-MS(+): m/z 534.17 [M"*].

To the best of our knowledge, compound M1 has not been reported previously in the literature.
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To make the ligand ethyl bis((1H-pyrazol-1-yl)methyl)glycinate, glycine ethyl ester hydrochloride
(203 mg, 1.46 mmol) was suspended in 20 mL DCM. Triethylamine (203 pL, 1.46 mmol) was
added slowly, and the mixture was stirred for 10 min until most of the starting material was
dissolved. (1H-pyrazol-1-yl)methanol (300 mg, 3.06 mmol) was added, and the mixture was
stirred for 5 days at room temperature. H>O and brine were used to wash the organic layer, which
was then dried over MgSOs4 and evaporated to dryness. Residual (1H-pyrazol-1-yl)methanol was
sublimed from the product in vacuo at 50 °C. The product was obtained as a colorless oil. Yield:
310 mg (81%). 'H NMR (400 MHz, Chloroform-di): 6 7.56 (dd, J = 19.2, 2.1 Hz, 4H), 6.30 (t, J
= 2.1 Hz, 2H), 5.11 (s, 4H), 4.11 (q, J = 7.1 Hz, 2H), 3.61 (s, 2H), 1.24 (t, J = 7.1 Hz, 3H). ESI-

MS(+): m/z 286.16 [M+Na]".

To make the precursor [Re(SO(CHz)2)3(CO)s]* triflate, Re(CO)sCl (100 mg, 0.28 mmol) in DMSO
(60 pL, 0.84 mmol) was suspended in 8 mL acetone, and the flask was covered with aluminum
foil before AQCF3SOs (71 mg, 0.28 mmol) was added. The mixture was refluxed overnight under
exclusion from light. The precipitation was collected via filtration, and the filtrate was
concentrated under reduced pressure before it was poured into Et2O and stored at -20 °C overnight.
The obtained colorless crystals were separated from the solvent by decantation and air dried.

Yield: 143 mg (87%).

[Re(ethyl-bis((1H-pyrazol-1-yl)methyl)glycinate)(CO)s][CI]" (M2). Re(CO)sCl (52 mg, 0.14
mmol) and ethyl bis(pyridin-2-ylmethyl)glycinate (49 mg, 0.17 mmol) were suspended in 1 mL
MeOH, and the mixture was irradiated in a microwave at 110 °C for 10 min. The resulting solution

was concentrated under reduced pressure and poured into cold EtO. The white precipitation was

206



separated from the solution through centrifugation and dried in vacuo. Yield: 78 mg (86%). 'H
NMR (500 MHz, DMSO-de): 6 8.82 (d, J = 5.5 Hz, 2H), 8.01 (td, J = 7.8, 1.5 Hz, 2H), 7.66 (d, J
= 7.9 Hz, 2H), 7.43 (t, J = 6.8 Hz, 2H), 5.20 (d, J = 17.2 Hz, 2H), 5.10 (d, J = 17.1 Hz, 2H), 4.78
(s, 2H), 4.24 (g, J = 7.1 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H). ESI-MS(+): m/z 556.10 [M"].

To make ethyl (pyridin-2-ylmethyl)glycinate, glycine ethyl ester hydrochloride (474 mg,
3.39 mmol) was dissolved in 5 mL MeOH (stored over molecular sieves) under a N2 atmosphere,
and the solution was cooled to 0 °C. Picolinaldehyde (708 uL, 7.47 mmol) was added, followed
by addition of NaBH4 (206 mg, 5.43 mmol) in small portions. The reaction mixture was stirred
overnight coming to room temperature during this time. H20 (1 mL) was added slowly to quench
the reaction, and the mixture was stirred for an additional 5h. DCM was used to extract the
product. The combined organic layers were washed with H20 and brine, dried over MgSQOs, and
evaporated to dryness. The product was purified by silica-based column chromatography using
DCM/MeOH as eluent (5 min 0% MeOH, 32 min 0-8% MeOH, 10 min 8% MeOH). Yield:
522 mg (79%). 'H NMR (400 MHz, Chloroform-di): & 8.57 (s, 1H), 7.66 (d, J = 6.4 Hz, 1H),
7.35 (d, J = 6.4 Hz, 1H), 7.27 (d, J = 4.9 Hz, 1H), 7.18 (q, J = 6.2 Hz, 1H), 4.77 (d, J = 5.2 Hz,
1H), 4.20 (p, J = 6.9 Hz, 2H), 3.97 (d, J = 5.1 Hz, 2H), 3.49 (d, J = 5.6 Hz, 2H), 1.28 (4, J = 6.7

Hz, 3H).

To make ethyl bis(pyridin-2-ylmethyl)glycinate, ethyl (pyridin-2-ylmethyl)glycinate (522 mg,
2.69 mmol) and 2-(bromomethyl)pyridine hydrobromide (680 mg, 2.69 mmol) were dissolved in
DMF (stored over molecular sieves), followed by addition of triethylamine (783 pL, 5.65 mmol).
More DMF was added until most of the precipitation was gone. The reaction mixture stirred for

36 h at room temperature. H>O was added, and the product was extracted with EtOAc. The
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combined organic layers were washed with H>O and brine and evaporated to dryness. Yield:
582 mg (76%). *H NMR (400 MHz, Acetone-ds): 6 8.48 (d, J=4.9 Hz, 2H), 7.74 (dt, J = 7.6, 3.8
Hz, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.22 (dd, J = 7.5, 4.9 Hz, 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.98 (s,

4H), 3.46 (s, 2H), 1.22 (t, J = 7.1 Hz, 3H).

X-ray Crystallography

Class K compounds were crystallized as described in the synthesis and characterization section.
All compounds crystallized as light-yellow blocks. The single crystal X-ray diffraction studies
were carried out on a Bruker Kappa APEX-11 CCD diffractometer equipped with Mo K, radiation
(A = 0.71073 A). Suitable crystals were mounted on a cryoloop with Paratone oil. Data were
collected in a nitrogen gas stream at 100(2) K using ® and o scans. Crystal-to-detector distance
was 40 mm and exposure time was 5 seconds per frame using a scan width of 0.75-2.0°. Data
collection was 100% complete to 25.00° in 4. The data were integrated using the Bruker SAINT
software program and scaled using the SADABS software program. Solution by direct methods
(SHELXT) produced a complete phasing model consistent with the proposed structure.®® All
nonhydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-2014).
All hydrogen atoms were placed using a riding model. Their positions were constrained relative
to their parent atom using the appropriate HFIX command in SHELXL-2014. For compound K5,
the absolute stereochemistry of the molecule was established by anomalous dispersion using the
Parson’s method with a Flack parameter of 0.025(14). The crystal data file of all complexes was
deposited into the Cambridge Crystallographic Data Centre (CCDC) with deposition numbers
1962326-1962330. Crystal structures are shown in Figure 5.514, and crystallographic data are

summarized in Table 5.S1.
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Figure 5.S14. Structures of Class K compounds rendered as an ORTEP with atoms at 50% thermal
probability ellipsoids. Top row: K5, K8, and K9; bottom row: K11 and K12. Only one molecule
is shown for each mF; however, all these compounds form in enantiomeric mixtures due to
different binding orientations of the bidentate ligand, and both enantiomers are present in the unit
cell. Color scheme: carbon = gray, hydrogen = white, oxygen = red, nitrogen = blue, sulfur =
yellow, rhenium = navy blue.
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Table 5.S1. Crystal data and structure refinement for Class K compounds

Compound K5 K8 K9
Identification code 1962326 1962327 1962328
Empirical formula C15H13N20sRe C13H9N2OsRe C13H11N206Re
Molecular formula Ci15H13N2OsRe C13HoN2OsRe C13H11N2O6Re
Formula Weight | 47 47 459.42 477.44
(g/mol)
Temperature (K) 100.0 100.0 100.0
Crystal system Orthorhombic Monoclinic Triclinic
Space group P212121 P12icl P-1
a(A) 6.3450(2) 9.1929(5) 9.1080(5)
b (A) 14.5492(5) 13.3161(7) 9.5099(5)
c(A) 16.7909(7) 11.3352(6) 9.7673(5)
a (°) 90 90 70.669(2)
B(°) 90 106.800(2) 80.012(2)
v (°) 90 90 61.781(2)
Volume (A3 1550.05(10) 1328.36(12) 703.28(7)
Z 4 4 2
pealc (g/cm®) 2.089 2.297 2.255
Absorption
Coefﬁg’iem () | 7866 9.171 8.671
F(000) 928 864 452
Crystal size (mm?) 0.213 x 0.145 x 0.117 | 0.131 x 0.106 x 0.094 | 0.127 x 0.115 x0.086
Theta range for data | 4 a5, 1 96 396 2.314 to 26.404 2.210 to 26.368
collection (°)
-7<h<7, -11<h <11, -11<h <11,
Index ranges -18 <k <18, -16 <k <16, -11 <k <8,
-20<1<20 -14<1<13 -12<1<12
Reflections collected | 17683 25383 10244

Independent 3161 [Rix = 0.0536, | 2729 [Rinx = 0.0373, | 2866 [Rin = 0.0300,

reﬂections Rsigma = 00444] Rsigma = 00197] Rsigma = 00326]

Data / restraints /| 4161 /07911 272910/ 191 2866 / 37 / 245

parameters

Goodness-of-fit on F2 | 1 1.068 1.047

Final R indices | Ry =0.0239, Ri1 =0.0145, R1=0.0200,

[1>26(1)] WR; = 0.0424 WR; = 0.0302 WR; = 0.0378
. R: = 0.0517, R: = 0.0175, R: = 0.0233,

Rindices [all data] | | b~ 9501 WR; = 0.0309 WR; = 0.0387

Absolute structure 0.025(14) n/a n/a

parameter

Largest diff. peak and
hole (e/A%)

0.494 and -0.533

0.404 and -0.587

0.563 and -0.513
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Table 5.S1. Crystal data and structure refinement for Class K compounds (continued).

Compound K11 K12
Identification code 1962329 1962330
Empirical formula C2050H15CINOsRe C15sH12NO4ReS
Molecular formula gzg’(lg:ﬂ:gil;e CisH12NO4ReS
Formula — weight | 7 g 488,52
(g/mol)
Temperature (K) 100.0 100.0
Crystal system Monoclinic Monoclinic
Space group P12/c1l P12i/n1
a (A) 20.753(2) 8.5304(5)
b (A) 7.0352(8) 8.1560(5)
c (A) 13.7941(18) 22.7941(15)
a(®) 90 90
B () 105.388(7) 96.365(2)
v (©) 90 90
Volume (A3) 1941.8(4) 1576.10(17)
Z 4 4
Pealc (g/cm3) 1.974 2.059
Absorption
coefficl?ient (mm™) 6.428 7.858
F(000) 1108 928
Crystal size (mm?) 0.153 x 0.147 x 0.136 0.087 x 0.065 x 0.063
Theta range for data | , 364, o5 387 2.470 0 26.379
collection (°)
-24 <h <24, -9<h<10,
Index ranges -8<k<6, -10<k <10,
-16<1<16 -28<1<28
Reflections collected | 26253 21549
Independent 3563 [Rint = 0.0959, | 3228 [Rint = 0.0421,
rEfleCtionS Rsigma = 00639] Rsigma = 00297]
Data | restraints /| 556311 /967 3228/0/200
parameters
Goodness-of-fit on F? | 1.049 1.051
Final R  indices | R1 =0.0376, R1 =0.0207,
[1>26(1)] wR2 = 0.0759 wR2 = 0.0355
N R1 =0.0535, R1 =0.0285,
Rindices [all data] | ) —0 0815 WR; = 0.0372

Largest diff. peak and
hole (e/A%)

0.923 and -1.342

0.465 and -0.821
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Molecular volume analysis of mF library
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Figure 5.515. The size (molecular volume, MV in A®) of organic fragments (red triangles) versus
mF (blue circles) are indistinguishable when these molecules are compared using an apparent MW
(filled symbols, where the metal ion is assigned the mass of a carbon atom, M = C) or when
comparing heavy atom count (open symbols, HAC, e.g. the number of non-hydrogen atoms) in
the fragment. In addition, the correlation of either MW or HAC vs. MV of organic and mFs is
effectively the same; therefore, MV <300 A3 is proposed as a suitable ‘rule’ for mF rule-of-3
compliance rather than MW <300 Da.
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PAN endonuclease protein expression and purification

Expression and purification of PAn endonuclease was performed as reported previously.®
Pandemic HIN1 N-terminal PA (PAn) endonuclease A52-64:Gly truncated construct was
expressed from a pET-28a parent vector containing a kanamycin-resistance reporter gene with
expression inducible by the Lac 1 operon. PAn endonuclease was expressed as an 8-histidine
tagged fusion protein with cleavable by TEV protease. The Transformation protocol was adapted
from pET system manual (Novagen) using single competent BL21 cells. Briefly, 1 uL of 25 ng/pL
recombinant plasmid was used for transformation. Cells were mixed by flicking with plasmid and
were heat shocked at 42 °C for 30 sec followed by incubation on ice for 5 minutes. Outgrowth
was plated on LB agarose plates contain 50 pg/mL kanamycin and was incubated overnight at 37
°C. One colony was scraped from the LB plate and added to 50 mL of SOC broth containing 50
pg/mL kanamycin and was incubated for 5 h at 37 °C with shaking at 125 rpm. Glycerol stocks
of this culture were prepared (0.9 mL cultured media + 0.1 mL 80% glycerol) and column frozen
for future expressions. SOC media (100 mL) containing 50 pg/mL kanamycin was combined with
1 mL frozen cell glycerol stock and was incubated with shaking at 200 rpm at 37 °C. When the
ODsoo of this starter culture reached >2 (~5-6 h), the culture was equally divided into 6 x 1 L
batches of expression media (TB media with added 0.2% dextrose, 0.1 mM MnCl, and 0.1 mM
MgSOQ4) containing 50 pug/mL kanamycin. Cells were grown to the beginning of log phase (ODeoo
= between 0.4-0.6) at 37 °C with shaking at 200 rpm. When the ODeoo = 0.4-0.6, the cultures were
cooled to room temperature over ice. Expression of PAn endonuclease was then induced by the
addition of IPTG to a final concentration of 0.1 mM. The cultures were grown with vigorous

shaking (250 rpm) overnight at room temperature. The caps of the flasks were completely removed
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to increase aeration. After ~18 h, the cells were harvested by centrifuging at 2000g for 30 min at
4 °C. The resulting cell paste was stored at -80 °C prior to lysis.

The cell paste was thawed on ice for 2 h and re-suspended 1:1 (v/v) with lysis buffer (20
mM Naz2PO4, 500 mM NacCl, 25 mM imidazole, 1 mM MgCl, 2 mM dithiothreitol, 0.2% Triton-
X, pH=7.4) plus EDTA free protease inhibitor (1 pellet per ~50 mL lysis buffer), lysozyme (1
mg/mL), and DNAse-1 (10-100 pug/mL). Further lysis was performed using a probe sonicator over
10 min with cycles of 10 sec sonication and 20 sec rest. The cell suspension was kept in a water/ice
bath during sonication. The lysates were free-flowing and homogenous. The lysates were shaken
at 125 rpm for 30 min on ice. Cell debris was then pelleted by centrifugation at 10000 rpm for 45
min at 4 °C. The supernatant was decanted from the pellet and was filtered through 0.45 pum
syringe filters. The resulting lysate was loaded onto 2 x 5 mL HisTrap HP (Pharmacia) columns
that had been previously charged with Ni ions. The columns were washed with binding buffer (20
mM NazPO4, 500 mM NaCl, 25 mM imidazole, pH 7.4) until fraction absorbance reached a steady
baseline. The protein was then eluted over a 45 min gradient at a flow rate of 4 mL/min, from O-
100% elution buffer (20 mM Na2POs, 500 mM NaCl, 500 mM imidazole, pH 7.4). PAN
endonuclease eluted between 40-60% elution buffer. SDS-PAGE analysis showed a band
corresponding to PAx endonuclease running at ~23 kDa.

Fractions containing endonuclease protein were combined in a 10K MWCO dialysis bag
with 2000 units of TEV protease and dithiothreitol final concentration of 1 mM. The solutions
were dialyzed against dialysis buffer (100 mM NaCl, 1 mM dithiothreitol, 1 mM MnCl;, 20 mM
Tris, 5% glycerol, pH 8.0) overnight at 4 °C with two buffer exchanges. A white precipitate forms
over time along the inside and outside walls of the dialysis tubing. After buffer exchange, the

solution was filtered through a 0.45 pum filter and was concentrated to 5-10 mg/ml using a
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pressurized Amicon system. This protein was suitable for use in fluorescence quenching-based

nuclease assays.

PAn endonuclease fluorescence quenching-based nuclease activity assay

PAN endonuclease activity assays were carried out as previously reported, with slight
modification.%® The only alteration made was to remove 2-mercaptoethanol from the assay buffer.
Assays were performed using Black Costar 96-well plates. Each well contained a total volume of
100 uL comprised of buffer (20 mM Tris, 150 mM NaCl, 2 mM MnCly, 0.2% Triton-X100, pH
8.0), influenza PAN endonuclease (25 nM), inhibitor (various concentrations), and fluorescent
ssDNA-oligo substrate (200 nM). DMSO was present at a final concentration of 5% in each well.
The presence of this concentration of DMSO was found to have a negligible effect on the assay.
A single-stranded, 17-mer DNA substrate labeled with a 5'-FAM fluorophore and a 3'-TAMRA
quencher ([6-FAM]JAATCGCAGGCAGCACTC[TAM], Sigma-Aldrich) was employed as the
substrate. All assay components were pipetted into the plate, and ultimately, the substrate was
added using a multi-channel pipette, and the assay was immediately started. Samples were
prepared in triplicates. Background wells consisting of all assay components except enzyme were
prepared for each sample. Positive and negative controls were prepared on each plate to gauge the
fluorescence signal of fully active protein and the absence of protein. Change in fluorescence of
each well was measured by a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek) at 39
second intervals over 45 min at 37 °C (Aex = 485 nm; Aem = 528 nm). The gain was set to 100.
Typically, data collected between 20 and 35 minutes was used in the activity calculations, as this
data range yielded the steadiest slope. The slope of the fluorescence signal for each sample was

background corrected, and percent inhibition was determined by normalizing the slope of the
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sample to that of the positive and negative controls. For general library screening to identify hits,

mFs were screened at a concentration of 200 uM.

NDM-1 meropenem activity assay

NDM-1 protein was expressed in purified in the laboratory of Dr. Michael W. Crowder
according to previously published methods.>! The NDM-1 activity assay was performed following
a modified published procedure using meropenem as the substrate.>! Briefly, the decrease in
absorption of meropenem at 300 nm was monitored in UV-transparent 96-well plates (Corning
product #3635). The buffer used was 50 mM HEPES and 2 mM CHAPS at pH 7. To each well, 1
pL of each compound (various concentrations) and 69 pL of NDM-1 (2.50 nM final concentration)
was added. After incubating the plate at 25 °C for 20 min, 30 pL of meropenem (180 uM final
concentration) was added to each well to initiate the reaction. Positive control wells consisted of
NDM-1 and meropenem (no inhibitor; fully active), and negative control wells consisted of
meropenem (no enzyme; no reaction). Absorbance of each plate was measured using a Synergy

H4 Hybrid Multi-Mode Microplate Reader (BioTek) at 300 nm over 5 min with 15 sec intervals.

Hsp90 fluorescence polarization activity assay

Hsp90a N-terminal domain (Hsp90) assay kits were purchased from BPS Bioscience
(catalog #50293). The fluorescence polarization assays were carried out as described in the kit
instruction with slight modification. The only alteration made was to replace the 2 mM
dithiothreitol (final concentration) with 200 uM tris(2-carboxyethyl)phosphine (TCEP), which
was validated using positive and negative controls, as well as geldanamycin dose response

evaluation. Briefly, 5 pL FITC-labeled geldanamycin (100 nM final concentration) and 10 pL
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inhibitor (various concentrations) were added to each well of a 96-well, black, low binding,
microtiter plate. Each well also contained 15 L assay buffer, 5 uL TCEP (at 4 mM), 5 uL bovine
serum albumin (at 2 mg/mL), and 40 pL H20. The reaction was initiated by adding 20 pL Hsp90
(at 17 ng/uL final concentration) to each well. Positive control wells consisted of FITC-labeled
geldanamycin and Hsp90 (no inhibitor), and negative control wells consisted of FITC-labeled
geldanamycin (no inhibitor or protein). Plates were incubated for 2 hours with slow shaking at
room temperature prior to reading. After incubation, using a Synergy H4 Hybrid Multi-Mode
Microplate Reader (BioTek), excitation was performed at 485 nm, and emission was measured at

530 nm. Fluorescence polarization was calculated according to the following equation: mP =

I -1 i . . G ey
(”“m”el p””e"‘“‘:ul‘”) x1000. A G-factor correction was applied. Inhibition values were
IparatlelttIperpendicular

calculated by comparing the fluorescence polarization of sample wells versus control wells. Z-
scores ranged from 0.82 — 0.93.
For general library screening to identify hits, mFs were screened at a concentration of 200

MM. Runs were performed in duplicate or triplicate.
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Figure 5.516. *H NMR analysis of a representative Class K mF in acetone (no loss of heterocycle)
and in DMSO, in which the pyridine is lost to generate a second DMSO coordinated complex.
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Figure 5.517. *H NMR analysis of the stability of a representative entry from each fragment class
in ds-DMSO.
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PMI and 3D Structure Analysis

For each mF, a search was carried out in the Cambridge Structural Database (CSD) system
(version 5.40, November 2018)% using the ConQuest platform (2.0.0)®8 for identical or the most
analogous structure. The CIF file for each of the reported database identifiers in Table 5.52 was
downloaded and opened in MOE, and the PMI was calculated from the identical or minimally

modified structure.

Table 5.S2. The mFs and the corresponding CSD database identifiers for the X-ray
crystallographic structures used for the PMI calculations, the two normalized PMI values, and their
3D score.

mF CSD Identifier I,/Ta I./1; 3D Score
Al FEHYAS 0.49 1.00 149
Al DUKQOQ 034 0.86 1.20
A3 SURFIU 047 0.81 128
A4 BIWKEX 046 0.84 130
A5 DEQCAD 039 0.88 127
A7 CIZFAS 045 0.86 131
A8 DEXHOE 0.40 0.88 127
A9 UZOMEC 022 0.90 112
Alo BATLEO 028 0.86 114
All PACFER 024 0.87 111
Al2 ZZ7ZHCY01 031 088 120
Al4 FAIVOE 031 0.88 119
AlS FATVOE 030 090 120
Alé DICBIA 031 092 123
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Table 5.52. The mFs and the corresponding CSD database identifiers for the X-ray
crystallographic structures used for the PMI calculations, the two normalized PMI values, and their
3D score (continued).

mF CSD Identifier I,/Is 1,15 3D Score
Al17 XUXKOQ 0.34 0.88 1.22
Al8 GAQQAQ 0.35 0.87 123
Al9 BATLEO 026 0.85 1.10
A20 DBEFERO1 017 0.96 1.13
A21 ZZDK0O01 0.57 0.75 1.32
A22 FEROCA 0.61 0.69 131
El BEWBEM 0.47 0.99 1.47
B2 BOVQIM 0.46 0.82 1.28
Cl1 PEVDEB 0.55 1.00 1.55
D1 COCPRE 0.72 0.99 1.72
D2 KITCUL 0.68 091 1.58
D3 COXCOI 0.59 0.88 1.47
D4 KIXZ0H 0.54 0.93 1.47
D5 UFAZUY 0.67 092 1.59
Do QAYCIF 0.35 092 1.27
D7 COXCOI 0.58 0.88 146
D8 KIXZ0H 0.59 0.89 1.48
D9 KIXZ0H 0.44 0.94 138
D10 DUKEREH 0.31 0.94 1.24
El CPMNCO 0.77 0.99 1.76
F1 ETUQAN 0.72 0.85 1.56
F2 XELXAO 0.60 0.73 134
F3 MUHTEQ 0.52 0.66 1.18
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Table 5.52. The mFs and the corresponding CSD database identifiers for the X-ray
crystallographic structures used for the PMI calculations, the two normalized PMI values, and their
3D score (continued).

mF CSD Identifier Ii/Ts I,/Ts 3D Score
F4 SEPPAH 0.63 0.68 131
G1 DIYJAY 0.58 0.79 138
G2 DIYJAY 0.52 0.72 1.25
G3 DIYJAY 0.58 0.79 138
G4 DIYJAY 0.59 0.79 138
H1 WAPIOO 0.69 0.80 149
1 PEHJEU 0.39 0.88 126
12 PEHIEU 0.33 095 128
13 PEHJEU 0.41 0.84 1.25
I4 PEHJEU 0.45 0.76 1.20
J1 YULJAR 0.34 0.88 121
J2 QUHNOX 0.32 0.82 1.14
J3 YULJIZ 0.35 0.89 123
J6 YULJZ 0.20 093 113
J8 ODELAN 0.30 0.89 119
J12 OTIMOV 0.32 0.88 1.20
J13 OTIMOV 0.34 0.88 122
Ji4 YULJAR 032 0.92 124
J18 IJELAL 0.36 0.88 124
J19 KARYAF 0.44 0.74 1.18
Ki 1962326 0.49 0.79 127
K2 1962326 0.55 0.80 134
K3 1962326 0.41 0.83 124
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Table 5.52. The mFs and the corresponding CSD database identifiers for the X-ray
crystallographic structures used for the PMI calculations, the two normalized PMI values, and their
3D score (continued).

mF CSD Identifier Ii/1a I,/ 3D Score
K4 1962326 0.53 077 1.30
K5 1962326 0.45 0.82 1.26
K6 1962326 0.55 0.80 136
K8 1962327 058 071 129
K9 1962328 0.57 073 129
K10 1962326 0.57 0.84 141
K11 1962329 0.50 094 1.43
K12 1962330 0.62 077 1.39
11 EZATAA 0.55 0.80 135
M1 DISDEP 0.58 0.99 1.57
M2 BETDIO 061 090 151
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Chapter 6: Broadly Accessing 3D Chemical Space with Metal Complexes
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6.1 Introduction

As described in Chapters 1, 4, and 5, 3-dimensionality is an important consideration in
library design, as highly 3D molecules have favorable properties in drug discovery efforts.’? As
previously noted, various challenges associated with synthesizing topologically diverse molecules
has hindered progress towards the development of highly 3D libraries that thoroughly represent
chemical space. While many research groups (including our own) have attempted to assemble
highly 3-dimensional libraries, these efforts have not resulted in a library that completely
represents 3D space.>® As demonstrated in Chapters 4 and 5, metal complexes display topological
diversity and have been successfully used in FBDD applications. While the exploration of the
topologies of additional metal complexes that have been evaluated in a drug discovery context
would be beneficial, no database of such metal complexes exists.” Additionally, though many
metal complexes have been evaluated for their bioactivity, many more metal complexes with
diverse properties and topologies remain unexplored.

Here, we propose that data from the Cambridge Structural Database (CSD, v5.45),
provided by the Cambridge Crystallographic Data Centre (CCDC), can be utilized to develop a
library of topologically diverse metal complexes suitable for FBDD. The CSD represents a
suitable starting point for library development for several reasons. First, every entry in the CSD
has been crystallographically characterized, enabling access to structural data for topological
analysis and VS. Second, the large number of compounds (>1.18 million structures) in the CSD
provides complete and thorough topological coverage of 3D space (Figure 6.1). Additionally, each
CSD entry is associated with a literature reference, which can facilitate text mining to deduce the
potential of the molecule to be included in a fragment library. This text mining will strive to

identify molecules that have been experimentally evaluated as inhibitors and will also attempt to
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discover molecules that may be useful in this context, but which have not been previously
considered for such an application. By first manually applying selective drug-like filters to CSD
entries and afterwards refining the results with this text mining approach, a library of stable,
topologically diverse mFs can be assembled. This library will consist of molecules that provide a
thorough representation of topological space and are stable under biological conditions.
Additionally, molecules with well-defined exchangeable ligands may also be identified, which can
be assembled into an additional 3D library of reactive mFs,® in which the fragments can form

coordinative covalent bonds with the target upon ligand exchange.
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Figure 6.1. PMI representation of >600,000 metal complexes in the CCDC, demonstrating broad
topological coverage of 3D space.
6.2 Data Reduction of Structures in the CSD

While the CSD has a large amount of structural data, it contains many compounds that are
reactive, unstable, or are otherwise unsuitable for FBDD applications. Therefore, several filters

were applied to CSD entries in order to broadly exclude molecules that would likely be
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problematic. Using version 5.45 of the CCDC, including the March 2022 update, CCDC entries
were sorted using Conquest (2022.01).° All metal-containing structures that had 3D coordinates
determined (621,322 entries) were selected. Because there are typically solvents, salts, or other
molecules present in single crystal structures, the largest molecule from each entry was exported
in .SDfile format and loaded into MOE (2020.901). Once in MOE, each entry was prepared, and
parameters such as PMI, the number of atoms, the number of carbon atoms, molecular volume,
the number of violations to Lipinski’s rules, and Simplified Molecular Input Line System
(SMILES) strings were calculated. These values were used as parameters to further filter and
reduce the dataset. Organic molecules that were exported as the largest molecules and structures
weighing less than 200 Da, or which had three atoms or less were removed, resulting in 609,860
structures. Next, in order to filter out molecules too large to be useful in general drug discovery,
364,799 molecules with molecular volumes greater than 500 A% were removed, reducing the data
set to 242,285 molecules. Non-unique structures were removed according to CCDC identifiers,
resulting in the removal of an additional 23,748 structures. Next, compounds with no carbon atoms
were removed, further reducing the dataset to 189,232 structures. To help select for molecules
amenable for drug discovery, molecules which had more than one violation to Lipinski’s rules
were removed, resulting in 172,875 entries. To remove entries with potentially problematic or
toxic atoms, structures containing mercury, cadmium, tin, lead, arsenic, antimony, lanthanum,
actinium, polonium, astatine, cerium, thorium, neodymium, uranium, promethium, neptunium,
samarium, europium, americium, terbium, berkelium, dysprosium, californium, holmium,
einsteinium, erbium, fermium, thulium, mendelevium, ytterbium, nobelium, and lutetium were
removed. This resulted in the removal of 23,688 entries, corresponding to a working dataset of

149,187 compounds. Next, the few entries that had keywords indicating stability from the CCDC
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remarks were analyzed. Entries with words or phrases including, ‘air sensitive’, ‘light sensitive’,
‘moist’, or ‘unstable’ were removed, resulting in the removal of 3,458 entries.

Next, to prepare for text mining, the dataset of 145,619 entries was matched with its
corresponding literature citation. After doing so, it became apparent that a large percentage of the
entries came from a relatively small number of journals. Several journals from the American
Chemical Society (ACS) were among the journals with the most entries. Initially, data was only
solicited from the ACS to expedite text analysis, as only one publisher would need to grant
permission to mine the data, and because the data would be provided in a uniform format. For text
analysis, 7,839 articles from Organometallics, 7,923 articles from Inorganic Chemistry, 3,460
articles from Journal of the American Chemical Society, 274 articles from Journal of Organic
Chemistry, 236 articles from Organic Letters, and 111 articles from Journal of Medicinal
Chemistry were selected, representing a total dataset of 33,685 compounds from 19,843 articles.
Permission was requested and received from the American Chemical Society to text mine the data,

which is ongoing. This data reduction workflow is outlined in Figure 6.2.
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Metal complexes from CCDC v5.45 + Update, N=621,322
Prepare and remove nonmetal entries, N=609,860

Remove entries with 3 or less atoms and mol weight < 200 Da, N=607,084

Remove entries with volume > 500 A3, N=242,285

Remove duplicate entries, N=194,735
Remove entries with no carbon atoms, N=189,232
Compounds with <1 Lipinski violation, N=175,891

Remove entries with toxic atoms, N=149,187

Remove unstable entries, N=145,619

Easily accessible DOI’s, N= 33,685

Figure 6.2. Workflow demonstrating the reduction of >1.8 million compounds in the CSD to
33,685 organometallic structures that may be useful in a 3D screening library.
6.3 3D Analysis of Reduced Dataset

As a proof of concept prior to text mining (which will aim to identify experimentally useful
molecules) an analysis of different subsets of the reduced data set was performed. First, as a point
of reference, the DrugBank'® (which was analyzed in depth in Chapter 4) was analyzed. This
dataset comprises of 8,532 entries, with an average molecular weight of 336.0 g/mol. Additionally,
it possesses an average 11/13 =0.29, and an average 2/l = 0.84, corresponding to an average overall
3D score of 1.14. By contrast, all metal complexes in the CSD (621,322 entries) have an average
molecular volume of 843.0 A® and an average weight of 1228.5 g/mol. The average l1/I3 = 0.51,
and the average I2/13 = 0.85, with an overall average 3D score of 1.36. While this 3D score is much

higher than that of the DrugBank, the average molecular volume and molecular weight of the
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compounds in this dataset are too high to be broadly useful in fragment screening. However, upon
filtering the dataset to include molecules with more desirable properties (145,619 compounds), the
average volume was reduced to 364 A2, with the average weight reduced to 540.0 g/mol, in good
agreement with the metrics discussed in Chapter 5. Interestingly, despite reducing the average
molecular volume and molecular weight, the overall 3D score was unaffected, with an average
I1/13 = 0.48, and an average I2/Is = 0.84, corresponding to an average overall 3D score of 1.32.
Finally, once the data was filtered to select for the referenced journals above, the resulting dataset
of 33,685 compounds had a combined average 3D score of 1.36. This score of 1.36 is equivalent
to the average 3D score of all metal complexes in the CSD prior to filtering. Additionally, this 3D
score demonstrates an impressive improvement in three-dimensionality when compared to the
average 3D score of the DrugBank (3D score = 1.14, Figure 6.3). Several representative examples

of molecules identified using the approach are shown in Figure 6.4.
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Figure 6.3. PMI plots of the DrugBank (n = 8,532, left) and the reduced dataset (n = 33,685,
right). The reduced dataset demonstrates a thorough and complete coverage of topological space,
while the DrugBank is unable to populate highly 3D regions of the PMI plot.
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Figure 6.4. Chemical and single crystal X-ray structure (ball-and-stick) of three, select mF
candidates showing the molecular surface colored by lipophilicity. Hydrophilic and lipophilic
regions are shown in pink and green, respectively. The location of these mF candidates in the PMI
plot is highlighted by red numbers. CSD deposition numbers are provided for each mF.
6.4 Future Work Towards the Assembly of a Representative 3D Library

Moving forward in this effort, the 33,685 compounds identified will be further refined to
select for molecules that can be included in a topologically diverse fragment library that
systematically represents all areas of chemical space. In collaboration with Prof. Jihan Kim, we
plan to text mine the corresponding publication of each CSD entry for keywords relevant to the
ability of the molecule to be stable in an aqueous biological system. Because many of the
molecules in this dataset were selected from publications and applications that were not
considering fragment screening, it is likely that their stability in aqueous media may not be
explicitly stated or evaluated. We recently developed a prototype that was able to successfully
identify both unstable molecules that will be excluded from, and potentially useful molecules that

may be included in the final mF library from a subset of CSD entries. A more robust text mining

program will be applied on a large scale. This approach will aim to exclude obviously unstable
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molecules based on their descriptions in the text and will seek to identify potentially useful
compounds and score them according to their inferred stabilities in aqueous media. Next,
topological diversity will be used as a criterion for library inclusion to ensure that the final libraries
provide broad and thorough coverage of topological space (Figure 6.5). Using this method, virtual
libraries will be created that can be screened against protein targets of interest. Additional filtering
will be applied to account for synthetic accessibility and suitability for derivatization, which are
important requirements for library assembly and HTL development. Accordingly, fragments that
can be readily synthesized in 1-3 synthetic steps will be prioritized. Ultimately, this final data
reduction step will result in reasonably sized libraries for chemical synthesis and experimental
screening. As the mFs are synthesized to assemble the libraries, hits from VS that occupy

compelling regions of chemical space will be prioritized.

Compounds for text mining, N=33,685

Identify inert complexes, N=1,000 (1 in 30)

Identify molecules whose synthesis requires < 3 steps, N=500 ‘ Virtual Screening

Identify molecules that cover a broad range of 3D Space, N=100 ‘ Experimental Screening
; °
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Figure 6.5. Workflow demonstrating the remaining steps to produce a highly topological 3D
library of mFs.
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6.5 Conclusions

Highly 3D compounds are desirable in drug discovery efforts, though their implementation
in fragment libraries has proven challenging.!* While metal complexes have been shown to be
highly three dimensional,*? and have been applied in screening applications,® no easily accessible,
comprehensive 3D fragment library exists. Here, data from the CSD was collected and reduced in
an attempt to identify topologically diverse molecules that may be suitable for drug discovery
applications. From more than 1.8 million structures in the CSD, selective filters were applied to
identify 145,619 potentially useful compounds. Filters included molecular size and molecular
weight, violations to the rule of five, and the removal of potentially toxic atoms. This reduced set
of molecules showed improved three-dimensionality when compared with the DrugBank. Next,
text mining techniques are being performed to exclude molecules with obvious instability in
aqueous media and infer stability where it is not explicitly stated. These efforts are ongoing, and
it is hoped that they will enable the creation of virtual mF libraries with diverse topologies.
Separate libraries of inert and reactive mFs will be assembled, and VS will be performed. Based
on the results of the results of the VS, mFs will be synthesized into libraries that can be evaluated
experimentally. These libraries will thoroughly represent 3D space and will lead to the

identification of useful inhibitors of a wide range of therapeutically relevant targets.
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