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Abstract

A molecule’s properties are intimately linked to its medicinal function, yet there is a gap in our
understanding of the interaction between properties and chemical synthesis. The most popular
reaction in medicinal chemistry, the amide coupling, is an ideal arena to explore the relationship
of reactions to properties, and ultimately function. Amines and carboxylic acids are among the
most abundant materials available for organic synthesis. They are traditionally coupled together
using the amide coupling. This is due to the robustness of the reaction as well as challenges
associated with generating reactive species from these stable functionalities. Theoretically there
are many unique ways in which these two plentiful materials can be combined with each of them
generating products with diverse properties. Indeed, there has been a heavy focus recently on
developing methodologies to use these pervasive molecules as partners for cross coupling
reactions. Our lab is interested in further exploring and developing unique reactivities of amines
and acids to complement the amide coupling and using them to explore the complex interplay
between physicochemical properties and biological function. By activating the amine as its
pyridinium salt and using robotics and high throughput experimentation (HTE), we have
developed a selective, deaminative esterification that generates a molecule geometrically
identical to the amide but contains one fewer hydrogen bond donor. Mechanistic investigations
revealed this reaction proceeds through an alkyl halide intermediate that can be isolated in a one
pot manner from the free amine. We have capitalized on this intermediate to synthesize halides

and phenolic ethers from amines. To achieve the corresponding amine—acid etherification, we
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have leveraged HTE to develop an in-situ reduction extension to our esterification protocol.
These reactions and several others have been applied to an amine—acid pair to synthesize a series
of proteolysis targeting chimeras (PROTACSs) as well as fluorescent dyes. These series span a
wide range of partition coefficient, charge, and polar surface area while maintaining bulk
similarity (and molecular weight) to the “traditional” molecule one would synthesize from amine
and acid. We confirm that these subtle structural changes realized by subjecting the same
building blocks to varying reaction conditions have a profound effect on the biological activity of
the newly synthesized molecules. This dissertation will explore the interplay between these
effects through the lens of amine—acid coupling reactions as well as discuss the teaching of new

techniques that will enable this understanding.
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Chapter 1 A Systems Level Approach to Chemistry

1.1 An Introduction to Systems Chemistry

Systems are interconnected and interdependent. Changes in one part of a system can
influence a seemingly distal part of the system, or the system in its entirety. For this reason,
systems theory favors holism over reductionism, looking at the entire system at once and
considering the interconnections and dependencies of individual parts.! From these holistic
studies comes the ability to build predictive models, to reveal unexpected patterns in the data, to
design towards targeted objectives, and to reveal system components that remain poorly
understood. As synthetic chemistry becomes more intimately partnered with data science, a
systems approach could help stitch together seemingly disparate chemistry datasets. While
systems theory is engrained in biology, as in systems biology,? and “systems chemistry” has been
used to describe studies in self-assembly,>® and the origins of life,”!° the systems approach has
not been applied in synthetic chemistry. We propose an extension of systems chemistry that
focuses on chemical synthesis. Our view of systems chemistry borrows from the architecture of
modern systems biology, the de facto workflow of the pharmaceutical industry, which uses
multi-omics experimental tools to illuminate drug targets from patient populations. This systems
chemistry for synthesis would tie chemical reactions to molecular function with an aim to invent
new functional molecular products, reactions, catalysts, and predictive models in industrial and
academic settings. Viewed through the lens of drug discovery, one could use systems chemistry
to link synthetic reaction conditions to a complex phenotypic function such as selective

distribution of a small molecule medicine to the brain, and subsequent binding to a target protein



in that tissue. This medicinal phenotype would correlate with parameters such as
physicochemical properties, chemical structure, reaction conditions, conceivable transformations
and available chemical building blocks used to make the product (Fig. 1). While a systems
biology approach may link available biological data, often multi-omics data, to a specific
biological target localized within a specific target tissue and patient population, a systems
chemistry approach could tie together the requisite data to invent a molecule — a medicine for
instance — that inhibits the biological target. In medicinal chemistry, the notion of a design-make-
test cycle of invention is an established tactic.!! Systems chemistry layers the appropriate
packages of data onto the design-make-test cycle, which is applicable to functional molecules
beyond medicines like agrochemicals and materials. The holism offered by systems chemistry
will become increasingly necessary to tie together the complex data packages that have become
popular within contemporary partnerships of synthetic chemistry with machine learning, for
instance that systematically document the synthesis of molecules'? and the functional outcomes

of those molecules.'?

systems biology systems chemistry
genomics oo building blocks
transcriptomics g )\6)3 transformations
proteomics " reaction conditions
) o target molecule ) )
metabolomics structure
interactomics properties
phenotypes function
bioinformatics cheminformatics
+ +
high-throughput high-throughput
screening experimentation

Figure 1.1 Systems chemistry unites big data packages to link available chemical building blocks to function. The
output would be a functional molecule, and the data can be generated with high-throughput experimentation, if not
already available, and studied with chemoinformatics. The complementary field of systems biology would generally
propose a therapeutic target. We define a reaction as comprising both a transformation — to map the changing of
atoms and bonds — and reaction conditions to experimentally realize the transformation.



Molecules are designed to satisfy functional objectives such as shrinking a tumor using a
once daily pill or inhibiting fungal growth on a food crop using a water-soluble agrichemical. A
molecule’s function is dependent on its physicochemical properties, which are defined by
molecular structure. A simple example would be the distribution of a lipophilic compound into
adipose tissue because the compound has many hydrocarbon bonds. Recognizing that, for a
novel molecule, the structural arrangement of atoms and bonds arises from a synthetic sequence
of transformations that only succeeds experimentally if winning reaction conditions are selected.
Meanwhile, modern chemistry allows a single pair of building blocks to be converted into
diverse products, depending on the catalyst chosen.!*!> So, in the example above one can
propose that reaction conditions are linked to tissue distribution. While seemingly distal, these
parameters are interconnected and interdependent and highlight how the “above-the-arrow”
recipe used to make a molecule can directly influence the functional outcome of the product.
This interactive web of parameters can be viewed as a system linking synthesis to function, and
with the advent of artificial intelligence (AI) could lead to better medicines, agrochemicals, and
materials of the future. A thread connecting chemical building blocks, transformations, reaction
conditions, molecular structure, physicochemical properties to macroscopic function thus serves
as a framework for systems chemistry (Fig. 2A). In analogy to systems biology, the
computational and mathematical modeling of complex chemical systems, enabled by the
accessibility of large amounts of data could steer models towards meaningful outcomes. The goal
of systems biology is to tie genes, proteins, metabolites, and interaction pathways to disease
phenotypes (Fig. 1), generally arriving at a therapeutic disease target, such as a specific protein.
The complementary goal of systems chemistry is to tie transformations, conditions, structure,

and properties to function with a goal of producing a molecule to bind the target identified by



systems biology or other means. A systems approach to chemistry is timely given the increasing
role that Al is playing in chemistry, and the current state of the art of multi-omics tools. Both
systems biology and systems chemistry rely on high volumes of data to tease out patterns and
trends, and from there to build predictive models. Whereas the advent of high-throughput
screening (HTS) genomic, proteomic, metabolomic, and bioinformatic techniques ushered in the
field of systems biology, modern high-throughput chemical methods are the foundation upon
which systems chemistry can be built. The rapid advancement of high-throughput
experimentation (HTE)!®?*for chemical synthesis in the past decade, as well as the evolution of
chemoinformatics in support of structure-bioactivity predictions,?® and more recently structure-

reactivity predictions®* opens the door to systems level thinking in chemical synthesis.
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Figure 1.2 A. The interplay of available data packages can suggest the invention of new chemical transformations.
B. This interplay has been exploited with diverse amine-acid coupling reactions to modulate physicochemical
properties via reaction conditions, and C. in activity-directed synthesis to modulate bioactivity via choice of catalyst.

We anticipate that a systems chemistry lens will help realize the power of Al in
chemistry, at least in the invention of drugs, materials, agrichemicals, and other products that

arise from chemical synthesis. The practice of organic chemistry favors the pattern recognition of



reactions, often named after the chemists associated with the earliest reports of the reaction.
Today, however, new chemical reaction methods are published at such a pace that it is no longer
possible for a human to keep up with all of the modern reaction literature. Additionally, human
selection of reaction methods is biased by familiarity with existing methods or the reputation of
certain methods in a chemist’s peer group. In the future, computational searches will increasingly
remove these human biases and select reaction methods that arrive at desired product functions
based on available building blocks. While often discussed as a single entity, a reaction method
can be broken down into two main components for computational or logical exercises. The first
component of a reaction method is the transformation, which describes the mapping of atom-
bond positions from the starting building blocks into products. This transformation maps where
the bonds and atoms go throughout the reaction and is required to study reactions
computationally, but agnostic of the experimental conditions required to execute the reaction in
the real world. The second critical component of a reaction method is the “above-the-arrow”
reaction conditions, comprising combinations of catalysts, ligands, reagent additives, solvents,
temperature, and other operational parameters required to experimentally execute the
transformation in the lab. Systems chemistry connects transformations and reaction conditions to

structure and properties, or, by zooming out one more layer, building blocks to function.

Today, only a handful of studies link building blocks to properties or function, but the
field of organic chemistry is increasingly tying threads through large amounts of data defined by
parameters in Figure 1. In one recent study, it was shown that the selection of a catalyst can lead
alter the lipophilic partition coefficient by up to two orders of magnitude, with a diversity of

catalysts converting the same two amine and carboxylic acid building blocks into a diversity of



products with a diversity of properties (Fig. 2B).!* In a separate study (Fig. 2C), catalysts were
surveyed to lead to distinct products tested directly in a bioassay. Here the catalysts that
generated the most bioactive compounds, based on a diversity of accessible chemical structures,
were selected for future rounds of activity-directed synthesis.?> These strategies build from

diversity-oriented synthesis,?® but incorporate deeper exploration on the reaction condition axis.

This interplay of reaction conditions, transformations, structure, properties, function and
building blocks ties together multiple threads of data-rich contemporary medicinal, materials,
and agrichemistry research under the umbrella of systems chemistry. Just as systems biology
leads to the identification of viable biological targets to therapeutic intervention, systems
chemistry navigates large data inputs and combinatorial and vast experimental spaces, ultimately
leading to the molecules that will modulate those biological targets. The systems chemistry
concept here is applied to highlight the interconnections of datasets that go into the design-make-
test cycle of medicinal or agrichemical invention, in part because of the direct correlation to the
established field of systems biology. Of course, such interconnections can as easily be applied to
systems level studies of materials or batteries and have been already applied to describe origins
of life. As artificial intelligence and data science play an increasingly significant role in synthetic
chemistry towards academic and industrial objectives, codifying the links between virtual,
commercial, experimental, and calculated data packages can accelerate the invention of the

molecules of tomorrow.

1.2 An Introduction to Amine—Acid Coupling Reactions.

The amide coupling, the fundamental building block of protein backbones is also the

most popular reaction in drug discovery.?” This reaction, used to forge bonds between amines



and carboxylic acids, has seen nearly over 140 years of development beginning with activation
of the carboxylic acid as its azide®® or acid chloride,>** followed by the development of the

2 and uranyl reagents such as Hexafluorophosphate

carbodiimide reagents®!, benzotriazoles,’>
Azabenzotriazole Tetramethyl Uronium (HATU).?* Today there exist well over 100 amide
coupling reagents.’***> Due to this development, the amide coupling is an incredibly robust
reaction, a likely reason for its popularity. Additionally, amines and acids are ubiquitous in
nature, so a plethora of them are commercially available and pharmaceutical building block
libraries are well stocked with them.

While the amide coupling is by far the most popular way to unite amines and carboxylic
acids, it is not the only one. Theoretically, there exist on the order of hundreds'* to millions*® of
ways that a simple amine and simple acid can come together. Each of these new transformations
would be responsible for imparting a physicochemical footprint on the new product. This allows
for a fine tuning of these properties through single atom control of the molecule. In this way, one
can understand the interplay between selected reaction conditions and final physicochemical
properties of the molecule. This is exemplified by work from the Cernak group in figure 1.3
where amine 1.1 and acid 1.2 are coupled together via the amide reaction and five others. Each
of these products has a unique molecular weight, logio lipophilic partition coefficient (LogP, and

polar surface area and span a large range of each.'* This method is an alternative to the building

block centric approach of diversifying molecules.
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Figure 1.3 Six unique ways to couple amines and acids. Each molecule has a unique property footprint imparted by
the transformation. Each vertical line in the Kernel Density Estimate plots represents one of the six molecules.

Several methods have been developed to unite amines and acids beyond the amide

37,38 9

coupling. These include a reductive amination type reaction, arylation via a diazonium,’

4042

deaminative esterification, deaminative  ketonylation,**  decarboxylative-deaminative

446 and decarboxylative sulfonamidation.®’” Current state of the art synthesis

alkylation,
generally relies on activation groups to facilitate decarboxylation or deamination to generate

reactive intermediates that can couple to each other. These are discussed below.

1.2.1 Amine Activation Methods

Given the free lone pair and basicity of amines, they are classically used as nucleophiles

in chemical reactions. When presented with electrophiles such as alkyl halides, carbonyls, or



activated carboxylic acids, amines will react to produce alkylated products or amides. These
reactions take advantage of the inherent properties of amines and as such are incredibly robust
and hold an important place in modern drug discovery.?’* However, as described above there is
immense interest and value in generating umpolung reactivity of amines. This involves
converting amines into good leaving groups and is usually achieved through converting the
nitrogen into a cation or via oxidation.

In principle, the simplest activating group for a basic amine would be a proton. The
amine becomes positively charged and could leave as an ammonia derivative. However, since
nearly all nucleophiles are basic and ammonium salts readily dissociate in solvent, this idea has
not been implemented. Along similar lines, one of the first reported methods for activating
amines was to exhaustively methylate them to form persistent ammonium cations. This was first
reported by Hofmann where quaternary ammonium hydroxides were heated to generate alkenes
from amines.*” The Wenkert group first reported that aryl trimethylammonium salts could
participate in metal catalyzed cross couplings. Trimethylammonium Salt 1.13 was reacted with
phenylmagnesium bromide in a nickel catalyzed Kumada coupling to furnish 1.14 in 31% yield
(Scheme 1.1, A)>° The MacMillan group expanded the utility by demonstrating
trimethylammonium salts could be coupled with aryl boronic acids with the use of a nickel 0
catalyst combined with a N-heterocyclic carbene ligand.’! Using this method, biaryl 1.17 was
synthesized from p-toluyl boronic acid and 1.16 in 83% yield (Scheme 1.1, C). Since then, the
reactivities have been expanded to include coupling with amines®?, electrophiles™,
organozincs®*, and hydrogen®?. By taking advantage of other metals such as palladium and

52,55,56

copper, the scope of trimethylammonium salts has been expanded to include benzylic and

propargylic®’ substrates, but still excludes most aliphatic amines.
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Scheme 1.1 Key Discoveries in the activation of amines as quaternary ammonium salts. A) The Hofmann
Elimination. B) Wenkert’s Seminal Report using them as substrates in the Kumada coupling demonstrates they can
participate in transition metal reactions. C) MacMillan’s use of them in a Suzuki coupling was the first
demonstration of their utility.

Pyridiniums are another leaving group which amines can be converted to. By reacting a
primary amine with a 1,5-dicarbonyl or equivalent, one can generate a stable pyridinium salt that
can leave as a neutral aromatic ring. The most well-known examples of these are the triphenyl
pyridinium salts reported by the Katritzky group in the late 1970s.%® Easily prepared from a
primary amine and 2,4,6-triphenylpyrylium tetrafluoroborate, Katritzky’s group demonstrated
these salts as well as more decorated versions could react with various nucleophiles such as

60.61 esters,* thioethers,>® carbanions,® or amines® via an Sni, Sna, or radical

azides,>® halogens,
mechanism depending on the nucleophile used (Scheme 1.2, A). Reported conditions often
included pyrolysis of the substrate under vacuum which limited the utility and scope of these
reactions. There was a massive resurgence in their popularity in 2017 when the Watson group
demonstrated they could participate as electrophiles in nickel catalyzed cross couplings by
.64

coupling Katritzky salt 1.21 with p-chlorophenylboronic acid in 52% yield (Scheme 1.2, B

This marked the first general solution to an alkyl amine deaminative cross coupling. Since then,

10



65-67 acyl fluorides,* alkyl

pyridinium salts have been used to cross couple amines and halides,
zinc reagents,%® aldehydes,® aromatics,” and alkenes.”! All current mechanistic evidence points
to a single electron reduction of the pyridinium salt to generate an alkyl radical which can then
participate in transition metal couplings. These triphenyl pyridinium salts can also be reduced to
an alkyl radical via photoredox catalysis.”>”’” The Cornella group has employed an unsubstituted
pyrylium salt for the conversion of heteroaryl amines to amines, ethers, sulfones, thioethers’s,
and chlorides’” though this is believed to proceed through an Snar type mechanism. A limitation
of this amine activation mode is the amine must be bound to a primary or secondary carbon. To
accommodate tertiary carbons, the Rovis group has employed the wuse of

trimethoxybenzaldehydes with photoredox catalysis.®® With this strategy, they are able to couple

3° amine 1.23 with an electron deficient aryl bromide to give 1.25 (Scheme 1.2, C).
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Scheme 1.2 Key discoveries in the activation of alkyl amines. A) Katritzky’s pioneering work in the use of
pyridiniums as activating groups. B) Watson’s discovery they could participate in transition metal cross couplings.
C) Rovis’ Approach to activate sterically hindered alkyl amines. Ir photocat = Ir(dF-CF3-ppy).(dtbbpy)PFs, TMHD
= 2,2,6,6-Tetramethyl-3,5-heptanedione, TBACI = tetrabutyl ammonium chloride
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Another important strategy to activate amines is to oxidize them. The classic method to
accomplish this for anilines is to form diazonium salts. Diazonium salts can be used to synthesize
esters*’, biaryls®®, and via the Sandmeyer Reaction®!: halides, nitriles, phenols, thioethers, and
deaminated products. The corresponding alkyl diazoniums have seen fewer applications owing
to their instability. Diazomethane is a well-known reagent for methylation of carboxylic acids
but is also highly toxic and explosive. Larger alkyl diazo compounds that are not stabilized have
few reported uses. In an analogous reaction to the Hofmann elimination, the Cope elimination
relies on oxidation of a tertiary amine to its N-oxide followed by heating to form an alkene
(Scheme 1.3, A). A similar concept is used to generate aminium cations which are useful
intermediates for the formation of C-N bonds®** or C—C bonds via an iminium.?®” The Cernak
group has reported this strategy to achieve a one-pot synthesis of bromhexine (1.29) from 1.27
and 1.28 in a 41% yield. A recent major development in the field of oxidative deamination came
from the Levin group. By using anomeric N,N-dialkoxyamides to generate isodiazene species in-
situ, they were able to “delete” the nitrogen from amine 1.30 and replace it with a carbon—carbon
bond.®® The anomeric amides have also been used to replace amines in molecules with hydrogen,
bromides, sulfides, phosphinates, and alcohols.®® Notably, this activation mode seems quite
general and can be used for alpha- primary and secondary amines as well as anilines and
heteroaryl amines. The Lambert group has also reported a method to generate isodiazene species
in-situ using O-nosylhydroxyamines (ONHA) and blue light. This strategy generates a less
reactive intermediate, and they are able to achieve diastereoselectivity using amine 1.32 and

ONHA 1.33 to synthesize 1.34 in 63% yield and >98:2 dr (Scheme 1.3, D).”°
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Scheme 1.3 Representative methods of amine activation by oxidation. A) The Cope elimination. B) a one-step
synthesis of bromhexine via alpha oxidation to an iminium ion. C) deamination via in-situ formation of an
isodiazene. D) The Lambert group’s approach to isodiazene formation. [Ir] = Ir(dCF3ppy).dtbpyPFs

1.2.2 Carboxylic Acid Activation Methods

There have been several activation modes beyond the methods described above to
activate carboxylic acids. While uronium and imide-based agents activate acids towards
nucleophilic attack, taking advantage of altering modes of reactivity requires other activation
modes. Some of the most powerful of these are decarboxylative cross couplings. These
methodologies have emerged as robust ways to form carbon—carbon’' and carbon—hetero atom
bond formation.”? The use of sp® acids has focused on activation methods that involve generating
alkyl radicals which can participate in coupling reactions.”! The corresponding aryl radical

however forms at a much slower rate than hydrogen atom transfer (HAT),”® and as such aryl
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carboxylic acids until recently, were generally decarboxylated via two electron methods.”®

Given the differences in approach to decarboxylation these two will be treated separately.

1.2.2.1 Aliphatic Decarboxylation

A major strategy to generate alkyl radicals from carboxylic acids is the use of redox
active esters. The use of these, specifically thiohydroxamidate esters, were pioneered by the
Barton group.®’ This group reported activating carboxylic acids via the acid chloride and sodium
salt of N-hydroxypyridine-2-thione which was subsequently treated with tributyl tin hydride to
reductively decarboxylate. Key to the success of this reaction is the homolysis of the N-O bond
which generates a carboxy radical that readily leaves as CO> to generate an alkyl radical.”’ In the
seminal report, it was demonstrated that abietic acid was readily decarboxylated in 52% yield to
give the corresponding hydrodecarboxy derivative 1.37 (Scheme 1.4, A). Soon after, the Barton
group also reported that by replacing tributyl tin hydride with carbon tetrachloride or
bromotrichloromethane as a solvent, one could exchange hydrodecarboxylation with
halodecarboxylation.”® These alkyl radicals can also participate in Giese type reactions.” In
2016, the Baran group reported that Barton esters could readily be reduced by nickel (II)
complexes to generate the same alkyl radical that could be intercepted by the nickel complex and
coupled to an aryl zinc species. Subsequent optimization revealed N-hydroxyphthalimide
(NHPI), which had previously only been reported to reduce with photocatalysts'®!%! to be the
optimal redox active ester in their coupling. This led them to decarboxylatively couple 1.38 to
phenylzinc chloride to give 1.39 in 92% yield (Scheme 1.4, B). Concomitantly the Weix group
reported NHPI esters could be reductively coupled to aryl iodides using a similar nickel catalyst
and zinc powder as the terminal reductant.!®> They demonstrated acid 1.40 coupling to

iodobenzene in 87% yield (Scheme 1.4, C). Since this initial report, NHPI esters have been used
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to forge C—C bonds with alkyl zincs,'® aryl boronic acids,!® vinyl halides,'® alkenes,!*

pyridinium salts*® and others as well as carbon heteroatom bonds.'"’?
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Scheme 1.4 Representative methods of carboxylic acid activation with redox active esters. A) The Barton
Decarboxylation. B) The Baran group’s use of NHPI esters in nickel catalyzed redox neutral cross couplings with
aryl zincs. C) The Weix group’s use of NHPI esters in nickel catalyzed reductive couplings.

While effective, pre-activation of carboxylic coupling partners adds synthetic steps and is
often laborious if purification is required. As such, it would be ideal to have methods to
decarboxylate carboxylic acids that do not rely on isolated activating groups. Minisci pioneered
using an alkyl radical generated from a carboxylic acid in a seminal report in 1971.!19 By
combining silver nitrate and ammonium persulfate, pivalic acid was oxidatively decarboxylated
to form a tert-butyl radical that added into a protonated pyridine, giving a mixture of 2 & 4
alkylated products in 52% yield. Developments have been made in this area, but fundamentally
there is still a regioselectivity issue. Another major development in activation free
decarboxylative coupling came out of the MacMillan and Doyle groups when they demonstrated

alkyl radicals generated photo-catalytically could be trapped by nickel catalysts and coupled to
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aryl halides. Alpha heteroatom containing acids such as boc proline (1.45) were coupled to aryl
halides to give benzylic amines and ethers. In one example, 1.45 was coupled to p-iodotoluene to
give 1.46 in 78% yield using an iridium photocatalyst, a nickel II salt, and a bipyridine ligand

(Scheme 1.5, B). This strategy has been used extensively to generate varying bond types.'%”

The Minisci Reaction
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Scheme 1.5 Representative methods of decarboxylative cross coupling without activating groups. A) The Minisci
Reaction. B) The MacMillan group’s merging of photocatalysis and nickel catalysis for decarboxylative cross
coupling.

1.2.2.2 Aromatic Decarboxylation

The first practical aryl carboxylic acid coupling was reported by the Gooflen group,
wherein aryl carboxylic acids were decarboxylated using a copper catalyst and trapped with a
palladium catalyst to couple with aryl bromides.!'” Acid 1.47 was coupled to 4-
chlorobromobenzene at 160 °C in 99% yield. This temperature can be lowered to 130 °C by
using a silver salt instead of a copper salt to facilitate the decarboxylation.!'! The GooBen group
demonstrated acid 1.47 could also be coupled to an aryl triflate to give product 1.48 in 87% yield
using this strategy (Scheme 1.6, A). A key limitation to this methodology is the so called “ortho
effect” where the aryl acids must have a highly electron donating or withdrawing group, or

heteroatom ortho to the acid. The scope of this style of reaction was greatly expanded by the

16



Sanford group by activating the carboxylic acid as its acyl fluoride. Probenecid (1.49) was
activated as its acyl fluoride in-situ and coupled with p-fluorophenylboronic acid in the presence

of a ligated nickel (0) catalyst to give 1.50 in 82% yield (Scheme 1.6, B). Other strategies used to

45,112’ pyrldyl

facilitate the decarboxylation for cross coupling include the use of twisted amides
esters*, and aryl esters!'’, though all of these methods require elevated temperatures. A
breakthrough wherein aryl carboxylic acids could generally be decarboxylated at room
temperature came independently from the Ritter” and MacMillan®* groups. They took advantage
of ligand to metal charge transfer (LMCT) between a copper salt and the carboxylate to generate

47,94 or be

a carboxy radical that when decarboxylated can either react with atom transfer reagents
trapped by copper to form an metalated intermediate that can participate in coupling
reactions.”**>!!* To overcome HAT with the solvent, they use acetonitrile which mitigates the
protodecarboxylation pathway. In their initial report, the Ritter group uses copper sacrificially to
synthesize aryl fluoride 1.52 in 70% yield from the corresponding acid 1.51. The use of
superstoichiometric copper is due to the copper (I) species no longer being able to participate in
LMCT after reductive elimination. To overcome this, the MacMillan group uses an N-fluoro

collodinium salt as an oxidant to regenerate the active copper to species. Using this strategy, they

generate aryl chloride 1.53 from 1.51 in 52% yield (Scheme 1.6, C).
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GooRen's Strategy
5% Ag,CO3 30% CuCO;

Cl Cl
0.20 equiv Lutidine 0.75 equiv K2003
3% PdCl, 10% Pd(acac),
9% PPh; 50 % Phenanthrollne
p-CIPhOTf p -CIPhBr
-
NMP 120 °C NMP160 °C 1.48
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Sanford's Use of Acyl Fluorides

F
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OH 2.0 equiv p-FPhB(OH),
1.0 equiv TFFH 10 % Ni(COD),
Pr,NO,S 1.0 equiv Proton Sponge /(j/‘L 2O%PPh2M6 O
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THF RT THF 100 °C
(not isolated) 82%

LMCT to Effect Decarboxylation

1.0 equiv NFTPT 2.5 equivTBAF+(tBuOH),

20% Cu(MeCN)4BF4 2.5 equiv Cu(OTf),
1.0 equiv ZnCIZ OH 2.5 equw Cu( MeCN 4BF4

MeCN Purple light, RT MeCN Purple light, 35 °C
1.53 1.52
52% 70%

Scheme 1.6 Representative methods of amine activation by oxidation. A) The Cope elimination. B) a one-step
synthesis of bromhexine via alpha oxidation to an iminium ion. C) deamination via in-situ formation of an
isodiazene.

1.3 Applications in Drug Discovery

While a building block centered approach is a tried-and-true strategy in drug

13,16 it necessarily optimizes the molecule by altering its periphery. This is convenient

discovery,
at an early stage when trying to understand structure-activity relationships (SAR). However, as
binding of a pharmacophore becomes optimized and focus shifts toward optimization of
physicochemical properties, large changes in the periphery of a molecule become less tolerated.
At this stage, edits to the core of the molecule are often explored, but generally require multistep
resynthesis to access.!!” By simply shifting the transformations used to unite the building blocks,
a chemist can access a variety of derivatives from late stage (often precious) intermediates. Each

of these derivatives will have a unique set of properties which will affect the final function of the

molecule. Figure 1.4 is a representation of this as a cartoon.

18



Building Blocks Diverse Products Varied Properties Unique Function

o8
Condition A
== @e {@®¢
o8

Condition B
@ —=== @ J
o8
Condition C
- N ( ]
L A

(n"\ ,44 3\ A

Figure 1.4 Cartoon representation of a transformations-based approach. The large black and grey balls represent
building blocks and the small balls functional handles. When the two building blocks are subjected to different
reaction conditions, unique products are generated that each have a unique property profile. This profile imparts
varied functions of the molecule, in this case it is cellular distribution.

This is further exemplified in work from the Ciulli group where it was shown that in
Proteolysis Targeting Chimeras (PROTACS), exchanging an amide bond for an ester increased
the permeability of the overall molecule through the removal of a hydrogen bond donor.!''8
However this required resynthesis of the intermediate material. It was shown that PROTAC 1.54
gained a 10-fold increase in a parallel artificial membrane permeability assay (PAMPA), and a
1.5 fold increase in degradation potency when the amide bond uniting the protein binder and the
linker was replaced with an ester (scheme 1.7). This strategy has also been employed in cyclic
peptides.!' Again, a large boost in permeability was seen, but the synthesis required the use of

alpha hydroxy derivatives of amino acids which required several steps to synthesize.
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Scheme 1.7 Amide to ester substitution increases both permeability and DC50. Presumably this effect is through an
increase in permeability from removing the hydrogen bond donor.

The strategy of coupling common building blocks in unique ways has also been applied
at earlier stages in the drug discovery process. The Nelson group has relied on this strategy in
what has been dubbed “activity directed synthesis” to develop novel androgen receptor
agonists.> Diazo compound 1.56 was subjected to various rhodium catalysts and they were able
to generate a large variety of products. By screening the activity of each crude mixture, they
found that the solvent and catalyst choice varied the ratio of active to inactive products (Scheme
1.8, A). When Rhodium salts containing a non-carboxylate counterion were screened, all activity
was lost, suggesting the active compound was not formed (Scheme 1.8, B). Through several

rounds of screening and scaleup, they determined that the most active compound in the mixture
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was 1.58 with an ECsp of 340 nM (Scheme 1.8, C). This close interplay between choice of

catalyst and functional outcome of the molecule warrants further study.

Possible Products of Rh Catalyzed Reaction

CF
A 5 CFs 3
CF3 CF3 Me NC NC o fe)
NC
o o 1 mol% [Rh] NE 2 N M
B ——— (o] N e
N Me Solvent N Me
1.56 ) N, 1.57) $1.58 1.59
Ph i Ph o
An Inactive Reaction Mixture
CF;
B O
CF3 CFs me NG 5 &
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NC
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N Me DCM N
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1.56 ) N, 158 &
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Scheme 1.8 The Nelson group’s use of activity directed synthesis to discover novel androgen receptor agonists. A)
An array of rthodium catalysts and solvents was executed to generate a diverse array of products with potential
biological activity. Not all possible products are listed. B) By changing the catalyst to a non-carboxylate anion, the
bioactive compound was no longer formed in appreciable yields. C) The highest yielding conditions for 1.58 were
used to scale up and isolate it in 75% yield. Cap = caprolactam, esp = a,0,a’,0'-Tetramethyl-1,3-benzenedipropionic
acid.

1.4 High-Throughput Experimentation (HTE) and the Importance of Training Future

Scientists.

Using Al and machine learning will lead to a more holistic understanding of chemistry as
a system and will require the generation of vast amounts of data. Whereas a chemist would
traditionally run reactions in flasks or wvials in a serial manner, High-Throughput
Experimentation (HTE) is a technique that allows for the parallelization of chemical synthesis.
This is accomplished by setting up arrays of small glass shell vials in metal heating blocks

(typically 24 or 96 wells) or using microtiter plates (typically 384 or 1536 wells). The chemist is
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then able to design a grid to explore the interplay of combinations of reagents either for the sake
of optimizing reaction conditions?! or to generate large libraries of molecules'®. The process of
setting up these large numbers of reactions is greatly enhanced by the preparation of stock
solutions. This allows for a single weighing operation per reagent that can be dosed into many
reactions as opposed to a single weighing operation per reagent per reaction. In addition to
saving time, HTE also saves precious material with a single well containing on the order of
micrograms to a few milligrams of material. This practice allows dozens to thousands of data
points to be generated with the amount of material used to generate a single data point in a
traditional round bottom flask reaction.

While High-Throughput Screening in biology has been in practice since at least the early
1980°s'?°, currently consistently have workflows run in 3456 plates and is common practice
throughout academic labs across the world, HTE in chemistry has lagged behind. This may be
due to the engineering challenges associated with running chemistry in a high-throughput format.
While biological experiments are typically homogenous solutions in water/DMSO mixtures
conducted at or near room temperature in air, the heterogeneity in conditions for chemical
reactions complicates matters. For example, reactions are run in a variety of solvents; the glass
shell vials used in 24 and 96 well plates are generally resilient to solvent. However, the
polypropylene used in 384 and 1536 well plates is incompatible with many solvents, especially
at elevated temperature. Further, many reactions require an inert atmosphere to perform and are
run at cryogenic temperatures while others are run well above boiling. The small volume of
solvent used coupled with the volatility of many organic solvents can lead to evaporation issues.

As well, the broad diversity of reagents used in synthesis means homogenous solutions are not
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always possible. Taken together, careful consideration must be put into the types of chemical

reactions that are compatible with HTE, or engineering solutions must be implemented.

1.4.1 Hardware implementation in HTE

To address the challenges associated with running chemistry in a miniaturized format,
several solutions have been implemented with different strategies for 24 and 96 wells compared
to 384 and 1536 wells. 24 and 96 well aluminum heat blocks that hold glass vials are
commercially available (Figure 2). These shell vials are chemically resistant and the 24 well
blocks fit on a hot plate which allows for heating, cooling, and stirring. 96 well plates, which are
standard SBS dimensions, do not evenly stir on a hot plate and as such commercial tumble
stirrers with optional heating attachments have been developed. 384 and 1536 plates are

available in glass but are prohibitively expensive. Cyclic olefin copolymer (COC) plates present

alternative chemical stability to traditional polypropylene and are more heat resistant.

Figure 1.5 An example of 24 and 96 well aluminum heating blocks containing glass shell vials. The stock solutions
are prepared in one-dram vials and dosed into the corresponding wells.

Transfer of reagents from stock solutions in a consistent manner also requires tools. Perhaps the
most accessible of these is the implementation of single and multichannel micropipettes. They
are affordable, common in most labs, and facilitate the dosing of stock solutions into the desired

wells. Liquid handling robots such as the TTP Mosquito, Waters Andrew Alliance, Beckman
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Coulter Echo, Opentrons OT2, and Unchained Labs Junior have been implemented to reduce the
strain imparted by excessive pipetting, as well as provide consistent dosing in larger 384 or 1536
well formats. Many of these robots are unable to handle heterogeneous solutions. To overcome
this, stir plates and wide bore tips have been used to slurry load, or solid handling robots have
been deployed. Each of these platforms can be assembled in an inert atmosphere glovebox to
overcome air and water sensitivities.

Solutions have been developed to address unique reaction conditions explored within

23

chemistry. These include plates with space for light,'?!!??> the use of flow,'?® or the use of

microfluidics'”® to  perform  photoredox in HTE, parallelized electrodes for

124,125 126,127

electrochemistry, pressurized reactors for hydrogenations or carbonylations.!?®
Analytical challenges are also apparent beyond reaction setup. While it is practical to run NMR
to characterize the products of a single reaction, analyzing each product of a 24 well screen
would take weeks. Even crude NMR analysis of reaction mixtures becomes unmanageable
beyond 96 experiments. The most commonly employed and arguably the most information rich
technique employed is ultra performance liquid chromatography mass spectrometry (UPLC-MS).
With modern instruments it is possible to gather data on product formation as well as side
products and gain insight into the reaction in as little as 30 seconds per well.?! By bypassing the
autosampler in favor of microfluidic droplet injections and using a shorter column, this can be
reduced to ~1 second per sample.'?”® For 24 and 96 well plates, gas-chromatography-mass
spectrometry (GC-MS) instruments have also been used and are typically more accessible for
academic labs. An even more accessible method is to analyze by thin layer chromatography. !

Desorption electrospray ionization (DESI) mass spectrometry'3""!32 and matrix-assisted LASER

Desorption Ionization (MALDI) coupled to time of flight (TOF) MS!** have been used due to
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their rapid throughput of less than one second per sample, but they do not provide as much
quantitative information as other methods. While tremendous progress has been made in recent
years, there is still room for improvement to speed up throughput while maintaining information

density in plate analysis.

1.4.2 Software Implementation in HTE

Design of experiment is a critical step in effective data collection. Single experiments can easily
be planned and recorded using a laboratory notebook, but experimental arrays require some form
of tabulation to manage the design and record keeping. Microsoft Excel is capable of performing
these functions, particularly in 24 and 96 well format, but requires macros that potentially need
to be rewritten for every screen depending on the needs of the chemist. Further, when trying to
design 384 and 1536 well screens, Excel quickly becomes unmanageable. As such, several
commercial software packages have been developed including ACD Labs Katalyst and
Unchained Labs LEA. To process the data, commercial software such as Virscidian, MNova
MSChroms, and Katalyst have been implemented as well as freeware such as MZMine and
several python packages. 3413

Our lab has developed a software called Phactor™ which functions to design experiments
as well as process and store data.'*” Phactor™ is integrated into each step of a HTE experiment,
including array design, script generation for robot assisted dosing, data visualization, and data
storage. A typical workflow begins with the chemist deciding the type of reaction they would
like to run and deciding on the variables or “phactors” they would like to screen. For example, a
96 well array could be composed of 4 phactors: 4 catalysts, 6 ligands, 2 additives, and 2 solvents.

The chemist would then load each of these variables into Phactor. Array design speed is

increased by full incorporation of our in-house inventory which is searchable by name or CAS
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number. Phactor is then able to design the array and output a recipe for the screen. The chemist

then runs the screen either manually or with the assistance of robotics, analyzes the reaction

output via UPLC-MS, processes it with Virscidian, and loads the processed data back into

Phactor for data visualization. This workflow is used extensively throughout this body of work.

manual
/ screen
phactor \ UPLC-MS |—p= analysis
robot
chemical i — mass:;‘;::ne ;-:;:;-1.: solvent s
molarity (mg) iy Py mass volume
MANGANES
POWDER, 1-methyl-2-
325 MESH.0'600 15.822 0.464 0.017 pywrolidinon: 16 0.470
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Electrophile: 3/3
Nucleophile: 1/1
Catalyst1: 1/1
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Ligand1:8/8
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BaseAcid: 0/0
ReductantOxidant: 1/ 1
Additive1: 1/1
Additive2: 0/0
Solvent1: 1/1
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Figure 1.6 The general HTE workflow in our lab. Phactor is incorporated into every step of the process. Once the
"phactors" of the screen are planned out, Phactor is able to generate an appropriate array as well as a recipe to

perform it.

1.4.3 Training the Next Generation of Chemists

While HTE has become standard practice in industry, its uptake has been much slower in

academic labs.!*® While some of this may be due to a cost barrier to entry, certainly another



piece is a lack of training. Traditional training in chemistry does not include a foundation in
coding or data management. As such, adopting HTE practices that necessarily generate large
amounts of data can be a daunting task for a PhD student, especially when there is an absence of
senior members to look to for assistance. As big data becomes increasingly involved in the
chemical sciences, there will be an ever-increasing need for the next generation of scientists to
incorporate coding and data management skills into their training.'>!%

There has been some incorporation of this idea in recent years. The University of
Washington has added a data science option to its chemistry PhD program. Several other
universities have also begun to implement data science education initiatives into their
undergraduate curriculum.!'#*!#* Perhaps the most comprehensive approach comes from Imperial
College of London where an entire PhD program has been created centered around automation in
synthesis. The training incorporates the use of Unchained Labs technology to solve synthetic
problems.!* Programs of this type will likely become increasingly common in the future as well

as a more robust incorporation of automation and coding training in the undergraduate

curriculum.
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Chapter 2 Educating the Next Generation of Chemists'

This work is an adaptation of a series of labs we implemented in MedChem 410 that
provides an educational component to some of the ideas discussed in chapter one. Students in
one exercise begin to relate structure to the function of a molecule by analyzing solubility as it
relates to logP and aromatic rings (Figure 2.5). Further they are provided with a foundation in
how to visualize large data sets in a meaningful way. This is exemplified in their use of PCA to
cluster a large dataset of molecules based on their properties. They are then instructed to filter
this dataset to exclude only molecules that pass the Lipinski rules.

The second portion of this chapter is also being prepared for publication in the Journal of
Chemical Education in combination with a computational exercise developed by Drs Irina
Pogozheva and Andrei Lomize. It provides are more experimental basis to the foundations laid in
chapter one. Students are encouraged to think about how the structure of a molecule relates to its
function of permeability by running a parallel artificial membrane permeability assay (PAMPA)
on two different brightly colored drugs. The lab also includes an exposure to automation where
students are instructed to write code to control an Opentrons robot to transfer the drugs from one
well plate to a plate reader plate.

The third portion of this chapter is targeted toward a much younger audience. It involves

a children’s toy where children are given plant-based dyes, a well plate, and plastic pipettes, and

! The first portion of this chapter is published in the Journal of Chemical Education: Interactive Python Notebook
Modules for Chemoinformatics in Medicinal Chemistry Babak Mahjour, Andrew McGrath, Andrew Outlaw,
Ruheng Zhao, Charles Zhang, and Tim Cernak Journal of Chemical Education 2023 100 (12), 4895-4902 DOI:
10.1021/acs.jchemed.3c00357
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subsequently encouraged to mix the dyes in the well plates to observe color changes. On the
surface it may not seem to reinforce the concept, but students are taught very basically that the
color (function) of each of the dyes is related to the molecules (structure) that are contained

within it.
2.1 Interactive Python Notebook Modules for Chemoinformatics in Medicinal Chemistry?

2.1.1 Introduction

Chemoinformatics is the use of computational informatics techniques to solve problems in
chemistry. These in silico methods can be used to transform data into information and aid in drug
discovery. Recently, a rise in computational power and increased availability of software tools
have made chemoinformatics an invaluable tool for research. Meanwhile, there has been recent
interest in teaching young scientists how to work at the interface of physical science and data
science.””’ In previous works, lesson plans have been developed incorporating programming into
physical chemistry,* general chemistry,’ analytical chemistry,® bioinformatics,” and other
topics.”!7 This paper extends the previous works through a lesson plan that introduces students
to the basics of chemoinformatics in medicinal chemistry with the most popular scripting
language, Python. Specifically, the exercises included in this activity are based on traditional

techniques used by medicinal chemists to visualize and analyze chemical space.

2.1.2 Objectives.

2 Bo developed the foundational exercise to teach the basics of Python. Bo and I then worked together to develop the
chemoinformatics portion of the lab which was bolstered by the release of Diamond XChem’s COVID Moonshot
project! dataset, which during the pandemic gave relevant data for the students to interact with. This lab has been
taught for several years with generally positive feedback from students.
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The purpose of this experiment is to introduce fundamental chemoinformatics using Python
through medicinal chemistry-based exercises. The modules teach:

e how to load compiled medicinal chemistry datasets that are suitable for sharing and

analysis

e how to visualize chemical space in a multitude of ways

e how to filter chemical datasets based on drug-like properties

e how to validate medicinal chemistry principles using data visualization

e how to simplify multidimensional physicochemical properties of drugs using principal

component analyses (PCA)

2.1.3 Structure and Context

In this text, “lesson plan” refers to the entirety of the work and consists of two “class sessions”.
Each “class session” consists of a brief lecture, to be administered at the beginning of the class
session, a Python notebook consisting of several “modules” to be completed by students, and a
lab report to be completed and submitted for a grade. As mentioned, this lesson plan is executed
over two separate three-hour class sessions, supervised by one or two graduate student teaching
assistants with some familiarity with Python. Students participating in this activity are expected
to have familiarity with basic concepts of medicinal chemistry, such as how structures impact
druglike properties. Classes typically comprised 20—40 students. Each class session consists of a
brief slide deck and lecture introducing the very basics of Python and its capabilities, presented
to the students, followed by an interactive Python notebook, composed of multiple modules.
Additionally, there is a preliminary 90-minute lecture given introducing chemoinformatic and
drug design concepts such as chemical space, partition coefficient (LogP), Lipinski rules,

molecular fingerprints, diversity, and qualitative structure activity relationships. In this lecture
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students learn how drugs are classified by the “Lipinski rule of five” and how commercial drugs
may (Figure 2.1, 2.1 and 2.2) or may not (Figure 2.1, 2.3 and 2.4) meet these guidelines.
Alongside this preliminary lecture are two recitation exercises, where students review and
summarize papers from the literature describing the quantitative estimate of drug-likeness (QED)
score!® and the central nervous system multiparameter optimization (CNS-MPO) tool! —
chemoinformatic concepts that are applied in the subsequent labs.

These notebooks are written in Google Colaboratory (Colab)?’, an easily accessible
online Python environment that executes code on the cloud for free, based on the popular Jupyter
software.?! Colab has several important data science packages preinstalled, including Pandas,??
Numpy,?® Scipy,?* and Matplotlib?® — Python add-ons that simplify the manipulation and
visualization of data. Its primary advantages here are allowing a fast and simple way for new
students to get started coding, as it is agnostic of computer, operating system and requires no
technical setup. Code is separated into blocks called ‘cells’, which execute independently of each
other. The two Colab notebooks are organized by modules, each with specific objectives and
corresponding questions in the notebook’s respective lab report and walk the students through
various exercises to meet the teaching objectives. Each notebook is to be completed alongside

provided lab report templates consisting of module-specific questions and discussion items.

Graduate student teaching assistants provide guidance and feedback to students during the class.
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Figure 2.1 Medicinal chemistry concepts taught in a preliminary lecture before the lab. (A) Examples of drugs
passing the Lipinski rules. Radar plots display physicochemical properties of the adjacent molecule. Values within
the green concentric circle are within the rule of five threshold (except for QED score). (B) Examples of drugs
failing the Lipinski rules. Some properties break through the rule of five threshold shown in the radar plots. (C) A
scatter plot of molecular weight (MW) versus partition coefficient (LogP, a dimensionless quantity representing a
molecule’s distribution between hydrophobic and aqueous environments) for the drugs shown, where each point is

sized by QED. The green boundary demarcates the “Lipinski rule of five”. HBA = Hydrogen bond acceptor, HBD =
Hydrogen bond donor.

2.1.4 Class Session 1: Introduction to Colab, Python, and Chemoinformatics.
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In the first class session, an initial slide deck is presented by the graduate student teaching
assistants to the class explaining the increasing popularity of scripting languages and their use in
industry and academia. Several examples of data visualizations generated by Python are shared
with the students (Figure 2.8). Python as a scripting language is then formally introduced, as well
as Colab. Students are shown how to execute print(“hello world”’) and are encouraged to log into
Colab from their computer and run a line of code. Lists and dictionaries are introduced as two
basic data structures. If statements and for loops are introduced through an example of their use
in filtering a list of dictionaries. Finally, it is shown how the Python package Pandas?? can be

used to load tabulated datasets from comma-separated value (CSV) or JavaScript Object

Notation (JSON) files. Students then complete the first Python notebook and its corresponding
lab report template after the brief (~15 minute) lecture in the remaining class time with graduate
student supervision.

The notebook given in the initial class session introduces students to Google Colab,
plotting in Python, and basic chemoinformatic concepts. The objectives of this notebook are to
learn basic python coding and to quickly load and plot chemoinformatic data from spreadsheets

or other data formats. The module also exemplifies how to customize plots generated in Python.
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Figure 2.2 (A) A self-contained code template generates several plots and is provided to students. Several lines are
deactivated, as indicated by green text. Lines of code can be reactivated by removing the leading “#”, resulting the
code to produce a different visual output when executed. ‘asdf’ and ‘qwer’ represent the dataset for the following
plots. (B) The plot generated by the code in A when run as is. The three plotted points are defined in the code
template, connecting the code to its visual output. Later in the lesson plan, code is introduced to include axis labels.
(C) The plot generated when line 8 of A is activated, resulting in larger points. (D) The plot generated when line 9 is
also activated, resulting in different point colors. (E) The plot generated when line 11 is activated, creating the same
scatter plot with a blue background. (F) A potential plot generated after students are instructed to include an
additional parameter to the scatter function. In this case, the shapes of the points are changed.

The first module walks through basic plotting in Python. The students receive a code template
(Figure 2.2, A, Figure 2.9), which generates a plot when executed in the notebook. Several lines
have been “commented out”, and thus deactivated, as indicated by lines containing green text
and beginning with a # Students are instructed to run the script, note what happens, then
reactivate a line of code (by deleting the # symbol) and run the script again. This approach is
intended to build familiarity with Colab and to exemplify how certain lines of code affect the

script’s output.
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As with the code template, most Python scripts begin with a list of package imports, lines of
code that allow prewritten code to be used succinctly in the current script and always contain the
keyword import. For instance, to avoid writing the code to render plots from scratch, Python is
instructed to import the Pyplot module from the package Matplotlib, a well maintained and
versatile graphing software. As seen in the first line of the code template, a package is imported
through specific syntax: import <package name> or import <package name> as <alias>. In
the first syntax, future references to the package must use the exact package name written in the
import statement. In the second syntax, the as keyword instructs Python to allow the coder to
refer to the package as plt, a commonly used short-hand alias for the Pyplot module of
Matplotlib that represents the package in code. At this point onward in the code, functions
(reusable blocks of code that perform a specific task or set of tasks when executed) provided by
the imported package can be utilized by “calling” them, which is done by appending parenthesis
() to the function name — for example, plt.subplots(), where the period between plt and subplots
indicates that subplots is a function defined in the module pl¢ (the short-hand alias given for the
Pyplot module of Matplotlib). Variables are pointers to objects (data stored in computer
memory) that are named by the user and can reference data or the results of previously written
code in other files or installed packages. Variables are subsequently referred to in code by their
given name.

In the following two lines, two lists are instantiated. Lists are Python objects that store data in a
fixed order, similar to a row in a spreadsheet, and can be referred to by variables. The first list is
referred to by a variable named asdf, and stores the integers 1,2, and 3, in that order. The second
list is named gwer and stores the integers 3,5, and 6 in this order. In the following line of code,

the variables fig and ax are instantiated and assigned to the output of the function plt.subplots().
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The response of this function when called is captured in the variables fig and ax, as named by the
user, and are later referred to in the code to draw and save a plot. The portion of the response that
is stored in fig is described as “the top-level container for all the plot elements” in its
documentation.?® In essence, the variable fig now represents the digital data structure, stored in
the computers random access memory, that will eventually render into a visual image. Similarly,
ax represents an abstract object that is used in code to draw plots. The scatter() function, found
in the object represented by the variable ax, can be provided data to generate a scatter plot. As
with before, the function is called by appending parenthesis to the name of the function,
ax.scatter(). Data is “passed” to the function as input through what is written between the
parenthesis of the function call, otherwise known as the “parameters” of the function. In the case
of the code template, 4 lines of code are written in-between the parentheses, each representing a
parameter to the scatter function. Syntactically, parameters must be separated by commas, and
new lines between parameters are optional but encouraged for legibility. The first parameter is
passed in line six, where it is specified to the function that the x axis data is equal to the list of
data that is represented by the variable asdf. In the following line, the y data is set to gwer. The
final two lines of parameters are commented out. The scatter function requires both x axis data
and y axis data to be provided. The remaining parameters are optional. The final line of code is
plt.show(), which instructs the notebook to render the plot. Thus, running the code as given
generates the scatter plot shown in Figure 2.2, B. By uncommenting the line #s = 273, students
reactivate the size parameter of the scatter plot function. Rerunning the code now generates the
plot shown in Figure 2.2, C. Reactivating the color parameter creates the plot in Figure 2.2, D,
which changes the color of the markers in the plot. Students then change the background color of

the plot by using the set _facecolor() function provided by ax. By uncommenting the line of code,
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a hexadecimal color code is passed as a parameter to the function, and the plot of Figure 2.2, E is
produced. In the module, students are provided the documentation to the scatter function,?’ and
are asked to add an additional parameter to change the shape of the points, generating a plot such
as Figure 2.2, F. This simple plotting exercise is designed to give students at a minimum a new
skill of plotting: while few students in the class are likely to go on to a career in data science,
nearly all of them will need to plot data in many diverse settings, and this learning module
complements what they would generally perform in the Microsoft Excel software.

To expand on module one, the second module guides the students through creating a plot of a
large dataset. The data file is a json file and contains a list of dictionaries (similar to a list, but in
Python dictionaries, data is stored via key:value pairs, where the value is retrieved by passing the
key to the Python dictionary). Each Python dictionary in the list contains information regarding a
drug in DrugBank,?® containing its SMILES string (“Simplified Molecular Input Line Entry
System”, a text encoding of molecules readable by the machine commonly used to store
chemicals in a dataset)®” as well as pre-calculated physicochemical properties. Students are
instructed to upload their data file into Colab. (Figure 2.9) With provided code, students are then
instructed to import the data contained in the given file using the json package and to convert the
data into a DataFrame, a data structure representation provided by the Pandas package, allowing
for spreadsheet like manipulation of the dataset (Figure 2.10). Using a for loop, ten dictionaries
from the json file are added to a list, and the pd. DataFrame() function is used to store the data as
a DataFrame. Students then print the contents of the DataFrame and inspect the contents of the
json file. (Figure 2.3, Figure 2.11) Finally, another graphing template is provided, and the

students must execute it to plot the drugs by their properties in an x-y scatter plot. In this

template, a for loop is used to iterate through the DataFrame, and store the LogP, polar surface
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area (PSA), and QED of each drug into respective initialized lists. Then, the scatter function is
used to plot the drugs on a graph with LogP on the x-axis and PSA on the y-axis represents
(Figure 2.12

). Each point is then colored by QED using the color parameter (¢). This exercise helps to
visualize the Lipinski properties and concepts of drug-likeness, while visualizing a large

chemical space.

OUTPUT
SMILES

LOGP HBD HBA PSA ROTE AROM FSP3 FC

-8.11643 28 29 90157 66 3 0540816 0

-3.105670 17 16 495.89 31 4 0508476 O

Figure 2.3 Students are provided with the code to import any tabular JSON file. The utility of the package Pandas is
used in reading tables programmatically. The “alldrugsprops.json” file is provided to students, and provided with a
template to import the data into Python, as seen in the input block. Students then inspect the contents of the file with
Python, revealing a data file of over 9,000 drugs and their properties downloaded from DrugBank.

In the third module, the student uses the code provided in module 2 to generate another
plot that visualizes the uploaded DrugBank data but with a different color than before. In this
module, additional physicochemical properties are introduced. Common parameters of
druglikeness are included in the dataset such as LogP, PSA, number of aromatic rings, hydrogen
bond donors (HBD) and hydrogen bond acceptors (HBA). The full list of included properties is
listed in the Supporting Information. Concepts such as variables (user specified names that
represent values stored in the computer’s memory) and f-strings (a feature in Python that allows
values to be embedded in text) are explicitly introduced here. The user can set the color variable
to a column header from the DataFrame. Through a function parameter, the color of the plot is
automatically updated, and the title of the output figure is modified through a separate function.

In the final module, students are asked to swap the data represented by the axes of the
plots, which can be easily performed by switching the DataFrame header referred to in the code.

The student also has the option to investigate a third dimension by modifying the color of the
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plotted points. In the accumulation of this notebook, students are now comparing trends of
physicochemical properties by modifying the x-axis, y-axis, and color attributes. Several plots
generated by students are showcased in Figure 2.4.
This notebook is concluded with the following questions, which the students answer in their lab
report:

1. What are the Lipinski rules?

2. Write code for filtering to drugs that pass all the Lipinski rules

3. Suggest a research question that you could ask of the DrugBank dataset

These discussion questions evaluate student understanding of medicinal chemistry concepts
and their ability to manipulate datasets using basic Python code. Given the importance of the
online Python community, it is expected and encouraged that students will utilize internet
searches to assist in the writing of filter code to answer the second question. This emphasizes the
importance of independent problem solving when encountering unfamiliar bugs or errors when
coding. Filters can be written manually with if statements and for loops, as explained in the

preliminary presentation, or using a function included in the Pandas package.
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Figure 2.4 Four chemoinformatic experiments run by students during the first session. In each graph, over 9,000
drugs are graphed onto scatter plots using calculated properties of the drug. Students learn to change the axes and
colors of the plot, exposing them to a strategy to rapidly investigate chemical space and generate reports in Python.
(A) A plot of LogP (a dimensionless quantity representing a molecule’s distribution between hydrophobic and
aqueous environments) against the number of hydrogen bond donors (HBD), colored by number of aromatic bonds
(AROM). (B) A plot of fraction sp* (FSP3, the ratio of sp® hybridized atoms to all atoms) against the number of
rotatable bonds (ROTB), colored by the number of hydrogen bond acceptors (HBA). (C) A plot of LogP against
alLogP (a similar quantity to LogP representing a molecule’s lipophilic nature but calculated differently with a focus
on the molecules constituent atoms), colored by quantitated estimate of druglikedness (QED). (D) A plot of formal
charge (FC) against FSP3, colored by hydrogen bond donors.

2.1.5 Class Session 2: Principal Component Analysis

The second class session begins with another short lecture. In this lecture, the concept of
machine-readable molecular representations is introduced through SMILES. Box plots are shown
as a way to visualize molecular datasets via distributions of Lipinski*® and other relevant
medicinal chemistry properties. Finally, histograms and principal component analyses (PCA) are
introduced. The second notebook and its lab report are then completed after the lecture.

The notebook provided with this class session utilizes a dataset from Diamond XChem’s
COVID Moonshot project.! Inhibition data against the SARS-COV-2 main protease (MPro)
alongside precalculated physicochemical properties and SMILES for various inhibitors are

included in a provided CSV file. The learning objectives of this notebook are to filter out
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unusable data, use data visualization to validate medicinal chemistry principles, perform basic
statistical analyses, and simplify multidimensional data using PCA.

In the first module, students are provided with the Moonshot CSV and are instructed to
load and inspect the CSV using the Pandas package (Figure 2.14, 2.15). Some lines are missing
data, and the concept of cleaning datasets is introduced. Using Pandas, entries without ICs
values are then filtered, and students are asked to record the number of remaining molecules in
their report.

In the second module, the students are asked to validate GlaxoSmithKline’s (GSK)
Solubility Forecast Index (SFI),>! which predicts aqueous solubility based on a compound’s
polarity (logP or logD) and number of aromatic rings (AROM), using the filtered dataset from
the previous module (Figure 2.16). The students are directed to use the template, plotting code to
show how solubility is affected by the number of aromatic rings and LogP (Figure 2.5). In this
case, the template script is missing lines of code, requiring students to fill in the missing portions
themselves (Figure 2.17). This requires students to correctly plot certain properties from the
dataset, which is possible given an understanding of the components in the index and the script
template, directly building on the concepts of the first lab exercise. By this point, students should
be comfortable loading datasets into Python and creating and styling plots based on column
headers and have growing familiarity with visualizing and exploring chemical space via relevant

properties.
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Figure 2.5 (A) The template plotting code is incrementally improved until it can be used effectively to make
manuscript-ready graphics. This code creates a scatter plot of the Moonshot compounds provided in the CSV, where
the x-axis is the number of aromatic rings (AROM), and the y-axis is LogP. (B) By coloring the points by the
compound’s reported experimental solubility, a trend is revealed where compounds with fewer aromatic rings and
lower LogP are more soluble. Validating GSK’s Solubility Forecast Index is a simple experiment to allow students
to build confidence in their ability to manipulate and analyze datasets.

Also in this module, students are instructed to make box plots of various properties
encoded in the data file, providing an alternative visualization of the dataset. The code template
is provided, and students are asked to analyze and modify the code to reshape the grid of
boxplots. Students are encouraged to improve the plots aesthetically and to practice modifying
the data that is plotted by changing the variables. Here the ability to plot multiple distributions
into the same figure using Matplotlib’s subplots function is explicitly introduced. As molecules
can have many descriptors, multiplexed figures are powerful in evaluating medicinal chemistry
datasets.

In the third module, the multidimensional scaling PCA is performed on the dataset. The
utility of a PCA is explained to the students within the lecture slides as a method to combine
multiple features of a datapoint into fewer features, while the math is omitted as it is beyond the
scope of this medicinal chemistry course. Students are instructed to create a matrix containing
the Lipinski physicochemical properties for each entry in the dataset, resulting in a DataFrame
with five columns and a row for each compound. Using the provided template code (Figure

2.18), the students feed their matrix into scikit-learn’s PCA decomposition algorithm, where the
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matrix is reduced to two dimensions. The resultant data is then plotted and colored by a property.
Students are subsequently instructed to filter out non-Lipinski compliant molecules, rerun the
reduction and compare the final graphs (Figure 2.6). To complete this objective, students must
use what they have learned in the previous modules or in the lecture notes to write a for loop and
use if statements to collect datapoints that comply with the Lipinski rules. Alternatively, students
are encouraged to search for Pandas documentation and to perform the data filtration using a
Pandas function. In this module students begin to familiarize with dimensionality reduction and

the identification of features that lead to dataset variance.

A color: MW B color: MW, after Lipinski filter

PCA2

PCA2

PCA1

Figure 2.6 By the end of the modules, students have implemented a data filter and a principal component analysis on
a dataset of SARS-COV-2 Main Protease inhibitors. (A) the PCA before the data filter is applied. Points represent
DrugBank compounds and are colored by their molecular weight. By changing the color of the points, the
correlation of the reduced features can be mapped to specific features of the dataset. In this instance, molecular
weight tracks with the first principal component, increasing as the x value increases. (B) The PCA plot after the
Lipinski filter is applied. Outliers are removed by the filter, and the distribution of molecular weights in the first
principal component becomes wider. The direction of the color gradient has changed as the sign of the principal
components are arbitrarily assigned.

In the final module, students use the filtered dataset and are introduced to a new package
that allows for the creation of interactive plots. Using the template code, students use the
package plotly to generate an interactive PCA that displays SMILES and other information for
each plotted entry. Plotly works similarly to the Matplotlib package, but instead produces an
interactive scatter plot, where datapoints can be hovered over with the cursor to inspect
additional information. Students are asked to engage with the interactive scatter plot, record
several of molecules from different clusters, and answer a question about sampled molecules

from various clusters (Figure 2.19).
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2.1.6 Participants

The participants in this lesson plan were students enrolled in a senior level undergraduate
medicinal chemistry course. Through informal in-class surveys, it was found that nearly all
participants had little to no previous coding experience, and these modules were their first
introduction to a hands-on coding activity. This lesson plan was developed and conducted over
five years of students; in an in-person and remote format. In the first two years, only the first

module was taught. Over 100 students have participated in the class.

2.1.7 Implementation

This lesson plan was given to undergraduate classes of pharmaceutical science majors in
mid-semester of their senior year, after several units introducing basic medicinal chemistry
concepts are completed. In this case, each class consisted of around 30 students and were
supervised by two graduate student teaching assistants. As mentioned, the lesson plan is split into
two three- hour class sessions. At the beginning of each class session, graduate student teaching
assistants present a lecture and slide deck with basic coding and Python concepts before the
students begin working on the notebook corresponding to the class session (notebook 1 for the
first class, notebook 2 for the second class). The initial implementation of this activity was done
without Colab, with tutorials provided to install Python on each student’s personal computers.
The diverse operating systems and security settings of each individual student required some
installation guidance for a handful of students each year. With the introduction of Colab to the
academic community, the onboarding process for the activity was greatly simplified as it became
guaranteed any student could complete the activities on their own computer agnostic of hardware
or software. During the class sessions, graduate student teaching assistants are available for

troubleshooting and questions. In this implementation, the most common problem students
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encountered were syntax issues in their code. While the templates and instructions provided were
meant to minimize syntax errors, it was beneficial for the graduate student teaching assistants to
have familiarity with common Python error messages to quickly identify the source of the bug
and to direct the students to correct the invalid syntax. Students are permitted to work in groups
to complete the exercises, and most students were able to independently complete all exercises

without supervision or additional guidance from an instructor.

2.1.8 Assessment of effectiveness

As of 2023, nearly all senior undergraduates who have enrolled in the class have reported
having little to no experience in coding or programming prior to taking this lab exercise.
Throughout the lesson plan, students submitted plots they have generated to the graduate student
teaching assistants alongside their code to be graded for accuracy. By the end of the two classes,
each student was able to successfully use the code to generate various plots of chemical space
that were correctly labeled. Grades for submitted lab reports were consistently above 90%, with
competent students able to produce plots from text prompts and no provided template.
Furthermore, after the lab sessions, students from the last two years’ lab were asked to complete
the following five-question survey:

1. This exercise improved my understanding of chemistry

2. This exercise improved my understanding of Python

3. This exercise improved my understanding of chemical space

4. This exercise improved my data science

5. Tenjoyed this exercise

Based on the responses received and the high marks earned by the students on their lab

reports, it is concluded that the current state of the module is effective in improving the
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understanding of basic data science and informatics in medicinal chemistry for most students

(Figure 2.7).

year 1 year 2
Strongly Agree
Neutral 1
Strongly Disagree
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Neutral 2
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Neutral 3
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Strongly Disagree
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Figure 2.7 Bar charts showing student feedback to the lesson plan collected after the lab. Questions were intended to
gauge the student’s perspective on their learning experience. In the first year, students felt strongly that their
understanding of Python, chemical space, and data science were improved. In the second year, students felt strongly
that their understanding of data science improved but were neutral on other learning objectives. The difference
between the two years may be accounted for by the level of involvement the graduate student teaching assistance
had in developing the course. In the first year, the class was taught by the writer of the lesson plan; the second year
was taught by assistants who were given the lesson plan to teach.

2.1.9 Summary

A lesson plan to teach undergraduates the basics of data science in medicinal chemistry
was developed and validated over several semesters. Over the course of two lab sessions,
students are introduced to Python, Google Colaboratory, and several Python packages. Students
learn these tools through guided, interactive modules that begin at learning how to function
Colab and ends with developing a program that reads abstractable datasets and generates user-
interactive data analytics through Python. An assessment reveals the lesson plan seems to be
effective in improving student’s familiarity with modern chemoinformatic tools and concepts. It
is postulated that the lesson plan may be effective for younger students and can be completed by

anyone with a computer and internet access.
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2.2 Lab Protocol and Report Template for Interactive Python Notebook Modules for

Chemoinformatics in Medicinal Chemistry

2.2.1 Lab 1 Protocol: Chemoinformatics and Python

Chemoinformatics is the use of computational techniques to solve problems in chemistry.
These in silico methods can be used to transform data into information and aid in the process of
drug discovery. Recently, a rise in computational power and increased availability of developed

tools have turned chemoinformatics into an invaluable tool for research.

2.0 1

1.5 1

1.0 1

0.5 1

0.0 1

-1.0 1

-1.5 4

Figure 2.8 An example of a plot that can be generated using the code provided in this module. The module walks
students through the provided code template, building familiarity with plotting datasets using Python.

The purpose of this experiment is to introduce you to chemoinformatics using Python. By the
end of this module you will have the ability to use Python to quickly compile and plot data.

During this lab, you will:

. Learn about data structures in Python
. Load compiled data that is suitable for sharing and later use
. Effectively parse through compiled data
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. Perform mathematical operation on compiled data

. Plot data in a multitude of ways

2.2.1.1 Google Colab

This tutorial will be complemented by Google Colaboratory (Colab), which is an online
python environment with preinstalled packages and executes code on the cloud provided for free
by Google. Its primary advantages here are allowing a fast and simple way for new students to
get started coding instantly, as it is agnostic of computer and operating system and requires no
setup. In the first requirement of this tutorial, you will have to download ‘labl notebook.ipynb’
from Canvas and upload it to your Google Drive. Open your file in the ‘colab app’. As explained
in the video, code is separated into blocks called ‘cells’, which execute independently of each
other. Hit control or command-enter to execute the code in a cell. In the following sections, you
will be executing code cell-by-cell and editing code as outlined in the colab file. Also, ensure
that you have downloaded the alldrugprops.json file from canvas.
Before starting this module ensure that:

1. You have downloaded labl notebook.ipynb and added it to your drive.

2. You have downloaded ‘alldrugprops.json’ from Canvas.

2.2.1.2 Module 1: Simple plotting using MatplotLib

1A) Type in the text below, then Run (ctrl+enter) (CMND+Return on Mac). Alternatively, you
can press the play button. If you get a syntax error, you likely have a missing comma or bracket
somewhere — proofread your code to identify any typos. In this script, we have defined two lists,

their names are “asdf” and “qwer”.
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import matplotlib
import matplotlib.pyplot as plt

asdf
qwer

[1,
3,

Vi N

N W

O

3]
]

fig, ax = plt.subplots()

ax.scatter(

X = asdf,
y = quer,
#s = 275,
#color = "#ffcbes’

)

#ax.set_facecolor('#00274c")
plt.show()

Figure 2.9 Basic template script provided to the students that can be modified through activation and deactivation of
lines of code.

lines of code.

1B) The plt.show() command from the matplotlib package opens your plot in a new window.
Later we will save our plots as a .png, but for now we will see how things change in the
plt.show() window. Take a screen shot of your plot for your lab report.

1C) Delete the first hashtag to activate the line: s = 275. Rerun your code (CTRL+S then
ctrl+enter). What happened? Play with different values for s (size) until you are happy with the
result. Take a screen shot of your plot for your lab report.

1D) Remove the next hashtag. This should change the color. #ffcb05 is a hex code, which is one
of several ways to describe a color. Take a screen shot of your plot for your lab report.

1E) Remove the next two hashtags. Run the code. Take a screen shot of your plot for your lab
report.

1F) Add in a fourth point at x = 1.5, y = 4. Take a screen shot of your plot for your lab report.
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2.2.1.3 Module 2: Plotting data from a file.

In module 1, we worked from two lists named “asdf” and “qwer”. In reality, you would
more often read in lists from a larger data set, which we will do here. The file alldrugsprops.json
contains information for all of the 9,279 drugs in the DrugBank database, with appended
chemoinformatics data which was calculated in RDKit (a free python package specifically for
chemoinformatics) or Pipeline Pilot (a powerful chemoinformatics software which is not free).
[TIP: The DrugBank database is an important source of free data for chemoinformatics.
CHEMBL is another important free database for drug discovery which includes thousands of
chemical structures (as their SMILES strings) and associated biochemical, in vivo, and
pharmacokinetic data collected from patents and the scientific literature.]
2A) To start, you must have downloaded the alldrugprops.json file. To allow colab to read the
file, open the file directory by clicking on the folder icon to the left. Drag the alldrugprops.json

file into the opened side bar to upload the file.
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1. Click folder icon to open sidebar 2. Drag and drop ‘alldrugprops.json’ in the sidebar

( & lab5_notebook P & lab5_notebook

File Edit View Insert Runtime Tools File Edit View Insert Runtime Tools
= Files X = Files X
o B =B @« BB

[+ I8 [+ 8
82y e sample_data 2 B sample_data
{x} x}

=) |- .

If it worked, you should see the file in the sidebar:

& lab5_notebook
File Edit View Insert Runtime Tools

X

= Files
@« BB

.
» W sample_data
B alldrugsprops.json

Figure 2.10 The workflow describing uploading data to Colab. With the provided datafile, students are expected to
follow the visual instructions and drop in the file. Once the file is visible in the file browser, Python can be used to
read its data.

2C) Run the next block of code to get a sense of what the data looks like

import json
import pandas as pd

with open('alldrugsprops.json’) as f:
drugProps = json.load(f)

data = []
for prop in drugProps[©:10]:
data.append(prop)

df = pd.DataFrame(data=data)
print(df.to_string())

Figure 2.11 A code template provided that reads the data uploaded to Colab, and uses a “for loop” to add ten data
points to a list. The list of 10 datapoints is converted into a DataFrame, which is then visualized in tabular format.
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SMILES MR LOGP HBD HBA PSA ROTB AROM FSP3  FC QED  ALOGP
:0)C(=0)N[C@@H] (CC1=CC=C(0)C=C1)C(=0)N[C@@H] (CC(C)C)C(0)=0 539.8094 -8.11643 28 29 981.57 66 3 0.540816 © ©.014176 -8.11643
1)N1)C (=0)N[ C@@H] (CCCN=C(N)N)C(=0)N1CCC[C@H]IC(=O)NNC(N)=0 328.5382 -3.1@57@ 17 16 495.80 31 4 ©.508475 @ 0.810267 -3.10570@
{0)N[C@H] (CC(C)C)C(=0)N[CA@H] (CC1=CNC2=C1C=CC=C2)C(=0)NCCO 500.1181 4.86760 20 16 519.89 51 8 ©.510417 © 0.022619 4.86760
1=0)C(=0)N1CCC[C@H]1C(=0)N[C@@H] (CCCNC(N)=N)C(=O)NCC(N)=0 271.4037 -4.13203 14 15 435.41 19 2 ©.478261 © ©.027501 -4.13203
{0)N[C@@H] (CCCNC(N)=N)C(=0)N1CCC[C@H]1C(=0)N[C@H] (C)C(N)=0 377.7252 -0.50613 17 16 495.67 38 5 0.428571 © ©.013447 -0.50613
@H](CC(0)=0)NC(=0)[C@H] (CCCN)NC(=0)CNC1=0)[C@H](C)CC(0)=0 400.2605 -5.62180 22 24 702.82 35 3 8.527778 @ 0.011297 -5.62180
C)C(=0) [C@@H] (NC(=0) [C@H] (CC(C)C)N(C)C(=0)CN(C)C1=0)C(C)C 328.4446 3.269080 5 12 278.80 15 @ ©.790323 © 0.147925 3.26900
C@@H] (CCC(N)=0)C(=0)N[C@@H] (CC(N)=0)C(=0)N1)C(=0)NCC(N)=0 266.8519 -4.0347@ 12 15 405.32 19 2 ©.500000 © 0.047101 -4.03470
I[C@H] (CO) [C@@H] (C)O)NC(=0) [C@H](N)CC1=CC=CC=C1)[CA@H](C)O 272.0538 -0.88540 13 14 332.22 17 4 ©.448080 @ ©.845518 -0.80540
{0)N[C@@H] (CCCCNC(C)C)C(=0)NICCC[C@H]IC(=0)N[C@H] (C)C(N)=0 377.1827 1.16800 13 16 424.98 38 5 0.458333 © 0.024675 1.16800

Figure 2.12 The table generated by printing the DataFrame containing the 10 datapoints. Students can scroll while
their mouse cursor hovers over the output table to inspect all data columns.

2D) Now that you have a sense of what the data structure in the .json file looks like, let’s make a
plot. Copy the following code in colab and run it to produce the plot. Recall that hashtag
inactivates a line of code. The text with hashtags below is just instruction and does not need to be
entered. If you get a syntax error, check for missing parentheses or commas or other typos. Take
a screenshot of your plot for your lab report.

logp, psa, gqed = [], [], [] # initialize lists

for prop in drugProps: #iterate through each item in drugProps
logp.append(prop["LOGP"])
psa.append(prop[“PSA"]) #append valeus into respective 1ist4
qed.append(prop[“QED"])

fig, ax = plt.subplots()

ax.scatter(
X = IngJ
y = psa,
c = ged
)

ax.set_xlabel("logp")
ax.set_ylabel("psa")
plt.show()

Figure 2.13 The graphing template provided to the students to plot the data from the given datafile. A for loops is
used to select specific columns of data, which is then fed into the scatter function to plot the DrugBank drugs via
their properties. The code template is very similar to the template provided in the first module, showing how
incremental changes in the code can lead to more complex visualizations.

2.2.1.4 Module 3.
Create the same plot as in module 2, but color by a different quantity.

Keys you can use from the JSON:

. MR
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. LOGP

. HBD
. HBA

. PSA

. ROTB

. AROM
. FSP3

. QED

. ALOGP

Be sure to label/write down the quantity you chose. Use ax.set_title(“title’) to add a title to your

plot.

2.2.1.5 Module 4

Create the same plot as in module 3, but use different quantities for the x and y axis. Do
not use logp and psa again. Change your x and y labels accordingly.

Use Google to find an answer in the python user community. Search “How do I

in matplotlib”. You can change the shape of the points, add in a plot title, switch the

axes to a log scale, turn up the transparency on your plots for example. A big part of using
python is learning how to extract information from the very large user community. There are
many sophisticated things you can do once you’ve got some comfort in python. You could run a
principal component analysis on several of the properties in the .json file. You could write a FOR
loop to plot three different plots on the same page with different y-axes. Give your plot a
personal touch.

Take a screenshot of your plot for your lab report
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For the laboratory report:

Save all plots you made. Ensure that they are all labelled and titled accordingly. Answer the

discussion questions.

2.2.2 Lab Report for Lab 1: Chemoinformatics.

Name:
Date:
Objective:
2.2.2.1 Data and Results
1. First five simple plots (Steps 1B - 1F)
2. Plot of LogP vs PSA colored by QED (2D)
3. Plot of LogP vs PSA colored by (Module 3)
4. Plotof  vs  coloredby  (Module 4)
2.2.2.2 Discussion
1. What are the Lipinski rules?
2. Write code for filtering by drugs that pass all of the Lipinski rules (Hint: this can be done
with an if statement and a for loop. See slide 14)
3. Now that you’ve done some basic coding, suggest a research question that you could ask

of the DrugBank dataset. You do not need to write the code, but what hypothesis could

you formulate, and then test within the data, using python?

2.2.3 Lab 2 Protocol: Chemoinformatics and Python

Chemoinformatics is the use of computational techniques to solve problems in chemistry. These

in silico methods can be used to transform data into information and aid in the process of drug
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discovery. Recently, a rise in computational power and increased availability of developed tools
have turned chemoinformatics into an invaluable tool for research.
In this lab we will expand on what we learned in the previous lab. Specifically, we will
e filter out unusable data
e use data visualization to validate medicinal chemistry principles
e perform basic statistical analysis
e Simplify multidimensional data using Principal Component Analysis
Notes:
Before starting this module ensure that:
1. Ensure that you have downloaded the activity data with props.csv and

lab2 notebook.ipynb file from canvas.

2.2.3.1 Module 1: Importing and Filtering Data in Pandas.
This csv is taken from diamond Xchem’s COVID  moonshot project

(https://covid.postera.ai/covid/activity data) and is inhibition data against the SARS-COV2 main

protease. The physical properties were calculated based on the SMILES strings using RDKit (a
free python package specifically for chemoinformatics).

1A) We will begin by importing the packages that we need as well as uploading the data file into
colab, just like in lab 1. Add lab2 notebook.ipynb to your google drive, open in colab, and add

“activity data with props.csv” to the file system as shown below.
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( & lab5_notebook ( & lab5_notebook

File Edit View Insert Runtime Tools File Edit View Insert Runtime Tools
= Files X = Files X
Q B & B Q G B

» @ sample_data » B sample_data

Figure 2.14 Another visual example of uploading a given datafile to Colab via dragging and dropping the file onto
the file manager.

1B) We are opening the activity data with props csv and calling it “data”. We will also use the

“len” function to see we have 1699 data points

© data.head()

& Unnamed: SMILES cmo ‘"‘"’"""; f_inhibition_at_5e_uM f_avg_IC5e f_avg_pIC5@ relative_solubility at_20_uM relative_solubility_at

EDG-

0 0 O=C(GN1ceNCTNCC1(C(=0INe2eNC300oac23)CC0026... 70 MED- NaN NaN 2879609 5540667 NaN
1
EDG-

1 1 CN(C)CC(=0)NCC1(C(=0)Nc2ence3cocce23)CC0e2c0c(. 70aegAE1[2)- NaN NaN 5004724 5300620 NaN
2
MAT-POS-

2 2 0=C(Nc1cncc2cecec12)[C@@]1(0)CCOc2cee(Cl)cc21  9db1e783- NaN NaN NaN NaN NaN

1

© len(data)

1699

Figure 2.15 Inspection of the data from the provided datafile in tabular format using Pandas. The number of points
in the datafile is revealed by using the len() function.

1C) You will notice entry 2 does not have an IC50 value. We will want to remove any molecules
without inhibition data. Run the next block of code to accomplish that.
1D) Now use the len function again to see how many data points are left. Record this value for

your lab report
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2.2.3.2 Module 2: Plotting data from a file.

In Module 1, we opened a large set of data and filtered out incomplete entries. Now we are going
to perform analysis on our data.

2A) To start, we will create shortcuts for each property in this dataset. Run the first block of
code.

° LOGP = data_cleaned['LogP'] # Log Partition Coefficient
PSA = data_cleaned['PSA'] # Polar Surface Area
MW = data_cleaned['MW'] # Molecular Weight
QED = data_cleaned['QED'] # Quantitative Estimate of Druglikeness
HBD = data_cleaned['HBD'] # Hydrogen Bond Donors
HBA = data_cleaned[ 'HBA'] # Hydrogen Bond Acceptors
ROTB = data_cleaned['ROTB'] # Rotatable Bonds
AROM = data_cleaned['AROM'] # Num Aromatic Rings
FSP3 = data_cleaned['FSP3'] # Fraction sp3
Solubility = data_cleaned[ 'relative_solubility at 100 uM']
IC50 = data_cleaned['f_avg IC50'] # IC50 of Molecule

Figure 2.16 Provided code showing how columns of data can be extracted from the DataFrame into variables. These
variables are referred to later in the code to simplify plotting.

2B) Now we are going to validate GSK’s Solubility Forecast Index>!. Create a scatter plot that
shows how solubility is affected by number of aromatic rings and LogP. You will need to type

your own code into the empty cell and fill in the appropriate words:

° fig, ax = plt.subplots()
ax.scatter(

X =,
y =,
C =

)

ax.set_xlabel("")
ax.set_ylabel("")
plt.show()

Figure 2.17 Empty template code to plot physicochemical properties of the dataset. At this point, students are
expected to understand the parameters of the scatter function, as well as other functions provided by the Axes object
generated from matplotlib.
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If you get a syntax error, you likely have a missing comma or bracket somewhere — proofread
your code to identify any typos. Take a screenshot of this plot for your lab report

2C) Now we are going to do some basic statistics on our data. Box plots are a common way to
visualize large sets of data. Run the block of code and discuss with your group what it is doing.
Take a screenshot of the plot for your report.

2D) Instead of a 5x2 grid, make a 10x1 grid of box plots. Take a screenshot for your lab

report

2.2.3.3 Module 3.
3A) Now we are going to be doing our principal component analysis. To do this we are going to
define features and create a list of lists containing values for the features. Run the next block of

code.
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‘, from sklearn.decomposition import PCA
import matplotlib.pyplot as plt

features = ["MW", “LogP", "HBA", "HBD","PSA"]
input_data = data[features]
print(input_data)

X = PCA(n_components=2).fit_transform(input_data)
plt.scatter(X[:,0],X[:,1],c=data['LogP'])

plt.show()

o Mw LogP HBA HBD PSA
0 475.936 3.56010 6 2 98.14
1 452.942 3.22500 5 2 83.56
2 354.793 3.49700 4 2 71.45
3 368.820 3.53950 4 2 71.45
4 450.878 4.04330 6 0 85.80
1694 248.673 2.77400 3 2 66.91
1695 238.250 1.52948 4 1 78.67
1696 287.322 3.28768 3 1 65.78
1697 262.312 3.41600 2 1 41.99
1698 280.305 1.47150 5 1 89.27

[1699 rows x 5 columns]

Figure 2.18 Template code provided to the student to execute and visualize a principal component analysis
performed on the given dataset. The resultant chemical space is colored by a specific property, revealing a
coorelation between the resultant axes of the PCA and drug properties.

Take a screen shot of the plot for your lab report. Now color by another feature and
screenshot. Finally color by a property from module 2 that was not included in the features.
Screen shot this for your lab report as well.

3B) Now we are going to filter our molecules according to the Lipinski rules. You will notice
that the code that worked for filtering a json does not work for a csv. This is because data in a

CSV is structured differently than in a JSON file. To figure out how to address this Google the
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phrase “filter pandas dataframe by multiple conditions”. Now run and plot a PCA on your

Lipinski filtered set. Take a screenshot of both your code and the plot for your lab report

2.2.3.4 Module 4.

This block of code will generate an interactive graph that can be used to see values of individual
data points. Copy down the SMILES string and ICso values of 3 molecules that clustered
near each other into your lab report. It may be easier to write these by hand and type them

into the word document after.

2.2.4 Lab Report for Lab 2: Chemoinformatics Il

Name:

Date:

Objective:

2.2.4.1 Data and results:
1. How many Molecules were there with ICso data?
2. Plot of from module 2A validating Solubility forecast index.
3. Box Plots arranged 5x2
4. Box plots arranged 10x1

5. 3 plots from module 3A

6. Screenshot of your code for your Lipinski filter and your PCA.
7. List of 3 smiles strings and ICso’s from module 4.
2.2.4.2 Discussion

1. What is a principal component analysis?
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2. Convert your SMILES you wrote down into a chemical structure. This can be done by
pasting into ChemDraw or by typing it in at the following link:

https://pubchem.ncbi.nlm.nih.gov//edit3/index.html

3. The following three molecules clustered very near each other on the PCA yet have vastly

different ICso values. What structural feature(s) do you think account for this and why?

QL

2
2

25 26 27
IC 50: 11.5 uM IC 50: 23.9 uM IC 50: 99.8 uM

Figure 2.19 Example molecules used to test student understanding of dimensionality reduction algorithms in a
molecular context.

2.3 An Automated and Colorful PAMPA Assay to Investigate Drug Permeability

2.3.1 Introduction

New medicines are developed by a careful balancing of a variety of physicochemical
properties. One such property that drives efficacy by ensuring the medicine reaches its target is
permeability. For an orally active drug, a molecule must permeate across cell walls in the
intestine to reach the blood stream, and again when it reaches the target tissue. Further
permeation through the blood brain barrier (BBB) is required if the target is in the brain.

Therefore, an understanding of a permeability is essential for a career in developing drugs.
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Figure 2.20 A) A representative cartoon of how PAMPA works. B) A cartoon of drug molecules passively

Glycoprotein

permeating through the cell membrane.

Nearly all synthesized small molecules in the pharmaceutical industry are run in a
permeability assay.3? Several of the high-throughput permeability assays that are routinely used
in drug discovery include the human colonic adenocarcinoma cell (Caco-2) assay,*® the Madin—
Darby canine kidney cell line (MDCK) permeability assay,** and the parallel artificial membrane
permeability assay (PAMPA).*> Among these, the PAMPA is the most accessible. This is due to
its low cost, high throughput, and lack of cell culture requirements. These qualities also make it
an ideal teaching instrument for undergraduates learning medicinal chemistry principles.
PAMPA works by creating an artificial membrane in the base of each well of a donor plate. Each
well is then loaded with compound and the donor plate placed in an acceptor plate. After an
incubation time, the donor plate is removed and the concentration of compound in the acceptor

plate is calculated (Figure 2.20, A). This is then used to calculate the effective permeability of

the compound as given in equation one.3®
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Equation 1 Vp is the volume of the donor well, V4 is the volume of the acceptor well, time in seconds,
[drug] equitivrium = ([drug] aonor X Vot+[drug]accepior*Va)/(Vp+Va)

dru Vp XV
P,=CX {— In <1 _ _ldruglacceptor )}where C = ( LA . )
[drug]equmbrium (Vp +Vy) X Area X time

This lab consists of two sections. The first section is a one-hour lecture in which students are
introduced to the concept of oral bioavailability which leads into a discussion of permeability
and factors that affect it. This begins with a discussion on the Lipinski*® and Veber®’ rules that
expands to discuss how pKa and charge affect permeability.® There is an explanation of passive
permeability (Figure 2.20, B), active transport, and efflux, and how these can affect permeability
assay choice as well as in-vivo properties.’® The advantages and disadvantages of caco-2,
MDCK, and PAMPA are elaborated upon. The lecture concludes by covering drug permeability
through the blood brain barrier and introducing the central nervous system multi parameter
optimization (CNS-MPO) tool."

To give the students hands on experience, they spend a three-hour lab period using
PAMPA to determine the permeability of two brightly colored drug molecules, phenazopyridine
(2.8) and methylene blue (2.9) (Figure 2.21). 1 is a dark orange molecule used to relieve pain
associated with a urinary tract infection and is uncharged a physiological pH. 2 is a dark blue
compound used to treat methemoglobinemia and exists as a persistent cation. Due to the
difference in charge at physiological pH, 1 will permeate the artificial membrane whereas 2 will
not. The bright color associated with each dye allows for both qualitative determination of
permeability visually and quantitative determination of permeability spectrophotometrically.

2 b

Phenazopyridine 2.8 Methylene Blue

H,N

Figure 2.21 Structures of phenazopyridine and methylene blue.
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As the assay primarily consists of dilutions and transferring of stock solutions from a vial
into a well plate or one well plate into another, it is an excellent candidate for automation using a
liquid handling robot. As automation is becoming increasingly prevalent in the pharmaceutical
industry, this represents an opportunity to introduce students to the concept and give them
applied knowledge. The Opentrons OT2 robot is an inexpensive liquid handling robot that can be
controlled using simple python code or a protocol generation software developed by
Opentrons.***? This robot is increasingly being adopted to automate chemical tasks.

The goal of this lab is to use PAMPA to determine the permeability of two drug
molecules. In doing so, they learn how the structure of a molecule and passive permeability are
related, as well as develop pipetting skills, an understanding of calibration curves, and exposure
to several techniques/instruments used in the pharmaceutical industry. Additionally, there is an

optional introduction to automation of repetitive tasks using robotics.*

2.3.2 Participants

Each three-hour lab section consisted of approximately 20 fourth year undergraduate
students in a pharmaceutical sciences program. They had previously performed a lab where they
were taught coding principles as they relate to cheminformatics. Prior to the lab, students had
attended the one-hour lecture and previously completed an exercise in basic python.? PAMPA
was covered briefly and conceptually explained as was its relevance. Upon entering lab, students

were broken into groups of four or five.

2.3.3 Experimental setup.

Each group was assigned 12 wells in a 96 well plate to dose either 2.8, 2.9, or a 1:1 mixture of

2.8 and 2.9. The students were given 5 mM stock solutions of each drug in DMSO and instructed
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to generate 250 uM solutions of each compound and 125 pM solution of the mixture by diluting
with phosphate buffer solution (PBS). Students were then instructed to create the membrane by
dosing 5 pL of a 1% lecithin in dodecane solution into their assigned wells. They were instructed
to do so carefully to avoid puncturing the membrane and invalidating their experiment.
Following this each student pipetted 150 uL of each solution into 3 of their assigned wells.
Further, they dosed 5% DMSO in PBS into their assigned wells in the acceptor plate so there
would be contact between the donor and acceptor plates. When all students had finished
pipetting into their assigned wells. The donor plate was placed into the acceptor plate and

allowed to incubate for one hour (Figure 2.22).

Figure 2.22 A PAMPA plate donor plate (left) and the acceptor plate (right) after a one-hour incubation. Note only
phenazopyridine is permeable.

During the incubation period, students worked on an additional computational exercise.
Additionally, one group of students at a time was brought to the Opentrons where they used the
liquid handling robot to create calibration curve samples for 4.8 and 4.9 (Figure 2.23). The
students were shown how to calibrate the pipetting arm and then instructed to change values in a
Python script to build their curves in the correct wells. The protocol was loaded onto the robot,
and if any errors were discovered such that the protocol would not run, the students were guided
toward the error. After fixing the error if present the students executed the protocol. After

completion the labeled plate was placed on the lab bench until completion of the assay.
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Figure 2.23 Top) Opentrons transferring from PAMPA plate to plate reader plate. Bottom left) Representation of
PAMPA acceptor plate (white) Blue represents methylene blue and yellow represents phenazopyridine. The height
of the color represents relative concentration. Bottom right) Representation of plate reader (black, destination) plate
for Opentrons Dosing. Row A is the methylene blue calibration curve, Row B is the phenazopyridine calibration
curve, and row C is what permeated through the donor plate.

After one hour, the donor plate was removed, and each group of students inspected their
wells and recorded the color they observed. Additionally, they transferred their assigned wells
from the acceptor plate into their plate containing the standard curve samples. The plate was then
loaded into a plate reader and absorbance recorded at 413 and 609 nm. The CSV readout of
absorbance values was distributed to each group. Students were given one week to process the
data, select the correct color for determination of concentration, and complete the accompanying

lab report.

2.3.4 Hazards
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Students are required to wear appropriate lab attire including safety googles, a lab coat,
and gloves during the lab. All chemicals should be handled as indicated by the SDS.
Phenazopyridine is acutely toxic and a suspected carcinogen. Both phenazopyridine and

methylene blue will stain skin.

2.3.5 Learning outcomes and results

For their report, students were required to summarize the objective of the experiment,
describe potential safety hazards, generate calibration curves, and calculate the concentration of
each compound in the acceptor wells, and answer discussion questions. Discussion questions
were as follows:

(1) Draw the structure of phenazopyridine and methylene blue.

(2) At pH 7.4 why do you think phenazopyridine was permeable and methylene blue was

not?

(3) If we reran this experiment at pH 3, what do you think the results would be?

Based on the lab report results (Table 2.1), students were able to effectively (>85%) summarize
objectives, identify hazards associated with the experiment, translate the structures of molecules
into ChemDraw, and understand how pH affects structure, and therefore logD and permeability.
Students struggled to correctly develop calibration curves. The primary issue encountered was in
accounting for the detector response at 0 concentration. The lowest % correct question was
discussion question 3. The primary reason this question was answered incorrectly stemmed from
a misunderstanding of pKa as opposed to not understanding the learning outcomes. Students
often assumed that when the pH was below the pKa of 2.9, it would lose its positive charge and
thus become more permeable. This demonstrates an understanding of learning outcomes two and

three, even if there is a misunderstanding in pKa. Since students ran their code on the Opentrons
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and errors were corrected over the course of the lab, they were not formally evaluated on their
code. However, no fundamental issues in the programming were observed. The major issues, if
any, were present were syntax errors that were easily remedied.

Table 2.1 Distribution of students correctly answering each part of the lab report. N=75

Percentage of Correct Answers of Each Report
Section

Discussion 3
discussion 2
Discussion 1
Calibration Curves
Identify Hazards

Summarize Obpective

2.3.6 Conclusions

A PAMPA lab was developed and implemented to introduce students to the concepts of
permeability and how structural components of a molecule affect them. This was accomplished
using brightly colored drug molecules which allowed students to gain exposure to several
techniques and instrumentation. In general students were able to effectively summarize the goals
of the experiment as well as understand how structure relates to function. The proper way to
generate a calibration curve was less well understood and as such students may benefit from a
formal lecture on the basics of this subject. As well students struggled to understand the changes
that occur in molecules after a change in pH. A review of these concepts may also be beneficial

for future student improvement.



2.4 Protocol and Lab Report Template for An Automated and Colorful PAMPA Assay to

Investigate Drug Permeability?

2.4.1 Lab Protocol

The Parallel Artificial Membrane Permeability Assay (PAMPA) is a biochemical method
used to determine passive diffusion of compounds across a membrane. An artificial membrane is
created in a donor plate which has wells with a teflon membrane at the bottom. This plate is then
filled with solutions of the test compounds and placed upon an acceptor plate containing enough
buffer to ensure contact with the membrane. After a set incubation time, the amount of
compound in the acceptor plate is measured to determine how well each compound passed

through the membrane.

This lab is designed to qualitatively and quantitatively compare the membrane
permeability of two brightly colored compounds, methylene blue and phenazopyridine.
Methylene blue is a strong dye, which is also used as a medication for methemoglobinemia, a
condition caused by elevated levels of methemoglobin in the blood which decreases the ability of
red blood cells to release oxygen to tissues. Phenazopyridine is a dark orange/red compound
(yellow in dilute solution) which is used to treat pain associated with urinary tract infections.
Since these compounds are brightly colored, the concentration of each in the acceptor plate can
be determined by measuring the absorbance at a visible wavelength and comparing to a standard
calibration curve.

Note:

3 Dr. Deanna Montgomery developed the initial protocol and found the drugs used in the assay. I developed the
opentrons portion as well as expanded the protocol.
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1. Work in groups of 4 or 5.
2. The compounds used in this experiment are strong dyes, which may stain your skin or
clothes. Be sure to wear proper PPE, including eyewear, lab coat, and gloves.
Part 1: Preparing solutions of test compounds
e (Obtain three 1.5 mL eppendorf tubes
e Prepare 900 puL of a 250 uM solution of each test compound in PBS in one of the
eppendorf tubes. For each test compound, a 5 mM stock solution in DMSO will
be provided. You will need to calculate how much of the stock solution and how
much PBS to use.
pL PBS
uL 5 mM test compound in DMSO
e Prepare a 1:1 mixture of methylene blue and phenazopyridine by taking out 300
uL of each diluted solutions from last step and acquire the 125 uM mixture
solution.
Part 2: Preparing the membrane
e Obtain 9 assigned wells from the GSI

Wells:

e The bottom of each well in the donor plate contains a filter which will be coated
with a solution of 1% lecithin in dodecane to create an artificial membrane.
e With assistance from the GSI, add 5 pL of the lecithin solution to each of your
assigned wells. Avoid touching the bottom of the well with the pipette tip.
Part 3: Adding test solutions to the donor plate

e Pipette 150 uL of your methylene blue solution into three of your assigned wells.
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e Pipette 150 puL of your phenazopyridine solution into three of your assigned
wells.

e Pipette 150 puL of your mixture solution into three of your assigned wells.

e For your report, make note of the color of each of your wells in the donor plate in

the table below.

Well Test compound Color in donor plate

Part 4: Preparing the acceptor plate
e Pipette 300 uL of 5% DMSO in PBS into each of your assigned wells in the
acceptor plate.
e Once everyone has completed this step, the GSI will place the donor plate into the
acceptor plate and begin the assay.
Part 5: Prepare the standard curve dilutions
e Your GSI will assist you in using the Opentrons to develop a calibration curve.
You will be called one group at a time to run a plate containing 0, 5, 25, 125, and
250 uM of each compound in the plate reader. This data will be given to you to
generate a calibration curve.

Part 6: Data collection
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e After one hour incubation at room temperature, the donor plate will be removed
from the acceptor plate. For your report, make note of the color of each of your

wells in the acceptor plate in the table below.

Well Test compound Color in acceptor

plate

e The Opentrons will be used to transfer 200 pL from each well of the acceptor
plate into a plate reader plate.
e The plate will be read at 413 nm and 609 nm. Data will be provided.
For the laboratory report:
Use the template for Experiment 6.
1. State the objective of the experiment.
2. Describe potential safety and hazards issues.
3. Enter qualitative and quantitative data collected during the experiment. You may
include pictures if you wish, but this is not required.
4. Generate the calibration curves to determine the concentration of test compound
in each acceptor well and the average concentration for each test compound. You
only need to show ONE sample calculation complete with derivation and units.

Be sure to include the correct units when reporting these values.
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5. Answer the discussion questions.

2.4.2 Lab Report Template for PAMPA

Name:
Group:
Date:

Objective:

2.4.2.1 Data and Results
1. Qualitative results

In the table below, report the color of each wells before and after the assay.

Well Test compound | Color in donor Color in
plate before assay | acceptor plate

after assay

2. Quantitative results
Report the measured absorbance at 413 nm and 609 nm for each of your wells below.

3. Determining concentrations of test compound
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Report the measured absorbance at 413 nm and 609 nm for wells of each standard curve; plot
your standard curve (y: Abs; x: Conc). Remember to label the axes, add a linear trend line, show
the equation and the R*2.

Choose the appropriate calibration curve to determine the concentration of test compound in
the acceptor plate for each of your wells. Show your calculations for one of the wells in each

group (methylene blue, phenazopryidine, and the mixture).

2.4.2.2 Discussion
1) Draw the structure of phenazopyridine and methylene blue. If you do not have
chemdraw, you may use the following link:

https://pubchem.ncbi.nlm.nih.gov//edit3/index.html.

2) AtpH 7.4 why do you think phenazopyridine was permeable and methylene blue was
not? (Hint: think about logD.)
3) If we reran this experiment at pH 3, what do you think the results would be?

4) Please list any safety hazards.

2.4.3 Sample Opentrons file
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om opentrons import protocol api

metadata = {'apilevel': ;
. MC 410 Mixing',
"Tim Cernak’,
Making green from yellow and blue'}

fef run(protocol: protocol_api.ProtocolContext):
#load tiprack
tiprackl = protocol. ("opentrons_96 tiprack 1000ul’, 1)
#tipr
ad pipette
ette = protocol. ("p1000_sin g left', tip_racks=[tiprackl])
~otocol.load instrument( D si ‘left', tip_racks=[tip l

<1 protocol.load_labware('opentrons ,_tiprack 300ul’, 1)

plat
plate = protocol. ('nest_96 wellplate 200ul flat', *2%)
c tub .
prot 1.load_labware('opentrons_10_tuberack_falcon_4x50ml_¢

source = protocol. ('opentrons_6_tuberack falcon 50ml_conical’,
#Define Blue and Yellow stocks

blue = source[ 'Al']

yellow = source[ 'A2"]

diluent = source['

pipette. 0, diluent, [plate. () [well_name]. () for well name
pipette. blue, [plate. ()[well_name].top() for well _name in 1)
pipette. [plate. ()[well name].top() for well name i , [plate. ()[well name].top() for well name in [
pipette. , [plate. ()[well name].top() for well name in [ , [plate. ()[well name].top() for well name in ['A
pipette. , [plate. ()[well_name].top() for well name in ['A3']], [plate. ()[well_name].top() for well name in

5'11)

tPerson ;
pipette. 0, diluent, [plate. () [well_name].top() for well name i XK 1)
pipette. 200, yellow, [plate. ()[well_name].top() for wel
pipette. ()[well_name].top() for well name i ks e. ()[well_name].top() for well name in
pipette. , [plate. ()[well_name].top() for well name in ['XX']1], : ()[well_name].top() for well name in ['X
ipett () [well_name].top() for well name in [ , : ()[well_name].top() for well name ir
, diluent, [plate. () [well_name].top() for well name i XX ST
, blue, [plate. ()[well_name].top() for well nar

[plate. ()[well_name].top() for well name in 5 ()[well_name]
pipette. , [plate. () [well_name].top() for well name 11, () [well_name]. for well_name in ['X
pipette. , [plate. ()[well_name].top() for well name in ['X () [well_name]. for well_name in ['XX']])
#Pe m 4 B 37 & B9 B

r 310

Figure 2.25 The protocol script. Wells are filled in for person 1 as an example. The students would fill in their
assigned wells in the script to generate a functioning protocol.

2.5 A Wellplate Based Children’s Toy to Encourage Scientific Exploration from a Young

Age.*

To train the next generation of scientists, early exposure to science is key.** Children tend
to be naturally inquisitive and fostering that quality from a young age is an important in
determinant in inspiring children to pursue a career in science, technology, engineering, or math
(STEM). Though not a substitute for having a mentor or role model that looks like them,* early

exposure to STEM is an important factor in increasing participation in STEM from

4 This idea was conceived by Dr. Tim Cernak and his daughter during the COVID pandemic and developed with
collaboration between us.
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underrepresented groups.*®*’ By making it fun and accessible, STEM seems a more viable career
option.

With this in mind we sought to develop a product that would gamify scientific principles
while also exposing children to the types of equipment used in modern laboratories. Specifically,
we believed children would enjoy mixing and matching different colored dyes and using pipettes
to deliver them into various wells in well plates. The dyes would have to be non-toxic and ideally
non-staining. To accomplish this we sourced plant based, water soluble dyes. This provides the
added educational advantage of relating color to molecules in a medium children can relate to.
The color of the plants and dyes come from the molecules present within it. After extensive
searching and experimentation, we chose four dyes. For a blue dye, we turned to blue butterfly
pea which owes its color to an anthocyanin known as ternatin A (4.11)*. Our red dye is sourced
from beetroot powder and is colored due to the presence of betanin (4.10).*> When searching for
a yellow plant-based dye, our initial hopes of using curcumin from turmeric, but quickly
discovered it is not water soluble and readily stains clothing. Instead, we used vitamin B2,
riboflavin (4.12). To incorporate further educational component, cabbage was sourced as a fourth
dye as the anthocyanins present in it are a natural pH indicator. Therefore, when dissolved, it will

turn purple, but when mixed with vinegar it will turn red.
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Figure 2.26 Structures of ternatin A (2.10, blue), betanin (2.11, red), and riboflavin (2.12, yellow).

The dyes were subsequently packaged in a wellpaint™ box and brought for demonstration to a
first-grade class. Generally, the children seemed to enjoy playing with it and gained exposure to

molecules as they relate to function.

swellpaint

96-well painting toy ™

Figure 2.27 wellpaint logo.
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Figure 2.28 A wellplate after use in wellpaint.

2.5.1 Incorporating wellpaint into phactor software.

To further increase the educational value of wellpaint, incorporation into the open-source version
of Phactor may be an option. In essence this would be a web app with well plate grids that would
allow for adding various colors into each well to make designs. By doing this, children are able

to be creative as well as gain exposure to thinking in arrays that are useful for designing HTE

experiments.

Figure 2.29 A pixelated smiley face designed in phactor that could then be reproduced using wellpaint.
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Chapter 3 Amine-Acid C-N to C—O Coupling Reactions?

This work describes a deaminative esterification reaction that proceeds via activation of
the amine as its Katritzky salt. The optimization and scope of this reaction are discussed before
moving into an automated platform for library synthesis that was developed to synthesize 96
amlodipine derivatives. We discovered the reaction proceeds through a halide intermediate and
could be run from the free amine by generating the pyridinium salt in-situ.

The second half of this chapter details a deaminative etherification reaction that builds
upon the esterification reaction. By using the free amine esterification reaction, we generate an
ester which we reduce in-situ. We observe we can use this method to selectively reduce esters in
the presence of amides and can incorporate deuterium instead of hydrogen. We performed
several mechanistic studies to understand the nature of the selectivity and finished by exploring

the scope of the halogenation and subsequent phenol-based etherification.

3.1 Repurposing amine and carboxylic acid building blocks with an automatable

esterification reaction®

3.1.1 Introduction of Esterification Reaction

5 The first half of this chapter was published in: McGrath, A.; Zhang, R.; Shafiq, K.; Cemak, T. Chem. Commun.,
2023,59, 1026-1029 DOI: https://doi.org/10.1039/D2CC05670D

¢ Dr. Sam Zhang and I worked together to initially configure the Opentrons to run chemical reactions. Sam then took
the lead on interfacing the robot with Phactor as well as implementing the game controller so the user could stand at
the glovebox to calibrate the robot. Khadija worked with me as an REU student over a summer to help optimize the
reaction.
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The exploration of chemical space is fuelled by diverse building blocks.!~® Traditionally,
these building blocks are coupled together through known, robust reactions to generate
combinatorial libraries.* We hypothesize that the chemical space accessible of a building block
collection can be expanded by repurposing them using unconventional reactions that forge
moieties not traditionally associated with the functional groups involved. We have been
exploring the repurposing of amine and carboxylic acid building blocks using new amine—acid
transformations that complement the popular amide coupling.® A variety of amine activation
strategies currently exist to enable use of C—N bonds®® as a handle for synthesis. While
significant progress has recently been made in the field of C—N to C—C bond conversion,
comparatively little work has been reported in C—N to C-O bond conversion, leading us to
consider utilizing amines as substrates for esterification reactions with acids (Figure 3.1, A).
Esters are among the most prevalent functional groups in natural products, pharmaceuticals,
plastics, fragrances, and agrochemicals (Figure 3.2, B). In medicine, the ester functionality is
widely used in prodrug strategies and as a metabolically stable functionality with unique
properties. For instance, esters typically exhibit improved membrane permeability over
analogous amides.!® While the venerable coupling of alcohols and acids via the Fischer
esterification provides a simple access to esters,'! there are many instances where alcohol
building blocks are unavailable, or where regiochemical esterification is challenged by the
presence of other unprotected alcohol functionalities on the substrate. In contrast, a wide
diversity of amines is available from natural and synthetic sources, so an amine—acid
esterification would be a valuable complement to the classic alcohol-acid esterification. We have

recently developed a protocol for esterification from arylamine-derived diazonium salts and
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carboxylic acids.'> Here we report a complementary esterification from alkylamine-derived

pyridinium salts (Figure 3.3, C).

A diverse amine-acid coupling reactions
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Figure 3.1. A) Diverse amine—acid coupling reactions complement the amide coupling. B) Selected examples of
esters in pharmaceuticals. C) This work: A carboxylic acid—Katritzky salt deaminative esterification.

Alkyl pyridinium salts have seen recent development for C—C bond formation,®!3
¥ but considerably less for carbon-heteroatom bond formation.!®??> Available methods for

carbon—heteroatom bond formation typically use specialized substrates or extreme reaction
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conditions, such as heating above 175 °C with molten Katritzky salt as the reaction medium. As
part of our effort in identifying new C—O bond formation tactics, we sought to discover reaction
conditions for C—N to C—O bond conversion using Katritzky salts, targeting conditions mild
enough to enable automation, and with broad substrate scope for effective amine—acid building

block repurposing in medicinal chemistry.

3.1.2 Optimization and Substrate Scope Evaluation of a Deaminative Esterification Reaction

We began our investigation by coupling 3.8 with 3.9 to form 3.10 (Table 3.1) and
identified malonate 3.11 as a capable promoter at 20 mol% loading. We used the potassium salt
of 3.9, producing 3.10 in 73% NMR yield (entry 1), and subsequently found that free acid
substrates could be used with one equivalent of potassium zert-butoxide for in situ deprotonation
(entry 2). Use of triethylamine as a base led to lower yields (entry 3), however
diisopropylethylamine (DIPEA) was a viable base (entry 6). Only trace product was observed in
the absence of 3.11 (entry 4). Further studies revealed that when dioxane was used as the solvent,
potassium iodide was an excellent promoter of the reaction (entry 5 and 6) and greatly simplified
product isolation since most reaction by-products could be removed with an aqueous workup.
Based on these studies, we moved forward with dioxane as the solvent (0.3 M), using 1.0
equivalent each of KI, DIPEA, and free acid relative to the Katritzky salt as our preferred

conditions.
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Table 3.1 Reaction optimization table. All reactions were performed at 0.2 mmol scale under an atmosphere of No.
KI = potassium iodide, DMF = N,N’-dimethylformamide, KOtBu = potassium tert-butoxide, Et;N = triethylamine.
Yields determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard, values in parentheses are

isolated yields.
o}
condmons
ph” >TPP* + RO BES
BF 80 °C, /|
22h py
3.8 3.9 3.1
entry 9(eq.) R base additive solvent % yield (isolated)
1 1.2 K* - 0.2eq11 DMF 73
2 1.2 H 1.2eqKOBu 0.2eq11 DMF 76 (76)
3 1.2 H 1.2eqEt;N  0.2eq11 DMF 27
4 1.2 H 1.2eqKOBu - DMF trace
5 1 H 1eqKOBu 1 eqKI DMF 41
6 1 H 1 eq DIPEA 1eqKl dioxane 75 (73)

With optimized conditions in hand, we began exploring the generality of the reaction of
3.8 with various acids (Figure 3.2). The reaction is tolerant of aliphatic (3.12, 3.14, 3.18, 3.19) as
well as aromatic (3.10, 3.13, 3.15, 3.16, 3.17) acids, giving yields ranging from 61-91%. For
example, the herbicide 2,4,5-T delivered ester 3.14 in 76% yield. Electron-poor (3.10, 3.13,
3.17), electron-rich (3.16), and heterocyclic (3.15, 3.18, 3.19) acids with various substitution
patterns also performed well. Notably, densely functionalized acids such as probenecid (3.17),
etodolac (3.18) and theophylline-7-acetic acid (3.19) are smoothly esterified. Selectivity for

esterification over aniline alkylation is also achievable using this method (3.16).

103



RCO,H o}
7\ condition a or b
/—N + Ph - > P
PH —_ 80°C Ph O R
BF4~ a: KI, DIPEA, dioxane

3.8 b: KO'Bu, 20 mol% 3.11, DMF 3.10
o o o F
o Ph o ph” o
NTs F
3.12 3.10 3.13
91% @ 76% P 72% P
O O
& o Me
)
I Ph
- o) o oo s> o)
(Y
N NH,
cl cl Me
cl
3.14 3.15 3.16
76% @ 70% 2 64% °
o)
o Me
O )\\ o)
H
P’ 0 o P o N o’ O N noMe
¢Lo \ <\ | ,g
1 Me o N N (o)
NPr, |
317 3.18 319 Me
61% ° 74% 2 89% @

Figure 3.2 Acid substrate scope. Reactions were run with pyridinium salt 0.2 mmol (1 eq). For condition a, reactions
were run with one equivalent each of carboxylic acid, KI, DIPEA, pyridinium salt in anhydrous dioxane at 0.3 M.
For condition b, reactions were run with carboxylic acid (1.2 eq) and 3.11 (0.2 eq) in anhydrous DMF at 0.1 M.

Our scope studies were expanded to include Katritzky salts derived from primary
aliphatic amines (3.22, 3.24, 3.26-27, 3.30-33, 3.36), as well as electron-poor or heterocyclic
benzylic amines (3.23, 3.28, 3.37), although these substrates required heating to 110 °C (Figure
3.3). The method is quite general, tolerating basic amines (3.32-33, 3.36), amides (3.25), esters
(3.26-27, 3.30), Michael acceptors (3.37), acetals (3.26-27), protecting groups including Boc
and tosyl (3.22-23, 3.26, 3.29-30), and oxime ethers (3.31) as well as polyfunctionalities seen in
drug molecules such as levofloxacin (3.35), Boc-lysine methyl ester (3.30) enoxolone (3.37), and
fluvoxamine (3.31). 3.32 and 3.33 are matched molecular pairs of moclobemide and
metoclopramide, respectively, wherein the nitrogen atom has been replaced by an oxygen. In

addition to anilines, selective esterification was achieved in the presence of other alcohols (3.24
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and 3.37). These latter results showcase the ability to regioselectively esterify without the need

for alcohol protecting groups, in contrast to the classic alcohol-acid esterification.
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Figure 3.3 Substrate scope. Reactions were run with one equivalent each of carboxylic acid, KI, DIPEA, and
pyridinium salt in anhydrous dioxane at 0.3 M. A) 80 °C instead of 110 °C. B) 60 °C instead of 110 °C. C) 2 equiv
of KI.

To fully realize the scope of this method and highlight its utility in late-stage
diversification, we sought to develop a platform for concise library synthesis (Fig. 3.5A—C). We
envisioned that the Opentrons OT2 liquid handling robot could be used for library generation by
speeding up dosing and stock solution preparation. Amlodipine (cf. 3.38) was chosen as a
substrate for the library synthesis campaign. 96 acids were weighed into a source plate which

was brought into a nitrogen filled glovebox (Fig. SE), along with solvent and stock solutions of
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Katritzky salt 3.38 and finely ground potassium iodide. To vastly simplify the preparation of
stock solutions, acids were weighed quickly into glass shell vials — targeting 0.300 mL of 0.30 M
stock solution — with a tolerance of+ 10 mg. The weight was accurately recorded in a
spreadsheet, and the appropriate solvent volume for each well computed and written into an OT2
script, which could then automatically direct the autopipetter to dose the correct volume of
solvent to produce a 0.30 M stock solution. This protocol greatly simplifies the preparation of
stock solutions from diverse substrates with the robotic dilution obviating the need to accurately
weigh each substrate to the 0.1 mg accuracy typically associated with library preparation. The
roughly weighed but accurately documented acid samples were placed on the robot deck as
shown in Figure 3.5E. To improve dosing reliability, stock solutions were stirred vigorously on a
tumble stirrer to generate well-behaved slurries (Figure 3.5C), which were subsequently dosed
with wide-bored pipette tips. The source plate of 96 acids was filled with solvent to generate 0.30
M solutions (Figure 3.5D), with the OT2 adjusting solvent volume “on-the-fly”. Of the 96 acids
tested, most delivered the ester product (Figure 3.5B) as observed by UPLC-MS. Select reactions
from this microscale library were repeated on a larger scale, with the ester products isolated by
column chromatography (see 3.46—49, Figure 3.5F and Experimental). The yields were good to
excellent. The results lead us to interrogate the mechanism. By leaving out the carboxylic acid
and reacting 3.38 with potassium iodide, we were able to isolate the corresponding iodide (see

section3.3.6).
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Figure 3.4 A) General reaction scheme. B) Heatmap of products. Yields are represented as product UV area over
internal standard. Acids are aligned such that rows A and B contain mono- and poly-substituted (hetero)aryl acids,
row C contains acetic acids, row D contains aliphatic acids with varying functionality, row E contains amino acids
with various protecting groups, row F contains non-carboxylic acidic molecules, row G contains drugs with
carboxylic acid moieties, and row H contains carboxylate salts with varying counterions. C) A cartoon depicting
slurry loading taking place inside an inert atmosphere glovebox. D) A heatmap depicting the volume of solvent
added to each of the 96 acids. Rather than try to weigh a specific amount, the amount is simply recorded, and the
correct amount of solvent added. E) A photograph of the Opentrons transferring eight acids using its multichannel
pipette head. F) Scale up of wells D2, G1, DS, and F8.

3.2 Experimental for the esterification reaction.

3.2.1 General Methods Summary

All reactions were conducted in oven- or flame-dried glassware under an atmosphere of
nitrogen unless stated otherwise. Reactions were set up in an MBraun LABmaster Pro Glove
Box (H20 level <0.1 ppm, O level <0.1 ppm), or using standard Schlenk technique with a glass
vacuum manifold connected to an inlet of dry nitrogen gas. Acetonitrile (MeCN) was purified

using an MBraun SPS solvent purification system by purging with nitrogen, and then passing the
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solvent through a column of activated alumina. 1,4-dioxane, N, N-dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO) were purchased as anhydrous solvents and used as received.
Reagents were purchased from Sigma Aldrich, Alfa Aesar, Oakwood Chemical, or TCI
Chemical. Liquid primary amines were passed through a plug of basic alumina prior to use in
making Katritzky salts. Potassium iodide was ground with a mortar and pestle prior to use. All
other chemicals were used as received. Glass 1 dram (Fisher Scientific #03-339-21B) or 2-dram
vials (Fisher Scientific #03-339-21D) were used as reaction vessels, fitted with a screw cap and
Teflon-coated silicone septa (ChemGlass #CG-4910-02), and magnetic stir bars (Fisher
Scientific #14-513-93 or #14-513-65).

Proton nuclear magnetic resonance ('"H NMR) spectra were recorded on a Varian MR-500 MHz,
or Varian MR-400 MHz spectrometer and chemical shifts are reported in parts per million (ppm)
using the solvent residual peak as an internal standard (CDCl3 at 7.26 ppm, DMSO-d¢ at 2.50
ppm, D>O at 4.80). Data are reported using the abbreviations: app = apparent, s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, comp = complex, br = broad. Coupling constant(s)
are reported in Hz. Proton-decoupled carbon nuclear magnetic resonance spectra (*C NMR)
spectra were recorded on a Varian MR-500 MHz or Varian MR-400 MHz spectrometer and
chemical shifts are reported in ppm using the solvent as an internal standard (CDCl3 at 77.16
ppm, DMSO-ds at 39.52 ppm). High resolution mass spectrometry data (HRMS) was obtained
on a Micromass AutoSpec Ultima Magnetic Sector instrument. Reaction analysis was typically
performed by thin-layer chromatography (TLC) on silica gel 60 Fyss glass plates (Fisher
Scientific #S07876) and visualized using ultraviolet light (254 nm), ninhydrin stain, or potassium
permanganate (KMnOs) stain; or using a Waters I-class ACQUITY UPLC-MS (Waters

Corporation, Milford, MA, USA) equipped with in-line photodiode array detector (PDA) and
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QDa mass detector (ESI positive ionization mode). 0.1 pL sample injections were taken from
acetonitrile solutions of reaction mixtures or products (~1 mg/mL). A partial loop injection mode
was used with the needle placement at 1.0 mm from bottom of the wells and a 0.2 pL air gap at
pre-aspiration and post-aspiration. Column used: Waters Cortecs UPLC C18+ column, 2.1mm -
50 mm with (Waters #186007114) with Waters Cortecs UPLC C18+ VanGuard Pre-column
2.1lmm - 5 mm (Waters #186007125), Mobile Phase A: 0.1 % formic acid in Optima LC/MS-
grade water, Mobile Phase B: 0.1% formic acid in Optima LC/MS-grade MeCN. Flow rate: 0.8
mL/min. Column temperature: 45 °C. The PDA sampling rate was 20 points/sec. The QDa
detector monitored m/z 150-750 with a scan time of 0.06 seconds and a cone voltage of 30 V.
The PDA detector range was between 210 nm — 400 nm with a resolution of 1.2 nm. 1-minute
and 2-minute methods were used. The method gradients are as follows: 0 min: 0.8 mL/ min, 95%
0.1% formic acid in water/ 5% 0.1% formic acid in acetonitrile; 1.5 min: 0.8 mL/ min, 0.1%
0.1% formic acid in water/ 99.9% 0.1% formic acid in acetonitrile; 1.91 min: 0.8 mL/min, 95%
0.1% formic acid in water/ 5% 0.1% formic acid in acetonitrile. Flash chromatography was

performed on silica gel (230 — 400 Mesh, Grade 60) under a positive pressure of air.

3.2.2 Data Visualization

Analytical Studio Pro from Virscidian (version 10.8) was used to process the UPLC data files in
total wavelength chromatogram (TWC), and to generate machine-readable reports in .csv files.
Code for chemoinformatics and visualization was written in Python (version 3.9.7). All Python
dependencies were installed using Conda version 4.10.3, via Miniforge's arm64 distribution.
Matplotlib (version 3.4.3) and Seaborn (version 0.11.2) were both used to create plots and

graphs. Pandas (1.3.4) was used to parse excel files and other data formats.
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3.2.3 General Procedures for the Esterification Reaction

3.2.3.1 General Optimization Procedure for Benzgylic Katritzky Salts

In an inert atmosphere glovebox, either potassium carboxylate salt (0.12 mmol, 1.2 equiv) or free
carboxylic acid (0.12 mmol, 1.2 equiv) and associated base (0.12 mmol, 1.2 equiv) were weighed
into a dry 2-dram vial. 1 mL of solvent was added, and the mixture stirred for 5 minutes.
Following this, Katritzky salt (0.1 mmol, 1 equiv) and additive (1 equiv or 0.2 equiv) were
added. The vial was capped, removed from the glovebox, and heated at 80 °C with stirring for 22
hours. Upon completion, 1.00 mL of a 0.033 M trimethoxybenzene solution in ethyl acetate
(EtOAc) was added to the reaction mixture. This was further diluted with 3 mL of EtOAc and
partitioned between 10 mL of EtOAc and 10 mL of saturated sodium sulfate. Additional EtOAc
(10 mL/0.1 mmol acid) and saturated aqueous sodium sulfate (10 mL / 0.1 mmol acid) was
added. The aqueous layer was extracted twice more with EtOAc (10 mL / 0.1mmol). The organic
layers were combined, dried over sodium sulfate and the solvent removed in vacuo. The crude

material was then redissolved in chloroform-d and the NMR yield calculated.
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Table 3.2 Extended benzylic ester optimization table.

BF,- Ph additive (1 eq) (o]
4 base (1.2 Equiv)
| atmosphere, solvent
Ph Zph 1.2 Equiv F 80°C F
3.8 3.9 3.10
entry base additive solvent % NMR yield
1 R-CO,K BMDM DMF 74
2 KO'Bu BMDM DMF 74
32 KO'Bu BMDM MeCN 72
42 KO'Bu BMDM DMSO 66
5a KO'Bu BMDM Cyrene 61
6 R-CO,K TBAI DMF 72
7° KO'Bu BMDM DMF 55
gac KO'Bu BMDM DMF 72
additives:
Me
O O
BMDM= TBAI= M NN
EtO OFEt NN © a = 0.2 eq additive
Br Me b = under air
Me c= in the dark

3.2.3.2 General Optimization Procedure for non-benzylic Katritzky Salts

In an inert atmosphere glovebox, carboxylic acid (1.2 mmol, 10 equiv) and Katritzky salt (1.2
mmol, 10 equiv) were weighed into a dry 2-dram vial. 3.78 mL of dioxane and 210 pL (1.2
mmol, 10 equiv) of diisopropylethylamine was added, and the mixture stirred for 5 minutes. 270
pL (1 equiv) of this solution was added to a vial containing 30 uL dioxane, 16 mg (0.1 mmol, 1
equiv) KI, and an additive if present. The reaction was heated for the designated time for 22
hours and cooled to room temperature. After this, internal standard (4.1 pL of benzotrifluoride
0.033 mmol, 0.33 equiv) was added to reach reaction and stirred for 5 minutes, and a 30 uL
aliquot dissolved in 570 puL of CDCls 'F NMR was performed and the yield calculated.

For the reaction in the dark, the vial was wrapped in tin foil. For the reaction in light, a CFL bulb

was shined onto the reaction from six inches away. For the 0.25 M reaction, 130 pL of dioxane
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was in the vial instead of 30. For the 0.4M reaction the dioxane was not added. For the reaction

under air, a needle was poked in the septum.?’

Table 3.3 Extended optimization table for primary amine derived esters.

Me Me Me}ilvle
KI DIPEA O o” o O
©)L /d/\ k) )LOtBu Dioxane ©\)LO/\“‘.U."'/U\OtBu
concentration
Temp F

Entry Concentration Temperature Additive % NMR Yield (isolated)
1 0.3M 110 °C none 82% (78%)

2 0.3M 110 °C Light 80%

3 0.3mM 110 °C Dark 7%

4 0.3m 120 °C none 77%

5 0.3m 95 °C none 82%

6 0.3M 110 °C Air 69%

7 0.3m 110 °C H,0 2 eq 65%

8 0.4M 110 °C none 70%

9 0.25M 110 °C none 67%

10 0.3m 110 °C 2 equiv Kl 81%

11 0.3m 110 °C 0.5 equiv Kl 45%

3.2.3.3 General Procedure 3.1: Preparation of esters in dioxane

Carboxylic acid (1 equiv), Katritzky salt (1 equiv), and potassium iodide (1 equiv) were added to
an oven dried vial containing a stir bar. The vial was then capped, evacuated, and refilled with N»
three times. Dioxane (0.3 mL/0.1 mmol acid) was added through the septum to produce a 0.33 M
solution. To this solution diisopropylethylamine (DIPEA) (1 equiv, 17.4 pL/ 0.1 mmol acid) was
added via syringe, the cap wrapped with parafilm, and heated to the indicated temperature for 22
hours. Following this, the reaction was diluted with EtOAc (2.5 mL/0.1 mmol acid) and
partitioned between additional EtOAc (10 mL/0.1 mmol acid) and saturated aqueous sodium

sulfate (10 mL/ 0.1 mmol acid). The aqueous layer was extracted twice more with EtOAc (10
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mL / 0.1 mmol). The organic layers were combined, dried over sodium sulfate and the solvent

removed in vacuo. Purification was achieved as described.

3.2.3.4 General Procedure 3.2: Preparation of esters in DMF

Carboxylic acid (1.2 equiv) and potassium fert-butoxide (KO'Bu) (1.2 equiv) were added to a
dried vial and dissolved in 1 mL of dimethylformamide (DMF). This was stirred at room
temperature for five minutes followed by the addition of Katritzky salt (1.0 equiv) and 2-bromo-
2-methyl diethylmalonate (BMDM) (0.2 equiv, 3.8 pL/0.1 mmol) via syringe. The vial was
degassed with N> and heated to 80 °C for 22 hours. Following this, the reaction was diluted with
EtOAc (2.5 mL/0.1mmol acid) and partitioned between additional EtOAc (10 mL/0.1 mmol
acid) and saturated aqueous sodium sulfate (10 mL/ 0.1lmmol acid). The aqueous layer was
extracted twice more with EtOAc (10 mL / 0.1mmol). The organic layers were combined, dried

over sodium sulfate and the solvent removed in vacuo. Purification was achieved as described.

3.2.3.5 General Procedure 3.3: Preparation of esters from free amine

To an oven-dried vial was added 0.2 mmol of amine, followed by 0.2 mmol of carboxylic acid
and 0.2 mmol (32 mg) of potassium iodide. The vial was then capped, evacuated, and refilled
with N> three times. Dioxane (0.6 mL) was added through the septum via syringe to produce a
0.33 M solution followed by 35 puL of DIPEA. This solution was stirred at room temperature for
5 minutes followed by addition of 0.2 mmol (79 mg) of triphenylpyrylium tetrafluoroborate
under a positive pressure of nitrogen. The cap was replaced, wrapped with parafilm, and heated
to 110 °C for 22 hours. Following this, the reaction was diluted with EtOAc (5 mL) partitioned
between additional EtOAc (20 mL) and saturated aqueous sodium sulfate (20 mL). The aqueous
layer was extracted twice more with EtOAc (20 mL). The organic layers were combined, dried

over sodium sulfate and the solvent removed in vacuo. Purification was achieved as described.
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3.2.4 Procedure for Automated Library Synthesis

Katritzky salt 3.38 (790 mg) and potassium iodide (239 mg) were weighed into oven-dried glass
vials (ChemGlass #CG-4912-02). 4.8 mL and 3.33 mL of diglyme were added to the Katritzky
salt and potassium iodide respectively to make two 0.3 M solutions. Acids were weighed out into
individual glass shell vials (Analytical Sales & Services #84001) and loaded onto an empty 96-
well tray (Analytical Sales & Services #884001). The weighed masses were submitted to
Phactor™, our HTE web application, where the appropriate solvent volumes to generate a 0.3 M
stock solution was calculated for each microvial, and then imported into the setup script
substrate screen_solvent katsalt KI.py. One parylene-coated stir dowel (Analytical Sales &
Services # 13258) was added to each well, and the setup was brought into the glovebox along
with the solutions of Katritzky salt and potassium iodide, a 96-well aluminum microvial plate
(Analytical Sales & Services # 96973) loaded with empty glass shell vials, diglyme, DIPEA and
a deep well reservoir (Analytical Sales & Services # 962144). The Katritzky salt and potassium
iodide solutions were placed on a 24-well stirring block (Analytical Sales & Services #24125)
mounted on a tumble stirrer (V&P Scientific Inc. 710D3) fitted with a SLAS footprint adaptor
(V&P Scientific Inc. 710D3-2), and deck adapter (V&P Scientific Inc. 581B). The glovebox
circulation was turned off, and the setup script was loaded into the Opentrons app. The two
microvial plates, deep well reservoir and tumble stirrer were mounted on the Opentrons deck as
directed by the protocol. 40 mL of a 0.3 M solution of DIPEA in diglyme (prepared by mixing
3.66 mL DIPEA in 66.34 mL diglyme) was prepared and added to the deep well reservoir. The
setup script was subsequently executed, which directs the OT-2 robot to dose appropriate
amounts of solvent to each microvial using a single-channel 300 pL pipette (Opentrons P300

Gen 1 Single) fitted with the recommended pipette tips (Opentrons PT0300-9B-NS). The
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protocol was paused, the tumble stirrer activated to suspend the potassium iodide and Katritzky
salt in solution, then the protocol resumed to dose 33 uL of each solution to the blank microvial
plate. The Katritzky salt was dosed with Opentrons pipette tips, while potassium iodide was
dosed with large orifice tips (USA Scientific 1011-8000). Next, the script
substrate screen_acids.py was executed to transfer each acid solution into the corresponding
microwell on the plate containing Katritzky salt and potassium iodide, using an 8-channel pipette
(Opentrons P300 Gen 1 Multi) with wide orifice tips. The robot was programmed to pre-mix
each solution with 3 repetitions of 100 uL. each. The microvial plate was sealed with two layers
of rubber mat (Analytical Sales & Services # 96965) and one layer of PFA film (Analytical Sales
& Services # 96979), removed from the glovebox, and heated using a heating block (V&P
Scientific Inc. 741GA) at 110 °C for 22 hours stirring at 500 RPM (V&P Scientific Inc.
710E5X).

After the reaction time has elapsed, the microvial plate was returned to the robot deck along with
a polypropylene 96-well deep well plate (Analytical Sales & Services # 17P687Z) and a fresh
deep well reservoir containing 0.1 M caffeine solution in acetonitrile in one well, and Optima
grade acetonitrile in the other. Protocol substrate screen quench.py was then executed using the
8-channel pipette to first transfer 100 puL of the caffeine “quench” solution into the microvial
plate, then transfer 40 uL of the quenched reaction to the polypropylene deep well plate, with
premixing of 3 repetitions of 100 uL each. Next, 560 uL of acetonitrile was added to each well
of the polypropylene deep well plate. Lastly, the plate was sealed with a polypropylene cap mat
(Analytical Sales & Services # 96057) and analyzed with UPLC-MS.

In order for users to calibrate the robot while maintaining eye contact with the robot deck

containing pipette tips and labware, a video game controller (PDP 049-005-NA) was connected
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to the computer on which the Opentrons App was installed, and button presses mapped to the

required keyboard inputs for calibration (Figure S2) using Antimicro®* (version 2.23).

Calibrate pipette to Opentrons 96 Tip Rack 300 pL

STEP ONE STEP TWO
Jog pipette until itis centered above Jog pipette until it is flush with the
tip A1. top of the tip.

ar

Jump Size Across Deck Up & Down

Change with + and - Arrow keys Arrow keys + SHIFT

o 1] 0

O‘\mm
o OAD O

Figure 3.5 Input mappings for OT-2 robot calibration using a video game controller.?> The Xbox® controller is
pictured, but those of other consoles can also be used as long as they can interface with the driving computer.
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3.2.4.1 List Of Carboxylic Acids Used in the Screen
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Figure 3.6. List of Carboxylic Acids used in wells A1-B12. Note the label corresponds to which well the acid was

used in.
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Figure 3.8 List of Carboxylic Acids used in wells E1-F12. Note the label corresponds to which well the acid was
used in.
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Figure 3.9 List of Carboxylic Acids used in wells G1-H12. Note the label corresponds to which well the acid was
used in.

3.2.5 Preparation of Starting Materials for the Esterification Reaction
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Figure 3.10 All Pyridinium salts used in the esterification reaction.

3.43,'% 3.44,%6 3.45," 3.46,”7 3.47,"° 3.48,% 3.49,%° 3.50,° 3.53,°° 3.54,! 3.56,%! and 3.38?7 were

prepared as previously reported. 3.51, 3.52, and 3.55 were prepared as described below.

(S)-1-(5-((tert-Butoxycarbonyl)amino)-6-methoxy-6-oxohexyl)-2,4,6-triphenylpyridin-1-ium
tetrafluoroborate (3.51)
Boc-L-lysine methyl ester HCI salt (540 mg, 1.8 mmol, 1.2 equiv) was suspended in ethanol (1.5
mL) followed by the addition of triethylamine (253 pL, 1.8 mmol, 1.2 equiv). This was stirred
for 20 minutes followed by the addition of triphenylpyrylium tetrafluoroborate (600 mg, 1.5
mmol, 1.0 equiv). The reaction mixture was heated at 80 °C for four hours. After cooling to
room temperature, the reaction mixture was poured into a separatory funnel containing 15 mL of
dichloromethane (DCM) and washed with 10 mL of 1 M HCI. The organic layer was collected,

dried over sodium sulfate, concentrated in vacuo, and purified via column chromatography
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(0>30% acetone in DCM) to give 700 mg (72%) of an off-white solid. Characterization data

matches those of the reported compound.'”

1-(2-Morpholinoethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.52)
2-morpholinoethan-1-amine (156 mg, 1.2 mmol, 1.2 equiv) was dissolved in 1.0 mL of ethanol
followed by the addition of triphenylpyrylium tetrafluoroborate (396 mg, 1.0 mmol, 1.0 equiv).
This solution was heated at 80 °C for four hours. Upon cooling to room temperature, the product
precipitated and was then filtered, washed with 3x2 mL portions of ethanol, 3x2 mL portions of
ether and dried under vacuum overnight to give 340 mg (69%) of product.

'"H NMR (499 MHz, CDCls) & 7.84 (d, J = 4.6 Hz, 6H), 7.76 — 7.71 (m, 2H), 7.62 — 7.57 (m,
6H), 7.56 — 7.46 (m, 3H), 4.66 (t, J= 7.4 Hz, 2H), 3.37 (t, /= 4.5 Hz, 4H), 2.36 (s, 2H), 1.83 (s,
4H).

3C NMR (126 MHz, CDCls) § 157.0, 156.1, 134.0, 132.9, 132.3, 131.3, 129.8, 129.5, 129.5,
128.3, 126.8, 66.6, 56.9, 53.0, 51.6.

F NMR (470 MHz, CDCls) § —153.0.

HRMS (ESI) Calculated C20H29N>O" [M-BF4]™: 421.2274, Found 421.2270.

Ph

!

Ph” N Ph
BF,
N/O
|

F.C 3.55

(E)-1-(2-(((5-Methoxy-1-(4-(trifluoromethyl)phenyl)pentylidene)amino)oxy)ethyl)-2,4,6-

triphenylpyridin-1-ium (3.55)

122



Fluvoxamine maleate (1060 mg, 2.40 mmol, 1.2 equiv) was suspended in 2 mL of ethanol
followed by the addition of triethylamine (486 mg, 669 uL, 4.8 mmol, 2.4 equiv). This was
stirred for 30 min until homogenous, and followed by the addition of triphenylpyrylium
tetrafluoroborate (792 mg, 2.0 mmol, 1.0 equiv). The solution was heated to 80 °C for four
hours. Upon cooling to room temperature, the product precipitated and was filtered, washed with
2x2 mL of cold water, 2x2 mL of cold ethanol, and 2x2 mL of diethyl ether. The collected
powder was dried under high vacuum to give 1200 mg (86%) of a white solid.

'"H NMR (499 MHz, CDCls) § 7.85 — 7.78 (m, 6H), 7.67 — 7.61 (m, 2H), 7.61 — 7.54 (m, 6H),
7.54 — 7.44 (m, 5SH), 7.37 (d, J = 8.2 Hz, 2H), 5.05 (t, /= 5.8 Hz, 2H), 4.01 (t, J = 5.8 Hz, 2H),
3.24 (d, J= 6.5 Hz, 5H), 2.55 (t, /= 7.9 Hz, 2H), 1.45 (dt, J = 12.0, 6.1 Hz, 2H), 1.37 (ddd, J =
15.9,9.4, 6.1 Hz, 2H).

3C NMR (126 MHz, CDCls) § 158.8, 157.8, 156.2, 138.0, 133.7, 133.1, 132.5, 131.5 (q, J =
32.5 Hz), 131.3, 129.9, 129.6, 129.6, 128.1, 126.6, 126.5, 125.5 (q, J = 3.8 Hz), 125.0 (q, J =
272.9 Hz), 72.1, 70.4, 58.7, 54.6, 29.6, 26.0, 23.2.

F NMR (470 MHz, CDCls) § —62.81, —152.95, —153.01.

HRMS (ESI) Calculated C3sH36F3N202" [M-BF4]": 609.2723, Found 609.2714.

(0] (0]

KOH
_—
0°C
F F
3.9 3.57

Scheme 3.1 Preparation of the potassium salt of 3.9.

Potassium 4-fluorobenzoate (3.57)
3.57 was prepared by dissolving 2.544 g (18.2 mmol, 1 equiv) of 4-fluorobenzoic acid in 5 mL
of methanol within a 25 mL round bottom flask. This solution was cooled in an ice bath with

stirring followed by the dropwise addition of a 4 M solution of methanolic KOH (4.50 mL, 18

123



mmol). The slurry was stirred at 0 °C for one hour, filtered, and vacuum dried overnight to give

2.879 g (89%) of the desired salt.

3.2.6 Characterization of Ester Products

Saat

3.10 F
Benzyl 4-fluorobenzoate (3.10)

Ester 3.10 was prepared on a 0.2 mmol scale from 4-fluorobenzoic acid and 3.43 at 80 °C via
General Procedure 3.2 to give 36 mg (76%) of a clear oil after purification with EtOAc/hexanes.
Note: Product has an identical Rf to triphenylpyridine in all attempted solvent systems. To
remedy this, before loading onto the column, the crude material was taken up in 0.3 mL of
EtOAc 30 puL of TFA was added. The product was then eluted with 15% EtOAc in hexanes.
Rf0.60 in 7:93 EtOAc:hexanes.
'"H NMR (499 MHz, CDCls) § 8.13 — 8.06 (m, 2H), 7.47 — 7.42 (m, 2H), 7.42 — 7.32 (m, 3H),
7.11 (t, J= 8.6 Hz, 2H), 5.36 (s, 2H).
3C NMR (126 MHz, CDCIl3) § 166.1 (d, J = 172.0 Hz), 165.0, 136.1, 132.3 (d, J = 9.2 Hz),
128.8, 128.5, 128.4, 126.6, 115.5 (d, J = 22.0 Hz), 67.0.
F NMR (470 MHz, CDCl3) 6 —105.6 (tt, J= 8.4, 5.1 Hz).

HRMS (ESI) Calculated C14Hi2FO>" [M+H]": 231.0816, Found 231.0742.

sane!

3.12

Benzyl 1-tosylpiperidine-4-carboxylate (3.12)
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Ester 3.12 was prepared on a 0.2 mmol scale from N-tosylisonipecotic acid*?> and 3.43 at 80 °C
via General Procedure 3.1 to give 68 mg (91%) of a white solid after purification with
EtOAc/hexanes.

Rf: 0.40 in 20:80 EtOAc:hexanes

"H NMR (499 MHz, CDCls) § 7.65 — 7.59 (m, 2H), 7.38 — 7.26 (m, 7H), 5.09 (s, 2H), 3.61 (dt, J
=11.5, 4.1 Hz, 2H), 2.50 — 2.41 (m, 5H), 2.30 (tt, J = 10.6, 4.0 Hz, 1H), 2.02 — 1.95 (m, 2H),
1.83 (dtd, J=14.4, 10.8, 4.0 Hz, 2H).

3C NMR (126 MHz, CDCls) § 173.7, 143.7, 135.8, 133.2, 129.8, 128.7, 128.4, 128.1, 127.8,
66.5,45.5,40.2,27.5,21.6.

HRMS (ESI) Calculated C20H24NO4S™ [M+H]": 374.1421, Found 374.1414.

0

313
Benzyl 2-fluorobenzoate (3.13)

Ester 3.13 was prepared on a 0.2 mmol scale from 2-fluorobenzoic acid and 3.43 at 80 °C via
General Procedure 3.2 to give 33 mg (72%) of a clear oil after purification with diethyl
ether/hexanes.

R¢0.70 in 7:93 Et;O:hexanes.

'"H NMR (499 MHz, CDCls) § 8.01 — 7.94 (m, 1H), 7.55 — 7.50 (m, 1H), 7.50 — 7.44 (m, 2H),
7.44 — 7.40 (m, 1H), 7.40 — 7.33 (m, 2H), 7.21 (ddt, J = 8.9, 6.4, 1.2 Hz, 1H), 7.15 (ddd, J =

10.9, 8.3, 1.4 Hz, 1H), 5.40 (d, J= 2.1 Hz, 2H).

125



13C NMR (126 MHz, CDCl) § 164.2 (d, J = 3.7 Hz), 162.1 (d, J = 260.4 Hz), 135.9, 134.6 (d, J
=9.1 Hz), 132.3, 128.7, 128.4, 128.2, 124.0 (d, J = 3.9 Hz), 118.7 (d, J = 9.5 Hz), 117.0 (d, J =
22.4 Hz), 67.0.

19F NMR (470 MHz, CDCl3) § —108.9— —109.2 (m).

HRMS (ESI) Calculated C14Hi2FO>" [M+H]": 231.0816, Found 231.0764.

0

RN eE

512 C cl
Benzyl 2-(2,4,5-trichlorophenoxy)acetate (3.14)

Ester 3.14 was prepared on a 0.2 mmol scale from commercially available potassium 2,4,5-
trichlorophenoxyacetate and 3.43 at 80 °C via a modified procedure A where base was excluded
to give 53 mg (76%) of a white solid after purification with EtOAc/hexanes.
Rf=10.54 in 15:85 EtOAc:hexanes
'"H NMR (499 MHz, CDCls) § 7.47 (d, J = 0.8 Hz, 1H), 7.41 — 7.31 (m, 5H), 6.89 (s, 1H), 5.25
(s, 2H), 4.72 (s, 2H).
3C NMR (126 MHz, CDCls) § 167.6, 152.7, 135.0, 131.4, 131.3, 128.8, 128.6, 125.7, 122.8,

115.7, 67.5, 66.6.

HRMS (ESI) Calculated C1sHi2C1303" [M+H]": 344.9847, Found 344.9832.

Sa0"

3.15

Benzyl 4-methylthiazole-5-carboxylate (3.15)
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Ester 3.15 was prepared on a 0.2 mmol scale from 4-methylthiazole-5-carboxylic acid and 3.43

at 80 °C via General Procedure 3.1 to give 33 mg (70%) of a white solid after purification with

EtOAc/hexanes.

Rf=0.26 in 15:85 EtOAc:hexanes

"H NMR (499 MHz, CDCls) § 8.78 (s, 1H), 7.45 — 7.33 (m, 5H), 5.33 (s, 2H), 2.78 (s, 3H).

BC NMR (126 MHz, CDCl3) § 161.9, 161.1, 155.4, 135.5, 128.7, 128.4, 128.2, 128.2, 67.0, 17.4.

HRMS (ESI) Calculated C12Hi2NO>S™ [M+H]": 234.0583, Found 234.0587.

o] OMe

NH
3.16 2

al

Benzyl 4-amino-5-chloro-2-methoxybenzoate (3.16)
Ester 3.16 was prepared on a 0.1 mmol scale from 4-amino-5-chloro-2-methoxy benzoic acid
and 3.43 at 80 °C via General Procedure 3.2 to give 19 mg (64%) of a white solid after
purification with EtOAc/hexanes.
Rf=0.45 in 50:50 EtOAc:hexanes
'H NMR (499 MHz, CDCls) & 7.86 (s, 1H), 7.46 — 7.41 (m, 2H), 7.41 — 7.30 (m, 3H), 6.30 (s,
1H), 5.29 (s, 2H), 3.84 (s, 3H).
3C NMR (126 MHz, CDCls) § 164.5, 160.6, 147.9, 136.6, 133.5, 128.6, 128.2, 128.1, 110.2,
109.8, 98.5, 66.2, 56.2.

HRMS (ESI) Calculated CisHisCINO3" [M+H]": 292.0735, Found 292.0729.
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Benzyl 4-(N,N-dipropylsulfamoyl)benzoate (3.17)
Ester 3.17 was prepared on a 0.1 mmol scale from probenecid and 3.43 at 80 °C via General
Procedure 3.2 to give 24 mg (64%) of a white solid after purification with EtOAc/hexanes.
Rr=0.41 in 15:85 EtOAc:hexanes
'H NMR (499 MHz, CDCls) & 8.18 (d, J = 8.5 Hz, 2H), 7.87 (d, J = 8.5 Hz, 2H), 7.48 — 7.33 (m,
4H), 5.39 (s, 2H), 3.09 (t, J= 7.5 Hz, 4H), 1.54 (h, J=7.4 Hz, 4H), 0.86 (t, J = 7.4 Hz, 6H).
3C NMR (126 MHz, CDCls) § 165.1, 144.4, 135.5, 133.4, 130.3, 128.7, 128.5, 128.4, 127.0,
67.3,49.9,21.9, 11.1.

HRMS (ESI) Calculated C20H26NO4S™ [M+H]": 376.1577, Found 376.1570.
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318
Benzyl 2-(1,8-diethyl-1,3,4,9-tetrahydropyrano|3,4-b]indol-1-yl)acetate (3.18)

Ester 3.18 was prepared on a 0.2 mmol scale from etodolac and 3.43 at 80 °C via General

Procedure 3.1 to give 55 mg (74%) of a white solid after purification with EtOAc/hexanes.

Rr=0.46 in 15:85 EtOAc:hexanes

'H NMR (499 MHz, CDCls) & 8.99 (s, 1H), 7.36 (d, J = 7.7 Hz, 1H), 7.36 — 7.29 (m, 4H), 7.10 —

7.03 (m, 1H), 7.01 (dt, J = 7.2, 1.0 Hz, 1H), 5.21 — 5.10 (m, 2H), 4.08 — 4.00 (m, 1H), 3.98 —

3.89 (m, 1H), 3.07 (d, J = 16.5 Hz, 1H), 2.97 (d, J = 16.6 Hz, 1H), 2.90 — 2.82 (m, 2H), 2.84 —
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2.78 (m, 1H), 2.74 (dt, J= 15.2, 4.5 Hz, 1H), 2.16 (dq, J = 14.8, 7.4 Hz, 1H), 2.01 (dq, J = 14.0,
7.3, 6.8 Hz, 1H), 1.55 (s, 1H), 1.36 (td, J = 7.6, 0.9 Hz, 3H), 0.83 (td, J= 7.4, 0.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) § 172.6, 135.9, 135.4, 128.6, 128.4, 1282, 126.6, 126.2, 120.4,
119.6, 115.9, 108.5, 74.6, 66.8, 60.6, 43.1, 30.7, 24.2, 22.4, 13.7, 7.6.

HRMS (ESI) Calculated C24H2sNO3" [M+H]": 378.2064, Found 378.2067.
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Benzyl 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetate (3.19)

Ester 3.19 was prepared on a 0.35 mmol scale from theophylline-7-acetic acid and 3.43 at 80 °C

via General Procedure 3.1 to give 102 mg (89%) of a white solid after purification with

EtOAc/hexanes.
R¢=0.38 in 100% EtOAc

'H NMR (499 MHz, CDCls) & 7.60 (s, 1H), 7.36 (dd, J = 3.1, 1.1 Hz, 5H), 5.24 (s, 2H), 5.13 (s,
2H), 3.60 (s, 3H), 3.38 (s, 3H).

3C NMR (126 MHz, CDCl3) § 167.0, 155.4, 151.8, 148.6, 141.9, 134.8, 128.9, 128.8, 128.7,

107.3, 68.2, 47.5, 30.0, 28.1.

HRMS (ESI) Calculated C16H17N4O4" [M+H]": 329.1244, Found 329.1235.

4-Chlorophenethyl 1-tosylpiperidine-4-carboxylate (3.22)
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Ester 3.22 was prepared on a 0.2 mmol scale from N-tosylisonipecotic acid and 3.44 at 110 °C
via General Procedure 3.1 to give 49 mg (58%) of a white solid after purification with
EtOAc/hexanes.

R¢=0.28 in 25:75 EtOAc:hexanes

"H NMR (499 MHz, CDCl3) § 7.65 — 7.59 (m, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.25 (dd, J = 8.6,
2.3 Hz, 2H), 7.13 — 7.06 (m, 2H), 4.24 (t, J = 6.8 Hz, 2H), 3.58 (dt, /= 12.1, 4.1 Hz, 2H), 2.86 (t,
J=6.8 Hz, 2H), 2.43 (dd, /= 22.8, 3.0 Hz, 2H), 2.43 (s, 3H), 2.20 (tt, J = 10.6, 4.0 Hz, 1H), 1.95
—1.85 (m, 2H), 1.75 (dtd, J = 14.3, 10.7, 3.9 Hz, 2H).

3C NMR (126 MHz, CDCls) § 173.8, 143.7, 136.2, 133.2, 132.6, 130.3, 129.8, 128.7, 127.8,
64.8,45.5,40.1, 34.5,27.5, 21.6.

HRMS (ESI) Calculated C21HasCINO4S™ [M+H]"™: 422.1187, Found 422.1181.

0
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4-(Trifluoromethyl)benzyl 1-tosylpiperidine-4-carboxylate (3.23)
Ester 3.23 was prepared on a 0.2 mmol scale from N-tosylisonipecotic acid and 3.45 at 110 °C
via General Procedure 3.1 to give 76 mg (86%) of a white solid after purification with
EtOAc/hexanes.
Rf=0.31 in 20:80 EtOAc:Hexanes
'H NMR (400 MHz, CDCl3) & 7.66 — 7.57 (m, 4H), 7.40 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz,
2H), 5.14 (s, 2H), 3.64 (dt, J = 12.3, 4.0 Hz, 2H), 2.51 — 2.40 (m, 5H), 2.32 (tt, J = 10.7, 4.0 Hz,

1H), 2.00 (dd, J = 13.7, 3.8 Hz, 2H), 1.84 (dtd, J = 14.4, 10.8, 4.0 Hz, 2H).
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13C NMR (126 MHz, CDCls) & 173.6, 143.8, 139.9, 133.3, 130.6(q, J = 32.6 Hz), 129.8, 128.2,
127.8, 125.7(q, J = 3.8 Hz), 123.0(q, J = 268.4 Hz), 65.6, 45.5, 40.2, 27.6, 21.7.
1F NMR (376 MHz, CDCl3) 5 —62.67.

HRMS (ESI) Calculated C21H23F3NO4S™ [M+H]": 442.1294, Found 442.1290.

3-Hydroxypropyl 4-chlorobenzoate (3.24)
Ester 3.24 was prepared on a 0.1 mmol scale from p-chlorobenzoic acid and 3.46 at 110 °C via
General Procedure 3.1 to give 18 mg (82%) of a yellow oil after purification with
EtOAc/hexanes.
Rf=0.16 in 25:75 EtOAc:hexanes
'H NMR (499 MHz, CDCls) § 7.96 (dd, J = 8.7, 2.0 Hz, 2H), 7.40 (dt, J = 9.1, 2.2 Hz, 2H), 4.47
(td, J=6.2, 1.8 Hz, 2H), 3.76 (td, J = 6.1, 1.4 Hz, 2H), 2.12 (s, 1H), 2.00 (pd, J = 6.1, 1.3 Hz,
2H).
3C NMR (126 MHz, CDCls) § 166.2, 139.6, 131.1, 128.9, 128.7, 62.2, 59.2, 32.0.

HRMS (ESI) Calculated C1oHi2C103" [M+H]": 215.0469, Found 215.0448.
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3.25

4-Methylbenzyl (S)-5-oxopyrrolidine-2-carboxylate (3.25)
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Ester 3.25 was prepared on a 0.2 mmol scale from pyroglutamic acid and 3.47 at 80 °C via
General Procedure 3.1 to give 44 mg (94%) of a white solid after purification with
EtOAc/hexanes.

R 0.34 in 100% EtOAc

'"H NMR (499 MHz, CDCI3) & 7.23 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H), 6.89 (s, 1H),
5.13 (s, 2H), 4.24 (dd, J = 8.5, 4.9 Hz, 1H), 2.45 — 2.24 (m, 6H), 2.22 — 2.12 (m, 1H).

3C NMR (126 MHz, CDCl3) § 178.2, 172.0, 138.5, 132.2, 129.4, 128.6, 67.3, 55.6, 29.3, 24.8,
21.2.

HRMS (ESI) Calculated C13HisNO3" [M+H]": 234.1125, Found 234.1126.

Me, Me
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3. NHBoc
2-((4R,6R)-6-(2-(tert-Butoxy)-2-oxoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)ethyl (zert-
butoxycarbonyl)-L-valinate (3.26)

Ester 3.26 was prepared on a 0.2 mmol scale from N-Boc-L-valine and 3.50 at 110 °C via
General Procedure 3.1 to give 65 mg (69%) of a clear oil after purification with EtOAc/hexanes.
Rf=10.33 in 15:85 EtOAc:Hexanes

'"H NMR (499 MHz, CDCl3) § 5.02 (d, J=9.1 Hz, 1H), 4.29 — 4.16 (m, 4H), 3.97 (dtd, J=11.7,
6.3,5.6,2.4 Hz, 1H), 2.42 (dd, J=15.2, 7.1 Hz, 1H), 2.29 (dd, J=15.1, 6.1 Hz, 1H), 2.11 (dq, J
= 13.1, 6.8 Hz, 1H), 1.81 — 1.74 (m, 2H), 1.56 (dt, J = 12.7, 2.4 Hz, 1H), 1.44 (d, J = 1.3 Hz,
18H), 1.41 (s, 3H), 1.34 (s, 3H), 1.28 — 1.15 (m, 1H), 0.95 (d, J = 6.8 Hz, 3H), 0.88 (d, J = 6.8

Hz, 3H).
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3C NMR (126 MHz, CDCls) § 165.8, 158.2, 139.7, 139.0, 131.2, 131.0, 128.9, 128.8, 128.7,
126.7, 125.6, 125.5, 125.5, 125.5, 72.4, 72.1, 63.8, 58.7, 29.7, 26 .4, 23.2.

HRMS (ESI) Calculated C24H43NNaOsg" [M+Na]™: 496.2881, Found 496.2932.
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2-((4R,6R)-6-(2-(tert-Butoxy)-2-oxoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)ethyl 2-

fluorobenzoate (3.27)
Ester 3.27 was prepared on a 0.2 mmol scale from 2-fluorobenzoic acid and 3.50 at 110 °C via
General Procedure 3.1 to give 61 mg (78%) of a clear oil after purification with EtOAc/hexanes.
Ester 3.27 was also prepared on a 0.2 mmol scale from 2-fluorobenzoic acid and tert-butyl 2-
((4R,6R)-6-(2-aminoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate in situ via General Procedure
3.3 to give 44 mg (56%) of a clear oil after purification.
Rf=0.44 in 15:85 EtOAc:hexanes
'H NMR (499 MHz, CDCl3) & 7.89 (td, J = 7.6, 1.9 Hz, 1H), 7.48 (dddd, J = 8.6, 6.9, 4.7, 1.8
Hz, 1H), 7.18 (t, 1H), 7.10 (dd, J = 10.8, 8.3 Hz, 1H), 4.41 (td, J = 6.4, 2.5 Hz, 2H), 4.25 (dtd, J
=11.6,6.5,2.4 Hz, 1H), 4.07 (qd, /= 7.5, 2.4 Hz, 1H), 2.41 (dd, J= 15.1, 7.0 Hz, 1H), 2.28 (dd,
J=15.1, 6.1 Hz, 1H), 1.86 (q, J = 6.3 Hz, 2H), 1.59 (dt, J = 12.7, 2.5 Hz, 1H), 1.41 (d, J=2.8
Hz, 12H), 1.33 (s, 3H), 1.23 (q, /= 11.9 Hz, 1H).
3C NMR (126 MHz, CDCl3) § 170.4, 164.6 (d, ] = 3.8 Hz), 162.1 (d, ] = 259.8 Hz), 134.5 (d, J
=9.0 Hz), 132.2, 124.1 (d,J =4.1 Hz), 119.1 (d, J = 10.0 Hz), 117.1 (d, J =22.4 Hz), 99.0, 80.7,

66.4,65.9,61.7,42.8,36.7, 35.5, 30.2, 28.2, 19.8.
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1F NMR (470 MHz, CDCl3) § —109.4 (tt, J = 10.3, 4.9 Hz).

HRMS (ESI) Calculated C21H20FNaOs" [M+Na]": 419.1846, Found 419.1828.

(o}
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328
Pyridin-2-ylmethyl 4-methylthiazole-5-carboxylate (3.28)

Ester 3.28 was prepared on a 5.00 mmol scale from 4-methyl-5-thiazole carboxylic acid and 3.56

at 110 °C via a modified General Procedure 3.1 where a 50 mL round bottom flask equipped a

reflux condenser and a septum was used in place of a vial and workup was accomplished with 75

mL of aqueous sodium sulfate and 3x100 mL of EtOAc. 670 mg (61%) of a tan solid was

obtained after purification with EtOAc/hexanes.

R¢: 0.50 in 100% EtOAc

'H NMR (499 MHz, CDCl3) & 8.79 (s, 1H), 8.60 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H), 7.72 (td, J = 7.7,

1.6 Hz, 1H), 7.40 (dt, J=7.8, 0.9 Hz, 1H), 7.24 (ddd, J=17.6, 4.9, 1.2 Hz, 1H), 5.44 (s, 2H), 2.79

(d, J=1.0 Hz, 3H).

3C NMR (126 MHz, CDCl3) § 161.8, 161.5, 155.7, 155.5, 149.6, 137.0, 123.1, 121.8, 121.7,

67.5,17.5.

HRMS (ESI) Calculated C11H11N202S" [M+H]": 235.0536, Found 235.0544.
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2-Methylallyl (zert-butoxycarbonyl)-L-valinate (3.29)

134



Ester 3.29 was prepared on a 0.2 mmol scale from N-Boc-L-valine and 3.48 at 80 °C via General
Procedure 3.1 to give 35 mg (64%) of a clear oil after purification with EtOAc/hexanes.

R 0.50 in 15:85 EtOAc:Hexanes

'"H NMR (499 MHz, CDCls) § 5.05 — 4.98 (m, 2H), 4.97 — 4.93 (m, 1H), 4.61 — 4.49 (m, 2H),
4.26 (dd, J=9.2, 4.7 Hz, 1H), 2.16 (ddd, J = 14.3, 9.9, 6.4 Hz, 1H), 1.76 (d, J = 1.4 Hz, 3H),
1.44 (s, 9H), 0.98 (d, J = 6.8 Hz, 3H), 0.90 (d, /= 6.9 Hz, 3H).

3C NMR (126 MHz, CDCls) & 172.3, 155.8, 139.6, 113.8, 79.9, 68.5, 58.7, 31.4, 28.4, 19.7,
19.2, 17.6.

HRMS (ESI) Calculated C14H2sNNaO4" [M+Na]™: 294.1681, Found 294.1672.

(8)-5-((tert-Butoxycarbonyl)amino)-6-methoxy-6-oxohexyl 2-methylbenzoate (3.30)
Ester 3.30 was prepared on a 0.117 mmol scale from o-toluic acid and 3.51 at 110 °C via General
Procedure 3.1 to give 26 mg (69%) of a white solid after purification with EtOAc/hexanes.
Rr=0.40 in 25:75 EtOAc:hexanes
'H NMR (499 MHz, CDCls) § 7.88 (dd, J = 8.1, 1.5 Hz, 1H), 7.38 (td, J = 7.5, 1.5 Hz, 1H), 7.28
—7.20 (m, 2H), 5.07 — 5.02 (m, 1H), 4.34 — 4.24 (m, 3H), 3.72 (s, 3H), 2.58 (s, 3H), 1.87 (ddt, J
=15.3,9.9, 6.3 Hz, 1H), 1.83 — 1.73 (m, 2H), 1.73 — 1.63 (m, 1H), 1.57 — 1.44 (m, 2H), 1.43 (s,
9H).
3C NMR (126 MHz, CDCls) § 173.3, 167.8, 155.5, 140.2, 132.0, 131.8, 130.6, 129.9, 125.8,
80.0, 64.4,53.4,52.4,32.6,28.4,28.4,22.1,21.9.

HRMS (ESI) Calculated C20H20NNaOg" [M+Na]™: 402.1893, Found 402.1882.
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(E)-2-(((5-Methoxy-1-(4-(trifluoromethyl)phenyl)pentylidene)amino)oxy)ethyl 4-
chlorobenzoate (3.31)

Ester 3.31 was prepared on a 0.1 mmol scale from p-chloro benzoic acid and 3.55 at 110 °C via a
modified General Procedure 3.1 where the solvent was 90/10 v/v dioxane/DMF and two
equivalents of potassium iodide (32 mg) were used to give 40 mg (88%) of a white solid after
purification with EtOAc/hexanes.
R 0.38 in 15:85 EtOAc:hexanes
'H NMR (499 MHz, CDCl3) 6 8.01 — 7.96 (m, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.2 Hz,
2H), 7.42 — 7.36 (m, 2H), 4.65 — 4.59 (m, 2H), 4.54 — 4.48 (m, 2H), 3.27 (d, J = 10.2 Hz, 5H),
2.81—2.74 (m, 2H), 1.58 (t, J= 3.4 Hz, 4H).
3C NMR (126 MHz, CDCls) § 165.8, 158.2, 139.7, 139.0, 131.2, 131.0, 128.8, 128.7, 126.7,
125.5(q, J=3.9 Hz), 125.2 (q, J=270.7 Hz), 72.4, 72.1, 63.8, 58.7, 29.7, 26 .4, 23.2.
F NMR (470 MHz, CDCl3) § —62.8.

HRMS (ESI) Calculated C22Ha4CIFsNOs" [M+H]": 458.1340, Found 458.1371.
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2-Morpholinoethyl 4-chlorobenzoate (3.32)
Ester 3.32 was prepared on a 0.15 mmol scale from p-chlorobenzoic acid and 3.52 at 110 °C via
a modified General Procedure 3.1 where there was no aqueous work up. Instead, the reaction
mixture was concentrated and loaded directly onto a silica gel column to give 31 mg (78%) of a
yellow oil after purification with DCM, methanol, and triethylamine.
Rf=10.38 in 94:5:1 DCM:MeOH:TEA
'"H NMR (499 MHz, CDCls) § 7.96 (d, J=8.5 Hz, 2H), 7.42 (d, J=8.5 Hz, 2H), 4.46 (t, J = 5.8
Hz, 2H), 3.75 (t, J=4.6 Hz, 4H), 2.78 (t, /= 5.9 Hz, 2H), 2.58 (t, /= 4.7 Hz, 4H).
3C NMR (126 MHz, CDCls) § 165.7, 139.8, 131.2, 129.0, 128.6, 66.6, 62.2, 57.1, 53.8.

HRMS (ESI) Calculated C13Hi7CINO;" [M+H]": 270.0891, Found 270.0891.

2-(Diethylamino)ethyl 4-amino-5-chloro-2-methoxybenzoate (3.33)
Ester 3.33 was prepared on 0.2 mmol scale from 4-amino-5-chloro-2-methoxy benzoic acid and
3.53 at 80 °C via a modified General Procedure 3.1 where there was no aqueous work up. Instead
the reaction mixture was concentrated and loaded directly onto a silica gel column to give 26 mg
(44%) of a yellow oil after purification with chloroform/methanol/triethylamine.
Rf: 0.33 in 94:5:1 CHCI3:MeOH:TEA
"H NMR (499 MHz, dmso) & 7.59 (s, 1H), 6.44 (s, 1H), 6.13 (s, 2H), 4.14 (t, J = 5.9 Hz, 2H),
3.71 (s, 3H), 2.71 (s, 2H), 2.55 (s, 4H), 0.97 (t, J= 7.1 Hz, 6H).
3C NMR (126 MHz, dmso) & 163.6, 159.8, 149.9, 132.4, 107.8, 97.7, 67.0, 55.5, 50.7, 47.0,

45.7,25.1.
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HRMS (ESI) Calculated C14H22CIN2O3" [M+H]": 301.1313, Found 301.1304.

3.34 V€
2-Methoxy-2-oxo-1-phenylethyl 4-methylthiazole-5-carboxylate (3.34)
Ester 3.34 was prepared on a 0.2 mmol scale from 4-methyl-thiazole-5-carboxylic acid and 3.49

at 80 °C via General Procedure 3.1 to give 12 mg (21) % of a white solid after purification with

EtOAc/ hexanes.

Rf: 0.13 in 15:85 EtOAc:hexanes

'H NMR (499 MHz, CDCl3) & 8.82 (s, 1H), 7.56 — 7.50 (m, 2H), 7.45 — 7.40 (m, 3H), 6.13 (s,
1H), 3.76 (s, 3H), 2.81 (s, 3H).

3C NMR (126 MHz, CDCl3) § 169.1, 162.0, 161.4, 156.1, 133.6, 129.6, 129.1, 127.8, 121.4,
75.2,53.0,17.7.

HRMS (ESI) Calculated C14H1sNO4S™ [M+H]": 292.0638, Found 292.0590.

[0} [0}
Me F
\n/\o |
N N/\
T
Me“k/ “Me

3.5
2-Methylallyl(5)-9-fluoro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo0-2,3-dihydro-7H-
[1,4]oxazino[2,3,4-ij|]quinoline-6-carboxylate (3.35)

Ester 3.35 was prepared on a 90 umol scale from levofloxacin and 3.48 at 80 °C via a modified
General Procedure 3.1. After completion of the reaction, one equivalent of KO'Bu (10 mg) was

added to the reaction mixture, and all solvent completely removed. The crude mixture was
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partitioned between 1 mL of EtOAc and 1 mL of water. The aqueous layer was collected and
purified by PrepLC on a Teledyne ISCO CombiFlash® EZ Prep (RediSep Prep C18, 100 A, 5
pm, 150 mm % 20 mm (part no. 692203810), eluent: gradient from 10% MeCN/H20 to 100%
MeCN/H20 (0 to 2.5 min 10% MeCN. 2.5 to 10 min ramp to 25% hold 5 min. Ramp to 100 %
over 7 min. Hold for 3 min. Product came off at 7 min)). Solvent acetonitrile was removed in
vacuo by a rotary evaporator and water was removed in vacuo through lyophilization to give 28
mg (76%) of desired ester.

"H NMR (499 MHz, D,0) & 8.36 (s, 1H), 7.42 (d, J = 12.6 Hz, 1H), 5.69 — 5.65 (m, 1H), 5.49 —
5.46 (m, 1H), 4.66 — 4.61 (m, 1H), 4.57 — 4.51 (m, 1H), 4.44 (d, J=11.5 Hz, 1H), 4.11 (s, 2H),
3.73 (t, J=12.2 Hz, 4H), 3.59 (d, /= 9.7 Hz, 4H), 3.25 (s, 3H), 2.06 (s, 3H), 1.51 (d, /= 6.7 Hz,
3H).

3C NMR (126 MHz, D,0) § 174.9, 172.3, 160.3, 156.5, 154.6, 144.1, 140.8 (d, J = 6.6 Hz),
132.6,128.4 (d, J=15.6 Hz), 127.7, 124.6, 123.8, 117.3, 103.4 (d, J = 23.8 Hz), 70.8, 68.4, 60.6,
54.6,46.28,44.0 (t, J=3.5 Hz),23.2, 17.1.

F NMR (470 MHz, D;0) § —122.9 (d, J = 12.5 Hz).

HRMS (ESI) Calculated C22H27FN3O4" [M+H]": 416.1980, Found 416.1974.

N Me

3.36
2-(Diethylamino)ethyl 2-(1,8-diethyl-1,3,4,9-tetrahydropyrano[3,4-b]indol-1-yl)acetate

(3.36)
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Ester 3.36 was prepared on a 0.1 mmol scale from etodolac and 3.53 at 80 °C via General
Procedure 3.1 to give 24 mg (61%) of a white solid after purification with
DCM/Methanol/triethylamine.

Rf=0.30 in 5:94:1 MeOH:DCM:TEA

"H NMR (499 MHz, CDCls) § 9.09 (s, 1H), 7.36 (d, J = 7.7 Hz, 1H), 7.09 — 7.03 (m, 1H), 7.01
(d, J=7.0 Hz, 1H), 4.26 — 4.12 (m, 2H), 4.09 — 4.01 (m, 1H), 3.94 (ddd, J=11.1, 7.3, 4.1 Hz,
1H), 3.03 (d, J=16.6 Hz, 1H), 2.95 (s, 1H), 2.89 (dt, /= 15.0, 6.9 Hz, 2H), 2.85 (d, /= 0.9 Hz,
1H), 2.79 — 2.72 (m, 1H), 2.68 (t, J = 6.7 Hz, 2H), 2.57 (q, J = 8.1, 7.7 Hz, 4H), 2.18 (dq, J =
14.8, 7.4 Hz, 1H), 2.02 (dq, J = 14.0, 7.3, 6.7 Hz, 1H), 1.37 (t, J = 8.1 Hz, 3H), 1.02 (t, /= 6.6
Hz, 6H), 0.88 — 0.81 (m, 3H).

3C NMR (126 MHz, CDCls) § 172.9, 136.1, 134.6, 126.8, 126.3, 120.5, 119.7, 116.1, 108.5,
74.8, 63.3,60.8, 51.1, 47.8, 43.2, 30.8, 24.4, 22.6, 13.9, 12.0, 7.7.

HRMS (ESI) Calculated C23H35N>0s" [M+H]": 387.2642, Found 387.2652.

"*OH
3.37 Mé Me

Furan-2-ylmethyl (25,4a8,6aS,6bR,8aR,10S,12aS,12bR,14bR)-10-hydroxy-
2,4a,6a,6b,9,9,12a-heptamethyl-13-oxo-1,2,3,4,4a,5,6,6a,6b,7,8,82,9,10,11,12,12a,12b,13,14b-
icosahydropicene-2-carboxylate (3.37)

Ester 3.37 was prepared on a 0.1 mmol scale from18B-Glycyrrhetinic acid and 3.54 at 60 °C via
General Procedure 3.1 to give 32 mg (61%) of a white solid after purification with

EtOAc/hexanes.
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Rr=0.25 in 25:75 EtOAc:hexanes

"H NMR (499 MHz, CDCl3) & 7.44 (dd, ] = 1.9, 0.8 Hz, 1H), 6.39 (dd, J = 3.3, 0.7 Hz, 1H), 6.35
(dd, J=3.2, 1.9 Hz, 1H), 5.55 (s, 1H), 5.18 (d, J = 13.0 Hz, 1H), 4.99 (d, J = 13.0 Hz, 1H), 3.21
(dd, J=11.1, 5.2 Hz, 1H), 2.77 (dt, J = 13.5, 3.6 Hz, 1H), 2.31 (s, 1H), 1.98 (ddd, J = 12.7, 4.3,
1.7 Hz, 3H), 1.89 (ddd, J = 13.6, 4.3, 2.7 Hz, 1H), 1.80 (td, J = 13.6, 4.7 Hz, 1H), 1.68 — 1.56 (m,
6H), 1.48 — 1.29 (m, 3H), 1.33 (s, 3H), 1.29 (d, ] =3.4 Hz, 1H), 1.29 — 1.21 (m, 2H), 1.20 - 1.14
(m, 1H), 1.13 (d, J = 2.2 Hz, 6H), 1.10 (s, 3H), 0.99 (s, 3H), 1.02 — 0.94 (m, 1H), 0.79 (s, 3H),
0.73 (s, 3H), 0.68 (dd, J = 11.8, 1.8 Hz, 1H).

3C NMR (126 MHz, CDCls) § 200.4, 176.1, 169.2, 149.8, 143.4, 128.6, 110.7, 110.6, 78.9, 61.9,
58.0, 55.1, 48.4, 45.5, 44.2,43.3,41.2, 39.3, 39.3, 37.7, 37.2, 32.9, 31.9, 31.7, 31.3, 28.6, 28.2,
28.2,27.4,26.6,26.5,23.4,18.8,17.6, 16.5, 15.7.

HRMS (ESI) Calculated C3sHs10s" [M+H]": 551.3731, Found 551.3723.

3-Ethyl-5-methyl 2-((2-acetoxyethoxy)methyl)-4-(2-chlorophenyl)-6-methyl-1,4-

dihydropyridine-3,5-dicarboxylate (39)
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Ester 3.39 was prepared on a 0.1 mmol scale from acetic acid and 3.38 at 110 °C via a modified
General Procedure 3.1 where two equivalents of acid (12 mg, 11 uL) and two equivalents of base
(26 mg, 35 pL) to give 32 mg (72 %) of a yellow oil after purification with EtOAc/hexanes.

Rf: 0.41 in 40:60 EtOAc:hexanes

"H NMR (400 MHz, CDCl3) § 7.36 (dd, J= 7.8, 1.7 Hz, 1H), 7.22 (dd, J= 7.9, 1.4 Hz, 1H), 7.12
(ddd, J = 7.6, 6.5, 1.4 Hz, 2H), 7.03 (ddd, J = 7.9, 7.3, 1.7 Hz, 1H), 5.40 (s, 1H), 4.78 (dd, J =
16.1, 0.7 Hz, 1H), 4.74 — 4.66 (m, 1H), 4.34 (ddd, J=12.2, 5.7, 3.5 Hz, 1H), 4.27 (ddd, J = 12.3,
5.3, 3.5 Hz, 1H), 4.05 (dd, J = 7.1, 3.0 Hz, 1H), 4.02 (dd, /= 7.1, 2.9 Hz, 1H), 3.82 — 3.72 (m,
2H), 3.60 (s, 3H), 2.35 (s, 3H), 2.11 (s, 3H), 1.17 (t, J= 7.1 Hz, 3H).

3C NMR (101 MHz, CDCls) § 171.1, 168.1, 167.2, 145.8, 145.1, 144.1, 132.4, 131.6, 129.3,
127.5,127.0, 104.1, 101.6, 69.6, 68.2, 63.3, 59.9, 50.9, 37.2, 21.1, 19.6, 14.4.

HRMS (ESI) Calculated C22H27CINO7" [M+H]": 452.1471, Found 452.1418.

3-Ethyl-5-methyl 4-(2-chlorophenyl)-2-((2-(((2S,4aS,6aS5,6bR,8aR,10S,12aS,12bR,14bR)-10-
hydroxy-2,4a,6a,6b,9,9,12a-heptamethyl-13-oxo-
1,2,3,4,4a,5,6,6a,6b,7,8,82,9,10,11,12,12a,12b,13,14b-icosahydropicene-2-
carbonyl)oxy)ethoxy)methyl)-6-methyl-1,4-dihydropyridine-3,5-dicarboxylate (3.40)
Ester 3.40 was prepared on a 0.1 mmol scale from 18B-Glycyrrhetinic acid and 3.38 at 110 °C
via General Procedure 3.1 to give 46 mg (52 %) of a yellow oil after purification with

EtOAc/hexanes.
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R 0.25 in 40:60 EtOAc:hexanes

"H NMR (499 MHz, CDCl3) § 7.35 (ddd, J= 7.6, 5.7, 1.7 Hz, 1H), 7.21 (d, J= 7.8 Hz, 1H), 7.16
(d, /J=10.3 Hz, 1H), 7.10 (qd, J=17.5, 1.4 Hz, 1H), 7.03 (tt, J= 7.5, 2.1 Hz, 1H), 5.66 (d, /= 5.0
Hz, 1H), 5.39 (d, J = 2.0 Hz, 1H), 4.77 (dd, J = 15.7, 2.1 Hz, 1H), 4.68 (dd, J = 15.7, 1.8 Hz,
1H), 4.48 — 4.39 (m, 1H), 4.32 (ddd, J = 12.1, 5.4, 3.1 Hz, 1H), 4.04 (ddtt, /= 8.7, 7.2, 4.9, 2.3
Hz, 2H), 3.78 (dtdd, J = 19.9, 11.1, 6.3, 3.3 Hz, 2H), 3.60 (s, 3H), 3.22 (dd, J = 11.0, 5.2 Hz,
1H), 2.79 (dd, J = 13.3, 2.2 Hz, 1H), 2.34 (d, J = 2.9 Hz, 4H), 2.11 (dd, J = 13.5, 4.1 Hz, 1H),
2.02 (ddt, J=13.3, 7.2, 3.5 Hz, 2H), 1.94 (ddd, J = 13.6, 4.4, 2.2 Hz, 1H), 1.83 (td, /=13.7, 4.6
Hz, 1H), 1.63 (qd, J = 16.2, 14.9, 7.8 Hz, SH), 1.50 — 1.28 (m, 8H), 1.20 (d, J = 12.1 Hz, 1H),
1.20 — 1.14 (m, 6H), 1.17 — 1.11 (m, 7H), 1.07 — 1.00 (m, 1H), 1.00 (s, 3H), 0.96 (dd, J = 12.9,
4.4 Hz, 1H), 0.84 — 0.78 (m, 6H), 0.73 — 0.67 (d, /= 10.8 Hz, 1H).

3C NMR (126 MHz, CDCls) § 200.3, 176.7, 176.7, 169.3, 169.2, 168.2, 167.2, 145.9, 145.9,
144.9, 144.9, 1443, 144.2, 132.5, 131.6, 129.4, 128.7, 127.5, 127.4, 127.0, 127.0, 104.0, 104.0,
101.8, 101.8, 78.9, 72.1, 70.7, 69.9, 69.8, 68.2, 68.2, 62.9, 62.8, 62.0, 59.9, 59.2, 55.1, 50.9, 48.6,
48.6, 45.5,44.3,43.4,41.3, 39.3, 37.9, 37.3, 37.3, 37.3, 32.9, 32.0, 32.0, 31.4, 28.8, 28.7, 28.7,
28.5,28.4,28.2,27.5, 26.6, 26.6, 26.6, 23.6, 19.6, 19.6, 18.8, 17.6, 16.5, 15.7, 14.4.

HRMS (ESI) Calculated CsoHgoCINOo" [M+H]": 862.4655, Found 862.4556.

3-Ethyl-5-methyl 4-(2-chlorophenyl)-6-methyl-2-((2-((3-methylbut-2-

enoyl)oxy)ethoxy)methyl)-1,4-dihydropyridine-3,5-dicarboxylate (41)
yhoxy y y ydropy y
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Ester 3.41 was prepared on a 0.15 mmol scale from 3-methylcrotonic acid and 3.38 at 110 °C via
General Procedure 3.1 to give 48 mg (64 %) of a clear oil after purification with EtOAc/hexanes.

R 0.62 in 40:60 EtOAc:hexanes

"H NMR (499 MHz, CDCl3) & 7.38 (dd, J = 7.8, 1.7 Hz, 1H), 7.24 (dd, J = 8.0, 1.4 Hz, 1H), 7.18
(s, IH), 7.14 (td, J = 7.5, 1.4 Hz, 1H), 7.05 (td, J = 7.6, 1.7 Hz, 1H), 5.74 (p, J = 1.4 Hz, 1H),
5.41 (s, 1H), 4.79 (d, J=16.1 Hz, 1H), 4.72 (d, J = 16.2 Hz, 1H), 4.36 (dd, /= 5.8, 3.5 Hz, 1H),
4.33 (dd, J=5.5,3.4 Hz, 1H), 4.05 (tq, J= 7.1, 3.7 Hz, 2H), 3.79 (ddd, J = 5.8, 3.4, 2.3 Hz, 2H),
3.62 (s, 3H), 2.35 (s, 3H), 2.20 (d, /= 1.3 Hz, 3H), 1.93 (s, 3H), 1.19 (t, /= 7.1 Hz, 3H).

3C NMR (126 MHz, CDCls) § 168.2, 167.3, 166.6, 158.2, 145.9, 145.3, 144.2, 132.5, 131.6,
129.4,127.5,127.0, 115.6, 104.1, 101.6, 70.0, 68.3, 62.3, 59.9, 50.9, 37.3, 27.6, 20.4, 19.5, 14.4.

HRMS (ESI) Calculated C2sH31CINO7" [M+H]": 492.1784, Found 492.1714.

3-Ethyl-5-methyl 4-(2-chlorophenyl)-6-methyl-2-((2-(phenylthio)ethoxy)methyl)-1,4-
dihydropyridine-3,5-dicarboxylate (3.42)
Compound 42 was prepared from thiophenol and 38 on a 0.15 mmol scale at 110 °C via General
Procedure 3.1 to give 66 mg (88 %) of a clear oil after purification with EtOAc/hexanes.
'"H NMR (499 MHz, CDCls) § 7.43 — 7.38 (m, 2H), 7.37 — 7.29 (m, 4H), 7.29 — 7.22 (m, 2H),
7.11 (td, J= 7.5, 1.4 Hz, 1H), 7.05 (dd, /= 7.7, 1.8 Hz, 1H), 5.41 (s, 1H), 4.78 (d, J = 16.2 Hz,
1H), 4.72 (d, J=16.3 Hz, 1H), 4.09 — 4.01 (m, 2H), 3.78 (t, J = 5.9 Hz, 2H), 3.62 (s, 3H), 3.21

(td, J= 5.9, 2.0 Hz, 2H), 2.32 (s, 3H), 1.19 (t, J= 7.1 Hz, 3H).
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3C NMR (126 MHz, CDCls) § 168.1, 167.3, 145.9, 145.4, 144.2, 135.6, 132.5, 131.6, 129.7,
129.4, 129.3, 127.4, 127.0, 126.8, 104.0, 101.6, 70.0, 68.0, 59.9, 50.9, 37.4, 34.2, 19.7, 19.5,
14.4.

HRMS (ESI) Calculated C26H20CINOsS™ [M+H]": 502.1449, Found 502.1386.
3.3 An amine-acid reductive etherification reaction.”

3.3.1 Introduction

Carbon—oxygen bonds are among the most ubiquitous bonds in organic chemistry and
provide a natural retrosynthetic disconnection strategy.>® Ethers are a representative class of
compounds with these bonds that stand out due to their stability. They are well represented in
pharmaceuticals,***> fuels,*® and materials (Figure 3.11, B).*” Classical methods to synthesize
ethers, such as the Williamson ether synthesis,*® are powerful, but the strongly basic conditions
and poor availability of the requisite alkyl halides limit their use in complex settings. Acid
catalyzed hydroalkoxylation of alkenes overcomes some of these challenges but depends on
harsh acidic conditions. As a result, several other methods for preparing ethers have been
proposed to address these shortcomings. These include reductive etherification from alcohols and

39,40

ketones or aldehydes, as well as the reduction of esters to their corresponding ethers using

metal/reductant combinations®’*!™*. Sakai et al. have reported a powerful extension of this
transformation that allows for a one-pot ether synthesis from alcohols and carboxylic acids.***

By coupling two building blocks together the chemical space accessible from this transformation

vastly increases. Deaminative etherification reactions have been reported, but rely on activated

7 DFT calculations in this study were performed by Eunjae Shim. Dr. Sandip Das performed most of the substrate
scope, and as such the bulk of the scope is not included here. This manuscript is currently being prepared for
publication.
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amines and require isolation of the activated substrate as its pyridinium or trimethylammonium
salt 21,3048

Our lab is interested in repurposing amine and carboxylic acid building blocks to provide
alternatives to the venerable amide coupling.® We recently disclosed an automatable deaminative
esterification reaction. This strategy allows for an orthogonal functionalization handle, access to
a complementary set of building blocks as compared to the fisher esterification, and can proceed
without isolation of the intermediate pyridinium salt required for amine activation.*” We believed
this method could be extended via an in-situ reduction of the intermediate ester to synthesize
ethers from amine and acid building blocks (Figure 3.11, A). This method would have to be
capable of performing in the presence of stoichiometric Lewis basic triphenylpyridine that is
generated in the reaction. Previous studies in our lab using a remote access automation platform

(Figure 3.12) had discovered this reaction could be promoted by platinum, but we were unable to

optimize these conditions (see Experimental).
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3.3.2 Reductive etherification reaction optimization

To accomplish this goal, we embarked on a high throughput experimentation (HTE)
optimization campaign. We selected acid 3.64 and amine 3.65 as our model system.
Experimentally, the crude ester reaction from could serve as a stock solution to dose into a
mixture of the other reagents to give a two-step, one pot protocol. We began our investigation
with a 6 by 4 reaction array using oxophilic metals such as gallium?’, iron,* indium, or
aluminum, either alone or in combination with boron-based Lewis acids such as
trispentafluorophenyl borane (3.68), or triphenylborane (Ph3;B), and using either 3.69, or 1,1,3,3-
tetramethyldisiloxane (TMDS), as a terminal reductant (Figure 3.13, B, Entry 1). An initial

reaction array using 0.5 equivalents of each metal did not produce desired ether 3.67, in any well
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and instead yielded unreacted ester 3.70, presumably due to poisoning of the Lewis acids by
triphenylpyridine. The same array was repeated using 3 equivalents of each metal, which yielded
desired ether in 7 of 24 wells. GaBr; with or without the use of a cocatalyst consistently
delivered desired product. Additionally, AICl3 was able to deliver 3.67, but only using 3.68 as a
cocatalyst. In our hands, neither InBrs nor Fe3(CO);» furnished the desired product and instead
yielded mostly unreacted ester. We used these results to plan our next 12 by 8 reaction array. We
investigated the chloride, bromide, and iodide salt of both Ga and Al, as well as three boron
Lewis acids and a blank, and four silane reductants. From this array, the combination of Gals,
Ph;B, and 3.69 emerged as the highest yielding conditions, furnishing 3.67 in 36% assay yield
(Figure 3.13, B, Entry 2). Further exploration of other boranes, Gallium sources, and solvents
failed to provide a significant increase in yield (See Experimental). We then turned our attention
towards additives which have been shown to have a beneficial effect in ester reductions.’’>> We
investigated the use of Lewis and Bronsted acidic additives as well as borate salts> in order to
improve yield and reduce the equivalents of Gallium. An array of six additives, two boranes, and
two equivalencies of Gallium (0.5 or 3) revealed trimethylsilyl chloride as a key additive to
increase yield (Figure 3.13, B, Entry 3), though it was unable to reduce the required amount of
gallium. Gallium is known to interact with trimethylsilyl chloride to generate a silylium cation to
activate carbonyls.>* With this new data one final six by four array was performed examining
various silyl halides and their interplay with borane Lewis acid additives (Figure 3.13, B, Entry
4). This array revealed 3.72 to be the highest yielding silyl halide, with optimal performance
when used with either 3.68 or 3.671, furnishing 3.67 in 71% assay yield (63% isolated). Further
studies revealed diphenylsilane produced a difficult to remove byproduct and was sensitive to

peroxides present in the solvent (see Experimental). Switching to phenylsilane resolved these
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issues while maintaining yield. As such we moved forward with Gals, 3.68, 3.72,

phenylsilane as our optimized conditions.

A 0
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Figure 3.13 A HTE campaign for etherification optimization. A) The model substrates chosen to optimize with. B)

results of key HTE arrays for reaction optimization. C) Key compounds used in optimization.

3.3.3 Substrate scope exploration of the reductive etherification reaction

With our optimized conditions in hand, we began exploring the scope of the reaction.

Other amines participated in the reaction (3.73-82). The reaction proceeds in the presence of

basic amines (3.77), tolerates aryl halides (3.74) and heterocycles (3.74), can be applied on
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secondary amines (3.79), and works intramolecularly (3.78). When using purified ester, the
Gallium loading can be lowered to 0.50 equivalents, suggesting that components of the
esterification reaction do poison the catalyst. Notably selective reduction over amides can be
achieved using this method (3.80, 3.81) but it requires purification of the intermediate ester.
Given the prevalence of deuterium in pharmaceuticals,”> we pondered whether we could
incorporate deuterium into the metabolically labile alpha hetero C—H bond by changing the
reductant to PhSiDs. This strategy successfully produced deuterated ether 3.82 55% yield with

full deuterium incorporation by NMR.

1) 1.5 equiv. KI
O, OH 1.0 equiv. t5,OK (o) Me
1.0 equiv. PhsPyrlium salt, MS iy
dioxane, 110 °C, 22 h
+ AN —_— ™
HaN Me 2) 3.0 equiv. Gals

N P

1= 22)4 eqmvs(%h:s}a% T

3.64 3.65 .0 equiv. Si(OMe)3 3.67

2.5 equiv. PhSiH3
dioxane, 65 °C, 60 min

63%

(\ /\/O\/\O/\/O

3.77
Ts  48% from cetirizine
42%

SOLTCL 570 o

3.73 s 3.74 Ts 375
55% 9
49% 68%2

W 0)
(o) D=
o H/\/\O Me V\O
)L NTs
Ph N
il N
3.78, Ts 3.79 3.80 3.81 Ts 3.82
from baclofen 27% from hippuric acid 78 % 45%

68% >95% D incorporation

69 %

? From purified ester

Figure 3.14 Partial Status of the Substrate Scope.

3.3.4 Mechanistic investigations of the reductive etherification

Intrigued by the unprecedented reduction selectivity of esters over amides as observed in

3.80 and 3.81, we investigated the role of each reagent and order of addition from purified ester
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3.83. We confirmed that gallium, 3.68, and 3.72 were all essential to achieve the desired
selectivity and reactivity. When 3.72 was excluded, there was a significant loss in selectivity
suggesting that it is involved in ester activation (Table 3.4, Entry 2). When Gals was excluded,
selectivity was retained, but conversion dropped sharply, indicating that it helps to mediate the
reduction (Entry 3). In contrast, when 3.68 was excluded, there was a reversal in selectivity and a
drop in conversion (Entry 4). This suggests 3.68 acts synergistically with gallium to mediate the
reduction, but also plays a role in selectivity. This is further exemplified by entries 5 and 6 that
demonstrate neither gallium nor 3.68 are able to meaningfully mediate the reduction on their
own. Entry 7 confirms 3.72 is inert in the reaction without an activator. Intriguingly two
additional equivalents of gallium can replace 3.72 while retaining selectivity (Entry 8),

suggesting gallium may play a dual role once a certain threshold is reached.

Table 3.4 Order of addition and reagent necessity studies for the selective reduction of esters in the presence of
amides. P/IS = Product/Internal standard values determined by UPLC-MS using caffeine as an internal standard.

o} o}
Gals (0.5 equiv),
N 0 me  368(025Equiv), o o A o
N 3.72 (2 equiv), \)j\ /\)J\ NN NN \)j\
369 (180quy AT u/\/\o/\Me A~y 0 e N 07 “Me  Ar u/\/\OH
— > H
OO 383 Dioxane, 85°C 2 hours 3.81 384 385 3.86
Entry Order of addition Reagent Excluded Additional Additive P/IS 3.81 P/IS 3.84 385 3.86 RSM
1 Ga,3.68,3.72 then 3.69 None 1.89 0 038 0.18 0
2 Ga,3.68 then 3.69 372 1.21 091 029 1.18 0.10
3 3.68,3.72 then 3.69 Galy 048 0.0 0.0 034 1.31
4 Ga, 3.72 then 3.69 368 0 078 00 0.0 2.99
5 Gathen 3.69 3.68,3.72 trace trace 0 0 2.95
6 3.68 then 3.69 Gals, 3.72 trace 0.0 0.0 0 293
7 3.72 then 3.69 Gals, 3.68 0 0.00 0.0 0.0 2.99
8 Ga, 3.72 then 3.69 372 GaCls (2 equiv) 1.82 0 0 0.04 0
9 Fe, 3.68, 3.72 then 3.69 Galy FeCl3 (0.5 equiv) 065 0.15 0.08 0.04 1.50

368= B(CeFs)y 369= PhSH, 372=  Si(OMe)Cl

Further evidence for each reagent role was provided by NMR studies. Carbon NMR
revealed that Gallium shifts both carbonyl carbons downfield (Spectrum 3.71). 3.68 interacted

with the amide carbonyl when alone with the substrate (spectrum 3.72), and silyl chloride 3.72
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did not interact with either carbonyl alone (see Experimental). When Gals, 3.68, and 3.72 were
mixed there was a dramatic shift of the ester carbonyl and a shift in the amide carbonyl
suggesting the ester carbonyl is activated to a greater extent (Spectrum 3.73). 3.68 is also no

longer bound to any Lewis basic site (see Experimental).

(=] e} (=] 0

l /\/”\
N/\)LCEI N OEt

i 0.5 equiv Gal,

—_— =
Oe plosane OO B
383
WW’W—MM Lo

T T T T T T T T T T T
173.5 173.0 172.5 172.0 171.5 171.0 170.5 170.0 169.5 163.0 168.5
f1 (ppm)

Spectrum 3.1 '3C NMR of carbonyl region of 3.83 (dark/red) and 3.83 plus 0.5 equivalents of Gals(light/blue) in
dioxane. Note both carbonyls shift. The more downfield carbon is the ester carbon (See Experimental)

ArB_

“0*

0 0 I 0
N/\)J\OEt N/\)LOEt 15
H

H 0.25 equiv 3.68

—_—
Dioxane OO
Oe 3.83 1.0

0.5

+0.0

T T T T T T T T T T T T T T T T
177 176 175 174 173 172 171 170 169 168 167 166 165 164 163 162
f1 (ppm)

Spectrum 3.2 '*C NMR of carbonyl region of 3.83 (dark/red) and 3.83 plus 0.5 equivalents of Galz(light/blue) in
dioxane. Note the amide carbonyl shift. The more downfield carbon is the ester carbon (See Experimental)
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Spectrum 3.3 '*C NMR of carbonyl region of 3.83 (dark/red) and 3.83 plus 0.5 equivalents of Gals(light/blue) in
dioxane. Note the shift of both carbonyls, but the ester shifts 4.5 ppm compared to 1.5 ppm for the amide. The more
downfield carbon is the ester carbon (See Experimental)

A GC-MS analysis of the reaction headspace revealed both iodomethane and
chloromethane were present. Presumably these are derived 3.72, suggesting it is involved in

Gallium turnover. Based upon previous reports>*>°

we hypothesized gallium is abstracting the
chloride from 3.72 to generate silylium cation 3.87 which binds to and activates both carbonyls.
3.68 then abstracts a hydride from 3.69 and can deliver a hydride to the activated ester carbonyl.
This generates a silyl acetal intermediate which is further activated by gallium to lose a siloxane
and generate an oxocarbenium intermediate which is once again reduced by 3.68 hydride
(Scheme 3.2). To provide evidence for this mechanism, we investigated the use of FeCls instead
of Gal; which is also known to abstract halides from silyl chlorides. Albeit reduced, we did
observe similar selectivity and reactivity to our gallium catalyzed reaction (Table 3.4, Entry 9).
DFT calculations provide further evidence for this mechanism and show that any combination of
silane activation and hydride delivery favors ester reduction over amide reduction with activation
by 3.87 being barrierless. Among Lewis acids, gallium seems privileged in its selective

activation as demonstrated by examination of 16 Lewis acids only giving gallium as a selective

activator, though platinum can reduce esters if not amides are present (see Experimental).

154



ome, S cl
1,0  ,Me

-

Si H.
MeO”y “OMe st
S
( Ph”{“Ph
o
N Ar\)L AN
Ga N OEt
: v il 3.81
" ; j
. i g ar—sh Ar—8
“Ga” OMe \Ar
¢ &
1
! MeO”" “OMe

Sit, (MeO)sSi (MeO)Si (MeO),Si (MeO),Si MeQ)sSi
o o MeO” 3 ~ot 3 ~ot 1Si SN ( 3 Sot

o o
I 7 ! /\/m ! /\j\ !
—_— —_— e ——
RJLN/\)\OEI R)\ﬁ OEt R)\u e R)\m/\AoEr

H

Scheme 3.2. Proposed mechanism for the selective ester reduction.

3.3.5 An amine—phenol etherification

2130 we became

To expand on the initial scope of the reaction reported by Katritzky,
interested in developing a sp’—sp’ etherification using phenols instead of carboxylic acids. We
investigated using phenol 3.88 in combination with Lipitor intermediate 3.89 and found through
modification of the esterification protocol (see Experimental), we could isolate ether 3.90 in 62%
yield in a two-step one pot protocol. This method was used to alkylate ivacaftor to give 3.91 in
40% yield. We also used it to forge a bond between lysine and tyrosine (3.92) that is an
alternative to the classic peptide bond. Finally, we applied our method to an amine targeting the

E3 ligase Von-Hippel Lindau (VHL)*7 and estradiol to highlight the utility of this strategy in

synthesizing proteolysis targeting chimeras (PROTACS) to give 3.93 in 25% yield.
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Figure 3.15 The scope of the amine—phenol deaminative etherification.

3.3.6 A deaminative halogenation reaction

We next investigated the mechanism by which the ester is formed. Based on other reports
on pyridinium salts we hypothesized it may be a radical mechanism, however experiments
involving the use of TEMPO failed to inhibit product formation (see Experimental). Next, we
left the carboxylic acid out of the reaction, and were able to isolate the alkyl iodide of 3.88. By
switching the halide salt, we were able to isolate the corresponding bromide and chloride of 3.88.
We applied this method to four other amines and isolated various halogens of each of them. This

provides an alternative method for synthesizing alkyl halides from amines.>®
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Deaminative Halogenation

MX = Yield =
3.66 .
DIPEA, MX Ki 3.94: 72%
KBr 3.95: 86%
Dioxane
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Figure 3.16 The scope of the deaminative halogenation. The bromide is shown for clarity. When KI is used, the
iodide is obtained, when KBr is used, the bromide is obtained, and when LiCl is used the chloride is obtained.

3.3.7 Conclusions

In summary we have developed a methodology to synthesize ethers directly from amines
and acids. The reaction is selective for esters in the presence of amides and appears to proceed
via gallium catalyzed activation of a silyl chloride and a boron mediated hydride reduction. The
deamination strategy can be applied to other nucleophiles in order to synthesize phenolic ethers

as well as various halogen products.

3.4 Experimental section for the reductive etherification reaction
See Sections 3.2.1 and 3.2.2 for a general methods summary. For the esterification procedure see
section 3.3.

3.4.1 General Procedures

3.4.1.1 General Procedure 3.4: amine—acid reductive etherification
In a nitrogen filled glovebox, a dry two-dram vial (vial 1) equipped with a stir bar was
charged with potassium iodide (1.5 equiv), triphenylpyrylium tetrafluoro borate (3.66) (1.0

equiv), powdered 4 A mol sieves (500 mg/ mmol amine), potassium zert-butoxide (1.0 equiv, 2.0
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equiv for amine salts), the carboxylic acid (if solid) and the amine (if solid) (1.0 equiv). 1,4-
dioxane (3.33 mL/ mmol amine) was added. If either the amine or the acid was a liquid, they
were added to the reaction after the addition of solvent. After all reagents were added, the vial
was capped, removed from the glovebox, and stirred at 500 rpm at 110 °C for 22 hours for
amines on a primary carbon (80 °C for amines on a secondary carbon). Upon completion, the
reaction vial was cooled to room temperature and returned to the glovebox along with two
additional flame dried vials. Dioxane was added (1.67 mL/mmol amine) to vial 1. Gallium (III)
iodide (Gals) (3.0 equiv) was weighed into a second vial (vial 2) and dioxane (2.50 mL/mmol
amine) added. Tris-(pentafluorophenyl)borane (BCF, 3.68) (0.40 equiv) was weighed into a third
vial (vial 3) and dioxane (2.50 mL/mmol amine) added. Vials 2 and 3 were capped and vortexed
until each reagent had fully dissolved. Vial 2 was added to vial 1 without stirring followed by
vial 3. Trimethoxychlorosilane (3.72) (2.0 equiv) was added to vial 1 followed by phenylsilane
(2.5 equiv) (Caution: this will generate a lot of heat and effervescence of hydrogen and
methylchloride which are flammable. We encountered no issues up to a 0.35 mmol scale,
but there may be hazards at larger scales). Upon addition of the silane, the vial was capped,
and removed from the glovebox. The reaction was stirred at 500 rpm at 65 °C for 90 minutes.
Upon cooling to room temperature, the vial was uncapped (Caution: pressure may have built
up in the vial which can cause solvent to overflow), diluted with (EtOAc) (25 mL/mmol)
partitioned between additional EtOAc (100 mL/mmol) and saturated aqueous sodium
bicarbonate (100 mL/mmol). The aqueous layer was extracted twice more with EtOAc (100
mL/mmol). The organic layers were combined, dried over sodium sulfate and the solvent

removed in vacuo. Purification was achieved as described.
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3.4.1.2 General Procedure 3.5: Reduction of purified esters to ethers

Three dried two-dram vials were brought into the glovebox. Vial 1 was equipped with a
stir bar and had ester (1.0 equiv) added. Dioxane was added (3.33 mL/mmol ester) to vial 1. Gal;
(0.5 equiv) was weighed into a second vial (vial 2) and dioxane (3.33 mL/mmol ester) added.
Tris-(pentafluorophenyl)borane or trimesityl borane (0.25 equiv) was weighed into a third vial
(vial 3) and dioxane (3.33 mL/mmol ester) added. Vials 2 and 3 were capped and vortexed until
each reagent had fully dissolved. Vial 2 was added to vial 1 without stirring followed by vial 3.
Trimethoxychlorosilane (2.0 equiv) was added to vial 1 followed by diphenylsilane (1.5 equiv)
(Caution: this will generate heat and effervescence of hydrogen and methylchloride which
are flammable.). Upon addition of the silane, the vial was capped, and removed from the
glovebox. The reaction was stirred at 500 rpm at 65 °C for 90 minutes. Upon cooling to room
temperature, the vial was uncapped (Caution: pressure may have built up in the vial which
can cause solvent to overflow), diluted with (EtOAc) (25 mL/mmol) partitioned between
additional EtOAc (100 mL/mmol) and saturated aqueous sodium bicarbonate (100 mL/mmol).
The aqueous layer was extracted twice more with EtOAc (100 mL/mmol). The organic layers
were combined, dried over sodium sulfate and the solvent removed in vacuo. Purification was

achieved as described.

3.4.1.3 General Procedure 3.6: Platinum catalyzed ether synthesis from pyridinium salts and
carboxylic acids

An oven dried two-dram vial was equipped with a stir bar and had pyridinium salt (1.0
equiv) added. KI (1.0 equiv) was then added followed by the carboxylic acid (1.0 equiv), and
proton sponge (1.0 equiv) The vial was then capped with a septa cap and evacuated/backfilled

with nitrogen 3 times. Chlorobenzene (3.33 mL/ mmol acid) was added via syringe followed by
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phenylsilane (3.0 equiv). The vial was transferred to a hotplate, stirred at 500 rpm at 80 °C for
benzylic pyridiniums or 110 °C for primary pyridiniums for 22 hours. Upon cooling to room
temperature, the vial was brought into the glovebox and platinum (II) chloride (2.5 mol%) was
added followed by phenylsilane (3.0 equiv). The vial was removed from the glovebox and stirred
at 500 rpm at 80 °C for two hours. Upon completion the reaction was diluted with (EtOAc) (25
mL/mmol) partitioned between additional EtOAc (100 mL/mmol) and saturated aqueous sodium
bicarbonate (100 mL/mmol). The aqueous layer was extracted twice more with EtOAc (100
mL/mmol). The organic layers were combined, dried over sodium sulfate and the solvent

removed in vacuo. Purification was achieved as described.

3.4.1.4 General Procedure 3.7: Preparation of ethers from phenols and amines

An oven dried two-dram vial was equipped with a stir bar and had 3.66 (1.0 equiv)
added. KI (1.5 equiv) was then added followed by the amine (1.0 equiv) if it was solid and
potassium fert-butoxide (1.0 equiv) if the amine was a salt. The vial was then capped with a
septa cap and evacuated/backfilled with nitrogen 3 times. Dioxane (3.33 mL/ mmol amine) was
added via syringe. If the amine was a liquid, it was also added via syringe at this point. The vial
was transferred to a hotplate, stirred at 500 rpm at 110 °C for 22 hours. The reaction was cooled
to room temperature and transferred via syringe to a vial containing the desired phenol (1.0
equiv), potassium carbonate (3.0 equiv), and DMA (3.33 mL/mmol amine). This was stirred at
500 rpm at 80 °C for 4 hours. upon completion, the reaction was diluted with ethyl acetate
(EtOAc) (25 mL/mmol) partitioned between additional EtOAc (100 mL/mmol) and saturated

aqueous sulfate (100 mL/mmol). The aqueous layer was extracted twice more with EtOAc (100
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mL/mmol). The organic layers were combined, dried over sodium sulfate and the solvent

removed in vacuo. Purification was achieved as described.

3.4.1.5 General Procedure 3.8: Preparation of alkyl halides from amines

An oven dried two-dram vial was equipped with a stir bar and had 3.66 (1.0 equiv)
added. The appropriate metal halide salt (KI, potassium bromide, or lithium chloride) (3.0 equiv)
was then added followed by the amine (1.0 equiv) if it was solid and potassium terz-butoxide (1.0
equiv) if the amine was a salt. The vial was then capped with a septa cap and
evacuated/backfilled with nitrogen 3 times. Dioxane (3.33 mL/ mmol amine) or DMA (10.0
mL/mmol amine) was added via syringe. If the amine was a liquid, it was also added via syringe
at this point. The vial was transferred to a hotplate, stirred at 500 rpm at 110 °C for 22 hours. For
reactions in dioxane upon completion, the reaction was diluted with ethyl acetate (EtOAc) (25
mL/mmol) and filtered through a pad of celite. The solvent was removed in vacuo. For reactions
in DMA, upon completion, the reaction was diluted with ethyl acetate (EtOAc) (25 mL/mmol)
partitioned between additional EtOAc (100 mL/mmol) and saturated aqueous sulfate (100
mL/mmol). The aqueous layer was extracted twice more with EtOAc (100 mL/mmol). The
organic layers were combined, dried over sodium sulfate and the solvent removed in vacuo.

Purification was achieved as described.

3.4.1.6 General Procedure 3.9: Procedure for HTE reaction optimization

Stock solutions, or suspensions, were prepared as shown in the heatmap preparation
table. Apart from the ester stock solution, which was prepared according to General Procedure
3.3 (no work-up), in an inert atmosphere glovebox, all were weighed and dissolved or suspended
in anhydrous solvent to achieve their listed concentrations in table. Stock solutions of reagents

were stirred until either a clear solution or a uniform slurry was achieved. A 24 or 96-well
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aluminum microvial (Analytical Sales & Services cat. no. 25243) was equipped with oven-dried
shell vials (Analytical Sales & Services cat. no. 884001). A parylene-coated stir dowel
(Analytical Sales & Services cat. no. 13258) was then added to each vial, and the apparatus
moved into the glovebox. Stock solutions were dosed to the appropriate shell vials according to
the plate map shown in table using single channel micropipetters. The microvial plate was
sealed, removed from the glove box, and stirred on a hot plate with heating at the indicated
temperature for planned reaction time. The reactions were quenched by opening the reaction
block and adding 400 uL of a 7 mg/mL caffeine in methanol solution as an internal standard.
Reactions were then stirred for 5 minutes at room temperature and 1000 rpm. Using six channels
of an eight channel micropipetter, from each reaction, a 50 uL aliquot of the quenched reaction
mixture was added into a 96-well polypropylene collection plate (Analytical Sales & Services
cat. no. 17P687). The solvent was evaporated by blowing nitrogen down on the analytical plate.
Acetonitrile (600 uL) was added and mixed by pipetting up and down. The reactions were then
analyzed by UPLCMS. The Product/Internal Standard value was produced by measuring the UV

absorbance of desired product relative to the caffeine internal standard.

3.4.2 Preparation of starting materials

Me
1-tosylpiperidine-4-carboxylic acid (3.64)
Following a previously reported procedure,*? a dry 250 mL round bottom flask equipped with a

stir bar was charged with piperidine-4-carboxylic acid (6.45 g, 50.0 mmol, 1.0 equiv) and NaOH
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(4.00 g, 100 mmol, 2.0 equiv). 100 mL of a 1:1 mixture of Et0O and H>O were added followed
by tosyl chloride (9.55 g, 50.0 mmol, 1.0 equiv). The clear mixture was vigorously stirred at rt
for 18 h. A white cloudy precipitate was formed, and in a separatory funnel, the mixture was
diluted with 100 mL of Et,O and H>O added until the precipitate was completely dissolved. The
two layers were separated, and the pH of the aqueous layer was adjusted to 3 by addition of 3 M
HCI. The precipitate was filtered and reconstituted in EtOAc. solvent removed in vacuo to give
3.64 (8.6 g, 60%) as a white solid.

The NMR spectra match those reported in the literature.

LRMS (UPLC) Calculated C13H;sNO4S™ [M+H]": 284, Found 284

NHBoc NH;CI
NHBoc
o] [0)
TsCl, NEty O:\\ /IO/\/ o O:\\S/O/\/

3.108 DCM i 3.109 1:1 Dioxane:DCM i 3.110

Me Me

Scheme 3.3: Preparation of amine 3.110

tert-butyl (2-(1-tosylpiperidin-4-yl)ethyl)carbamate (3.109)

Following a literature procedure®®, a dry two-dram vial equipped with a stir bar was
charged with tert-butyl (2-(piperidin-4-yl)ethyl)carbamate (1.00 g, 4.38 mmol, 1.0 equiv). The
vial was evacuated and refilled with nitrogen 3x. 2.75 mL of dichloromethane (DCM) was added
followed by triethylamine (1.22 mL, 886 mg, 8.76 mmol, 2.0 equiv). This was stirred until all
solids dissolved followed by a dropwise addition of tosyl chloride (835 mg, 4.38 mmol, 1.0

equiv) in 1.75 mL of DCM containing 10 pL of TEA. This mixture was stirred for 14 hours at
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room temperature. Upon completion, the reaction was diluted with (DCM) (5.0 mL) partitioned
between additional DCM (75 mL) and 1M aqueous hydrochloric acid (HCI) (30 mL). The layers
were separated, and the organic layer washed with aqueous sodium bicarbonate (30 mL). The
organic layer was separated, dried over sodium sulfate and the solvent removed in vacuo to give
3.109 (1.59 g, 95%) as a white solid. This product was used without further purification.

LRMS (UPLC) Calculated C14H22N20,S" [M-Boc]": 282, Found 282

NHCI
. O/\/
\ _N
0=%"

3.110
Me

2-(1-tosylpiperidin-4-yl)ethan-1-amine (3.110)
A dry 50 mL round bottom flask equipped with a stir bar was charged with 3.109 (1.59 g, 4.16
mmol, 1.0 equiv). Under air, 10 mL of DCM was added, and the solution stirred until it
completely dissolved. 4M HCI in dioxane (10.4 mL, 1.52 g, 41.6 mmol, 10.0 equiv) was added
dropwise to the solution. This was stirred for 2 hours. The cloudy white solution was diluted with
30 mL of Et;0 and filtered. The filtrate was washed with another 25 mL of ether and dried under
high-vacuum overnight to give 3.110 (1273 mg, 96%) as a white solid.
'H NMR (499 MHz, DMSO) & 7.90 (s, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H),
3.59 (dt, J=11.6, 3.5 Hz, 2H), 2.73 (h, J = 5.8 Hz, 2H), 2.41 (s, 3H), 2.13 (td, J=11.9, 2.5 Hz,
2H), 1.69 (d, J = 10.2 Hz, 2H), 1.44 (q, J = 7.3 Hz, 2H), 1.29 (dtq, J = 14.3, 7.1, 3.5 Hz, 1H),
1.14 (qd, J=12.1, 4.0 Hz, 2H).
3C NMR (126 MHz, dmso) & 143.47, 132.37, 129.78, 127.49, 45.93, 36.30, 32.92, 31.40, 30.49,
20.99.

LRMS (UPLC) Calculated C14H23N20,S" [M-CI]": 283, Found 283
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341
2-(thiophen-2-yl)ethyl 1-tosylpiperidine-4-carboxylate (3.111)

Compound 3.111 was prepared on a 0.2 mmol scale from 3.64 and 2-(2-thiophenyl)-ethylamine

according to a modified general procedure 3.3 where 3.66 was replaced with 2,4,6-tris(4-

(trifluoromethyl)phenyl)pyrylium tetrafluoroborate to give 20.0 mg (26%) of a yellow oil after

purification with ethyl acetate & hexanes.

Rf=0.24 in 20% EA in hexanes

"H NMR (400 MHz, CDCl3) § 7.63 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.14 (dd, J =

5.1, 1.2 Hz, 1H), 6.92 (dd, J = 5.1, 3.4 Hz, 1H), 6.81 (dd, J = 3.4, 1.2 Hz, 1H), 4.27 (t, J= 6.5

Hz, 2H), 3.59 (dt, /= 12.2, 4.1 Hz, 2H), 3.11 (t, J = 6.5 Hz, 2H), 2.49 — 2.38 (m, 5H), 2.25 (tt, J

=10.6, 4.0 Hz, 1H), 1.94 (dt, J=12.0, 3.9 Hz, 2H), 1.79 (dtd, J = 14.3, 10.7, 4.0 Hz, 2H).

3C NMR (101 MHz, CDCls) § 173.8, 143.7, 139.9, 133.1, 129.8, 127.8, 127.0, 125.7, 124.2,

64.9,45.5,40.1,29.3,27.5,21.7, 21.6.

LRMS (UPLC) Calculated C19H24NO4S," [M+H]": 394, Found 394

Qs T

312
2-(1-tosylpiperidin-4-yl)ethyl benzoylglycinate (3.112)

Compound 3.112 was prepared from on a 0.2 mmol scale hippuric acid and 3.110 via a modified

general procedure 3.3 where 2 equivalents of base were used to give 64.8 mg (73%) of a white

solid after purification with ethyl acetate.

Rf=100% EA: 0.25
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'"H NMR (400 MHz, CDCls) § 7.82 — 7.75 (m, 2H), 7.67 — 7.59 (m, 2H), 7.56 — 7.47 (m, 1H),
7.48 —7.39 (m, 2H), 7.32 (d, J = 7.7 Hz, 2H), 6.61 (s, 1H), 4.20 (dd, J = 7.5, 5.8 Hz, 4H), 3.76
(d, J=11.4 Hz, 2H), 2.43 (s, 3H), 2.25 — 2.15 (m, 2H), 1.74 (d, /= 9.8 Hz, 2H), 1.60 (q, /= 6.2
Hz, 2H), 1.33 (s, 2H).

Carbon NMR not performed.

LRMS (UPLC) Calculated C23H20N205S™ [M+H]": 445, Found 445

ethyl 3-(2-(naphthalen-1-yl)acetamido)propanoate (3.83)
To an oven dried 50 mL round bottom flask equipped with a stir bar was added potassium 2-
(naphthalen-1-yl)acetate (1.00 g, 4.50 mmol, 1.0 equiv) followed by 15 mL of DCM and 1.00
mL of dimethylformamide. Thionyl chloride (363 uL, 595 mg, 5.00 mmol, 1.1 equiv was added)
followed by stirring at 35 °C for one hour. During this time a 2-dram vial was charged with beta
alanine ethyl ester hydrochloride salt (830 mg, 5.4 mmol, 1.20 equiv). This was suspended in 5.0
mL of DCM and DIPEA (1342 mg, 1.80 mL, 10.8 mmol, 2.40 equiv). After one hour, the beta
alanine solution was transferred to the acid chloride solution via syringe. This was allowed to stir
for 20 additional minutes at 35 °C. Upon completion, the reaction was cooled to room
temperature, diluted with an additional 30 mL of DCM, and washed with 50 mL of aqueous 1M
HCI followed by 50 mL of saturated sodium carbonated. The organic layer was dried over
sodium sulfate and concentrated in vacuo. The resulting residue was purified via column

chromatography with ethyl acetate and hexanes to give 1064 mg (83%) of 3.83 as a white solid.
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'H NMR (499 MHz, dioxane) § 8.03 (d, J= 8.3 Hz, 1H), 7.88 (dd, J= 7.6, 1.8 Hz, 1H), 7.80 (d,
J=8.0 Hz, 1H), 7.50 (pd, J = 6.8, 1.5 Hz, 2H), 7.42 (dt, J = 15.2, 7.1 Hz, 2H), 6.55 (t, J = 6.2
Hz, 1H), 3.96 (q, J = 7.1 Hz, 2H), 3.90 (s, 2H), 3.33 (q, J = 6.3 Hz, 2H), 2.40 (t, J = 6.3 Hz, 2H),
1.13 (t, J=7.1 Hz, 3H).
13C NMR (126 MHz, dioxane) 5 171.62, 169.76, 133.94, 132.48, 132.37, 128.42, 127.63, 127.51,
126.08, 125.63, 125.39, 124.11, 59.76, 40.75, 35.01, 33.64, 13.57.

LRMS (UPLC) Calculated C17H20NO3" [M+H]": 286, Found 286

3.4.3 Troubleshooting tips

In several instances of running these reactions when a pyridinium salt is dissolved in dioxane,
after stirring with a halide salt, a precipitate forms. It is often a fine yellow or white powder that
is presumed to be the pyridinium halide salt that is no longer soluble. When this precipitate
forms, the reaction will no longer proceed in dioxane and only starting pyridinium salt is
observed. This issue occurred most often with phenethylamines but happens in other cases with
no apparent trend. There are two ways to remedy this. If not performing the reductive
etherification, adding 10 volume percent dimethylacetamide (DMA) will make the reaction
proceed, but will shut down the reductive etherification, requiring purification of the
intermediate ester. The other option is to start a new reaction but instead of using 3.66, use 2,4,6-
tris(4-(trifluoromethyl)phenyl)pyrylium tetrafluoroborate which is prepared in a single step from

the requisite starting materials.®

The other issue we encountered was around peroxide content in dioxane bottles. We
found that when using diphenylsilane as a reductant dioxane that tested positive for 0.5 mg/mL

of peroxide using MQuant® peroxide testing strips (Sigma-Aldrich 1100110002), the desired
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reductive etherification would not take place. When using phenylsilane as the reductant we found

up to 5.0 mg/mL was tolerated.

The following flow chart describes what conditions to use when reducing a purified ester.
This is helpful in preparing deuterated derivatives if deuterated phenylsilane is not available as
deuterated diphenylsilane is commercially available, or if for any other reason the intermediate
ester must be purified. For selective reduction in the presence of amides it is highly
recommended to purify the intermediate ester as any excess silane will begin to reduce the amide
carbonyl. We have found if a reaction does not go to completion, adding another equivalent of

Gallium and silane will generally accomplish this.
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Are there acetonides, cyclopropanes, ketones

or unprotected alcohols in the molecule?

No

|
‘

roups or a different methodology

[ Consider alternate protecting ] [ Is there an amide you don't
g

want to reduce?

J

Yes

No

Are there any pyridines or
amines present in the molecule?

J

amines present in the molecule?

Are there any pyridines or ]

No

Yes

Y

Yy

Y

Use 3.68 (BCF) as your boron source.
Use 3.68 (BCF) as your boron source. For each Lewis Basic site, include an

additional equivalent of Gallium

Use 3.71 (trimesitylborane) as
your boron source.

J

Scheme 3.4 Flowchart depicting conditions to use based on the substrate being reduced.

3.4.4 HTE Optimization of deaminative reductive etherification.
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3.4.4.1 Screen examining 3 Lewis acids (0.3 equiv), 2 boranes, and 2 silanes.

1) 1.5 equiv. Kl
(¢] OH 1.0 equiv. tBBuOK (0] Me
1.0equiv. 3.66, SN
dioxane,110 °C, 22h

" /\/\ t o
HN Me 2) 0.3 equiv.Lewis Acid

N 0.3equiv Borane N

iy 3.0 equiv. sil Ts

3.64 3.65 3 equiv. silane ) 267
dioxane,65°C, 60 min

Scheme 3.5 A screen examining four Lewis acids, +/- 3.68, and two silanes.

Table 3.5 A table showing color coding of reagents as well as their molarity in the phactor screen design.

name molarity I color
Gallium Bromide 0.1
Aluminum Chloride 0.1 #fdb130
Indium (1l1) Bromide 0.1
DODECACARBONYLTRIIRON 0.03
TRIS(PENTAFLUOROPHENYL)BORANE 0.03
triphenylborane 0.03
Catalyst 2 blank 0.03
diphenylsilane 0.3
tetramethyldisiloxane 0.3
Ester SM 0.1 | #fada24
Reagents Solvent Cstock (M) V gose (ML) Wells Order Added
Gallium (lll) Bromide Dioxane 0.12 25 A, 1-6 1
Aluminium Chloride Dioxane 0.12 25 B, 1-6 1
Indium (lll) Bromide Dioxane 0.12 25 C,1-6 1
Dodecacarbonyltriiron Dioxane 0.12 25 D, 1-6 1
3.68 Dioxane 0.12 25 AB,C,D, 1,4 2
triphenylborane Dioxane 0.12 25 AB,C,D, 2,5 2
Borane blank Dioxane 0.12 25 AB,C,D, 3,6 2
3.70 ester solution Dioxane 0.3 25 3
diphenylsilane Dioxane 0.9 25 AB,CD, 1-3 4
tetramethyldisiloxane Dioxane 0.9 25 AB,C,D, 4-6 4
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Figure 3.17 Results of screen examining 3 Lewis acids (0.3 equiv), 2 boranes, and 2 silanes.

3.4.4.2 Screen examining 3 Lewis acids (3.0 equiv), 2 boranes, and 2 silanes.

1) 1.5 equiv. KI
(¢] OH 1.0 equiv. tBuOK (0] Me
1.0 equiv. 3.66 SN
dioxane,110 °C, 22h
+ PV >
HN Me 2) 3.0 equiv.Lewis Acid

N 0.30equivBorane N
- 3.0equiv. Sil T
3.64 3.65 .0equiv. Silane 267

dioxane,65°C, 60 min
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Table 3.6 Color coordinated table of reagents and concentrations.

name molarity color
Gallium Bromide 0.3
Aluminum Chloride 0.3 #fdb130
Indium (Ill) Bromide 0.3
DODECACARBONYLTRIIRON 0.1
TRIS(PENTAFLUOROPHENYL)BORANE 0.03
triphenylborane 0.03
Catalyst 2 blank 0.03
diphenylsilane 0.3
tetramethyldisiloxane 0.3
Ester SM 0.1 #fada24
Reagents Solvent Cstock (M) V gose (ML) Wells Order Added
Gallium (lIll) Bromide Dioxane 0.9 25 A 1-6 1
Aluminium Chloride Dioxane 0.9 25 B, 1-6 1
Indium (lll) Bromide Dioxane 0.9 25 C,1-6 1
Dodecacarbonyltriiron Dioxane 0.9 25 D, 1-6 1
3.68 Dioxane 0.12 25 AB,CD, 14 2
triphenylborane Dioxane 0.12 25 AB,C,D, 2,5 2
Borane blank Dioxane 0.12 25 AB,C,D, 3,6 2
3.70 ester solution Dioxane 0.3 25 All 3
diphenylsilane Dioxane 0.9 25 AB,CD, 1-3 4
tetramethyldisiloxane Dioxane 0.9 25 AB,CD, 4-6 4
1 3 5 6
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Figure 3.18 Results of screen examining 3 Lewis acids (3.0 equiv), 2 boranes, and 2 silanes.

3.4.4.3 96 well screen examining 6 Lewis acids, 4 boranes, and 4 silanes.

Og__OH
*HNTSN e
N
Ts
3.64 3.65

1) 1.5 equiv. KI
1.0 equiv. tBuOK
1.0 equiv. 3.66
dioxane,110 °C, 22h

O\/\/Me

2) 3.0 equiv.Lewis Acid
0.30equivBorane N
s Ts
3.0equiv. Silane 367
dioxane, 65 °C, 60 min .
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Table 3.7 Color coordinated table of reagents and concentrations.

name molarity color
Aluminum Chloride 0.3 #febe2a
Aluminum bromide 0.3 #£79342
Aluminum iodide 0.3
Gallium(lll) chloride 0.3
Gallium(lll) bromide 0.3
Gallium(lll) lodide 0.3
Diphenylsilane 0.3
Phenylsilane 0.3 #f99a3e
1,1,3,3-Tetramethyldisiloxane 0.3 #f3f027
Triethylsilane 0.3
TRIS(PENTAFLUOROPHENYL)BORANE 0.03 #fod724
Triphenylborane 0.03
Catalyst blank 0.1
Boron trifluoride etherate, ca. 48% BF3 0.06
Ester SM 0.1
Reagents Solvent Cstock (M) Vdose (ML) Wells Order Added
Aluminum Chloride Dioxane 0.9 25 A-H, 1,7 1
Aluminum Bromide Dioxane 0.9 25 A-H, 2,8 1
Aluminum lodide Dioxane 0.9 25 A-H, 3,9 1
Gallium (lll) Chloride Dioxane 0.9 25 A-H, 4,10 1
Gallium (lll) Bromide Dioxane 0.9 25 A-H, 5,11 1
Gallium (lll) lodide Dioxane 0.9 25 A-H, 6,12 1
3.68 Dioxane 0.12 25 A-D, 1-6 2
triphenylborane Dioxane 0.12 25 A-D, 7-12 2
Borane blank Dioxane 0.12 25 E-H, 1-6 2
BF3 etherate Dioxane 0.12 25 E-H, 7-12 2
3.70 ester solution Dioxane 0.3 25 All 3
phenylsilane Dioxane 0.9 25 AE 1-12 4
diphenylsilane Dioxane 0.9 25 B, F 1-12 4
tetramethyldisiloxane Dioxane 0.9 25 C,G1-12 4
triethylsilane Dioxane 0.9 25 D,H 1-12 4
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Figure 3.19 Results of 96 well screen examining 6 Lewis acids, 4 boranes, and 4 silanes.
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3.4.4.4 Screen examining 6 additives, 2 boranes, and 2 gallium loadings.

1) 1.5 equiv. KI

(o] OH 1.0 equiv. tBuOK (0] Me
1.0 equiv. 3.66 S~
dioxane,110 °C, 22h
+ PV >
HaN Me 2)0.5 or 3.0equiv.Gal,
N 0.30equivBorane N
Ts e Ts
3.0equiv. Silane

3.65
3.64
2.0equiv additive 3.67

dioxane,65°C, 60 min

Table 3.8 Color coordinated table of reagents and concentrations.

name molarity color
Ester 0.1 #f9dd25
Gallium lodide 0.3 #fbd324
Gallium iodide 0.5 equiv 0.05
Triphenylborane 0.03
Trimesitylborane 0.03
Additive blank 0.1
CHLOROTRIMETHYLSILANE 0.2
TRIMETHYL BORATE 0.2
HCl in dioxane 4 molar 0.1
Sodium tetraphenylborate 0.01 #fdcb26
Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 0.005
Reagents Solvent Cstock (M)|Vdose (pL) Wells Order Added
Gallium (lll) lodide Dioxane 0.9 25 AB 1-6 1
Gallium (lll) lodide Dioxane 0.9 25 C,D1-6 1
Triphenylborane Dioxane 0.12 25 AC 1-6 2
3.7 Dioxane 0.12 25 B,D 1-6 2
Blank Dioxane 0.12 25 AB,C,D, 1 3
TMSCI Dioxane 0.6 25 AB,CD,2 3
B(OMe)3 Dioxane 0.6 25 AB,C,D, 3 3
HCI in dioxane Dioxane 0.6 25 AB,C,D, 4 3
Sodium tetraphenylborate Dioxane 0.6 25 AB,CD,5 3
sodium tetrakis (3,5-CF3 phenyl)borate Dioxane 0.6 25 AB,CD,6 3
3.70 ester solution Dioxane 0.3 25 All 4
diphenylsilane Dioxane 0.9 25 All 5
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Figure 3.20 Results of screen examining 6 additives, 2 boranes, and 2 gallium loadings.
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3.4.4.5 Screen examining 6 silyl halides and 4 boranes.

1) 1.5 equiv. Kl
(0) OH 1.0 equiv. tBUOK
1.0 equiv. 3.66
dioxane,110 °C, 22h

O\/\/Me

2) 3.0 equiv.Gak
1"_15 0.30equiv Borane ‘INs
3.64 3.65 3.0equiv. Silane 3.67

2.0equiv additive )

dioxane,65°C, 60 min
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Table 3.9 Color coordinated table of reagents and concentrations.

name molarity color
Gallium lodide 0.25
Triphenylborane 0.025
TRIS(PENTAFLUOROPHENYL)BORANE 0.025
tri-mesityl borane 0.025 #f99a3e
Ester solution 0.1 #f7e225
Bromotrimethylsilane 0.2
CHLOROTRIMETHYLSILANE 0.2
Chlorotriethylsilane 0.2
dichlorodimethylsilane 0.2
Trimethoxychlorosilane 0.2
Additive blank 0.1
borane blank 0.1
Diphenylsilane 0.3 #fdae32
Reagents Solvent Cstock (M)|Vdose (pL) Wells Order Added
Gallium (lll) lodide Dioxane 1.2 20 All 1
triphenylborane Dioxane 1.2 20 A1-6 2
3.68 Dioxane 0.15 20 B 1-6 2
3.7 Dioxane 0.15 20 C1-6 2
Blank Dioxane 0.15 20 D 1-6 2
TMSBr Dioxane 0.8 20 AB,CD, 1 3
TMSCI Dioxane 0.8 20 AB,CD,2 3
TESCI Dioxane 0.8 20 AB,CD,3 3
Si(Me)2CI2 Dioxane 0.8 20 AB,CD, 4 3
3.72 Dioxane 0.8 20 AB,C,D, 5 3
Additive Blank Dioxane 0.8 20 AB,C,D, 6 3
3.70 ester solution Dioxane 0.4 20 All 4
diphenylsilane Dioxane 1.2 20 All 5
1 3 4 5 6
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Figure 3.21 Results of screen examining 6 silyl halides and 4 boranes.

3.4.4.6 Screen examining 4 solvents and 6 silanes.

1) 1.5 equiv. Kl
(@) OH 1.0 equiv. tBUOK
1.0 equiv. 3.66
dioxane,110 °C, 22h

O\/\/Me

2) 3.0 equiv.Gak
N .
T ;)go eq‘u |VS:h3B 'INS
3.64 3.65 .0equiv. Silane 367

Solvent, 65 °C, 60 min
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Table 3.10 Color coordinated table of reagents and concentrations.

name molarity color
Phenylsilane 0.2
triethylsilane 0.4
1,1,3,3-tetramethyldisiloxane 0.3
diethylsilane 0.3 #2227
dimethylphenylsilane 0.4 #fa9c3c
Ester Solution 0.1
Gallium lodide 0.3
Triphenylborane 0.03
Phenylsilane 0.2
Diphenylsilane 0.3 #f8el25
triethylsilane 0.4
1,1,3,3-tetramethyldisiloxane 0.3
diethylsilane 0.3 #£2£227
dimethylphenylsilane 0.4 #fa9c3c
Ester Solution 0.1
Gallium lodide 0.3
Triphenylborane 0.03
Phenylsilane 0.2
Diphenylsilane 0.3 #f8el25
triethylsilane 0.4
1,1,3,3-tetramethyldisiloxane 0.3
diethylsilane 0.3 #f2f227
dimethylphenylsilane 0.4 #fa9c3c
Ester Solution 0.1
Gallium lodide 0.3
Triphenylborane 0.03
Phenylsilane 0.2
Diphenylsilane 0.3 #f8el25
triethylsilane 0.4
1,1,3,3-tetramethyldisiloxane 0.3
diethylsilane 0.3 #£2f227
dimethylphenylsilane 0.4 #fa9c3c
Ester Solution 0.1
Gallium lodide 0.3
Triphenylborane 0.03
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dioxane
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THP
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PhSiH3 Ph,SiH, EtsSiH TMDS Et,SiH,  PhMe,SiH

Figure 3.22 Results of screen examining 4 solvents and 6 silanes.

3.4.4.7 Screen examining 16 Lewis Acids at 3 loadings and 2 cocatalysts.

o o 16Lewis acids, 0.5eq, 1eq, 2 eq o H H
2.5 mol % PtCl, or 25% BCF /\)\
H/\)J\O/\Me 2 eq Ph,SiH, H O/\Me
—_——

Dioxane 65 °C
OO 8 o OO 8
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Table 3.11 Reagents used in amide selectivity screen

Reagents Solvent Cstock (M)|Vdose (pL) Wells Order Added
GaCl3 (3 equiv) Dioxane 1.2 25 A1,3 1
PdCI2 (2 equiv) Dioxane 0.8 25 B1,3 1
AgNO3( 2 equiv) Dioxane 0.8 25 Cc1,3 1
AuCl (2 equiv) Dioxane 0.8 25 D13 1
BiCI3 (2 equiv) Dioxane 0.8 25 E1,3 1
RuClI3 (2 equiv) Dioxane 0.8 25 F1,3 1
InCI3 (2 equiv) Dioxane 0.8 25 G1,3 1
FeClI2 (2 equiv) Dioxane 0.8 25 H1,3 1

Co(acac)3 (2 equiv) Dioxane 0.8 25 A24 1
AICI3 (2 equiv) Dioxane 0.8 25 B 24 1
NiCI2 ( 2 equiv) Dioxane 0.8 25 c24 1
FeCI3 (2 equiv) Dioxane 0.8 25 D24 1
ZrCl4 (2 equiv) Dioxane 0.8 25 E24 1
ZnCI2 (2 equiv) Dioxane 0.8 25 F24 1
CuCl (2 equiv) Dioxane 0.8 25 G24 1
MnCI2 (2 equiv) Dioxane 0.8 25 H24 1

GaCl3 (1.5 equiv) Dioxane 0.6 25 A57 1
PdCI2 (1 equiv) Dioxane 0.4 25 B 5,7 1
AgNO3( 1 equiv) Dioxane 0.4 25 C57 1
AuClI (1 equiv) Dioxane 0.4 25 D 5,7 1
BiCI3 (1 equiv) Dioxane 0.4 25 E 5,7 1
RuClI3 (1 equiv) Dioxane 0.4 25 F 5,7 1
InCI3 (1 equiv) Dioxane 0.4 25 G5,7 1
FeClI2 (1 equiv) Dioxane 0.4 25 H 5,7 1

Co(acac)3 (1 equiv) Dioxane 0.4 25 A6,8 1
AICI3 (1 equiv) Dioxane 0.4 25 B 6,8 1
NiCI2 ( 1 equiv) Dioxane 0.4 25 C6,8 1
FeCI3 (1 equiv) Dioxane 0.4 25 D 6,8 1
ZrCl4 (1 equiv) Dioxane 0.4 25 E 6,8 1
ZnCI2 (1 equiv) Dioxane 0.4 25 F 6,8 1
CuCl (1 equiv) Dioxane 0.4 25 G6,8 1
MnCI2 (1 equiv) Dioxane 0.4 25 H6,8 1

GaCl3 (0.75 equiv) Dioxane 0.3 25 A9,11 1

PdCI2 (0.5 equiv) Dioxane 0.2 25 B 9,11 1

AgNO3( 0.5 equiv) Dioxane 0.2 25 C 9,1 1

AuCl (0.5 equiv) Dioxane 0.2 25 D 9,11 1
BiCI3 (0.5 equiv) Dioxane 0.2 25 E 9,11 1
RuCI3 (0.5 equiv) Dioxane 0.2 25 F 9,11 1
InCI3 (0.5 equiv) Dioxane 0.2 25 G 9,11 1
FeCl2 (0.5 equiv) Dioxane 0.2 25 H9,11 1
Co(acac)3 (0.5 equiv) Dioxane 0.2 25 A 10,12 1
AICI3 (0.5 equiv) Dioxane 0.2 25 B 10,12 1
NiCI2 ( 0.5 equiv) Dioxane 0.2 25 C 10,12 1
FeClI3 (0.5 equiv) Dioxane 0.2 25 D 10,12 1
ZrCl4 (0.5 equiv) Dioxane 0.2 25 E 10,12 1
ZnCI2 (0.5 equiv) Dioxane 0.2 25 F 10,12 1
CuCl (0.5 equiv) Dioxane 0.2 25 G 10,12 1
MnCI2 (0.5 equiv) Dioxane 0.2 25 H 10,12 1
3.68 Dioxane 0.1 25 tH 1,2,5,6,9,1 2

PtCI2 Dioxane 0.04 25 H 3,4,7,8,11, 2

3.83 Dioxane 0.4 25 All 3
diphenylsilane Dioxane 0.8 25 All 4
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Figure 3.23 Results of amide selectivity screen

3.4.5 Extended optimization data

All reactions were performed according to general procedure 3.4. Assay yields of the ester
reaction were collected via LCMS before starting the ether step. Assay yields were collected
again after the ether reduction step. The major products of the reaction are 3.67 (ether), 3.70

(ester) or 3.113 (alcohol).
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Table 3.12 Optimization of solvent, concentration, and ester step promoter.

3.66, base, promoter,

O, OH 110 °C, 22 hours O Me O, O Me
then 3.0 equiv Galj, \/\/ \/\/
0.3 equiv BCF,
3.0 equiv Ph,SiH,
+ /\/\ -
Me NH solvent
N ° i N N
N 65 °C, 90 minutes Y Y
3.64 3.65 3.67 3.70
Concentration Concentration LC yield ether Pre-reduction
entry base Promoter (step 1) (step 2) Solvent LC yield ester
1 KOtBu Kl 0.3M 0.1 M dioxane 40% 70%
2 KOtBu KBr 0.3M 0.1M dioxane 35% 65%
3 DIPEA Kl 0.3M 0.1 M dioxane 35% 63%
4 KOtBu Kl 0.3M 0.1 M MeCN ND 55%
5 KOtBu Kl 0.3M 0.1 M CF3CgHs 20% 45%
6 KOtBu Kl 0.3M 0.1M Pyridine ND ND
7 KOtBu Kl 0.3M 0.1 M DCE 25% 48%
8 KOtBu Kl 0.3M 03 M dioxane 40% 70%
9 KOtBu Kl 0.1M 0.1 M dioxane 28% 40%
10 KOtBu Kl 0.3M 0.05M dioxane 36% 2%
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N
Ts
3.113
Post-reduction
LC yield ester

ND
ND
ND
55%
20%
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22%
48%
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Table 3.13 Extended optimization of gallium source, boron source, and ligand.

Os_ _OH 0 Me  Os__O Me oH
KOtBu, KI, 3.66 N N

then 3.0 equiv GaXs,

0.25 equiv [B], 3 equiv. PhgSiH;
* Me” "N, >

N solvent N N N

Ts 80°C Ts 5 N
3.64 3.65 3.67 3.70 3.113

entry Ga source Boron Source Ligand LC yield ether ':_?;';ﬂu:sti::

1 Galj Mes;B None 45% ND

2 GaOTf Mes;B None Trace 75 %

3 Galj BCF None 42% ND

4 Galj BF; None 15% ND

5 Galj B(OMe); None 20% 30%

6 Gal; PhB(OH), None 25% 25%

7 Gal; Kl None 20% 54%

8 Galj Kl PCy; ND 2%

9 Gal; Kl L1 ND 76%

10 Galj Kl L2 ND 70%
ligands:

s¥e o
P OH N N OH
PCys = L= tBu | l tBu L2= N
tBu tBu Me

3.4.6 NMRs of mechanistic studies
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Spectrum 3.4 *C NMR of Compound 3.83 with and without 0.5 equiv of Gals, The darker color is the base
compound and lighter color is with gallium added.
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Spectrum 3.5 1*C NMR of Compound 3.83 with and without 0.5 equiv of Gal; zoomed in on carbonyl region The
darker color is the base compound and lighter color is with gallium added.
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Spectrum 3.6 *C NMR of Compound 3.83 with and without 0.25 equiv of 3.68, The darker color is the base
compound and lighter color is with 3.68 added.
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Spectrum 3.7 *C NMR of Compound 3.83 with and without 0.25 equiv of 3.68 zoomed in on the carbonyl region.
The darker color is the base compound and lighter color is with 3.68 added.
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Spectrum 3.8 F NMR of Compound 3.68 with and without 3.83. The darker color is the base compound and lighter
color is with 3.83 added.
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Spectrum 3.9 3C NMR of Compound 3.83 with and without 2.0 equiv of 3.72 zoomed in on the carbonyl region.
The darker color is the base compound and lighter color is with 3.72 added.
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Spectrum 3.10 *C NMR of Compound 3.83 with and without 2.0 equiv of 3.72 and 0.5 equiv Gals. The darker color
is the base compound and lighter color is with reagents added.
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Spectrum 3.11 3C NMR of Compound 3.83 with and without 2.0 equiv of 3.72 and 0.5 equiv Gal; zoomed in on the
carbonyl region. The darker color is the base compound and lighter color is with reagents added.
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Spectrum 3.12 *C NMR of Compound 3.83 with and without 0.25 equiv 3.68, 2.0 equiv of 3.72 and 0.5 equiv Gals.
The darker color is the base compound and lighter color is with reagents added.
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Spectrum 3.13 *C NMR of Compound 3.83 with and without 0.25 equiv 3.68, 2.0 equiv of 3.72 and 0.5 equiv Gal;
zoomed in on the carbonyl region. The darker color is the base compound and lighter color is with reagents added.
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Spectrum 3.14 'F NMR of Compound 3.83 with and without 0.25 equiv 3.68, 2.0 equiv of 3.72 and 0.5 equiv Gals.
The darker color is the base compound and lighter color is with reagents added.

3.4.7 Discovery and optimization of a platinum based pyridinium salt-acid reductive

etherification.

The initial discovery of this reaction was via platinum-based catalysis from the pyridinium salt
and acid. These conditions were discovered to work for benzylic pyridinium salts, and somewhat
for primary, however the structure reactivity relationship was discovered to be quite flat and

optimization attempts were abandoned in favor of the gallium-based conditions.
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Ph
3.64

Table 3.14 Color coordinated table of reagents and concentrations.

(¢] OH
Cl
\ /\/©/
N
Ts Z

1) 1.5 equiv. Kl
1.0 equiv. Proton Sponge
PhCl, 110°C, 22 h

2) Lewis Acid
3.0equiv. Silane
PhCI80°C, 3 h

3.4.7.1 Screen examining 6 Lewis acids, 2 silanes, +/- trifluoracetic acid.

O\/\@\
- 6 cl
N
Ts
3.74

name molarity color
INDIUM(III) BROMIDE 0.015
SCANDIUM(III) TRIFLATE 0.015
ALUMINUM CHLORIDE 0.015
TRIS(PENTAFLUOROPHENYL)BORANE\ 0.015
PLATINUM(Il) CHLORIDE 0.015
TETRABUTYLAMMONIUM FLUORIDE HYDRATE 1.5
TFA blank 0.1
Trifluoroacetic Acid 0.15
triethylsilane 0.3
Phenylsilane 0.3
Ester solution 0.1 #f68d45
Reagents Solvent Cstock (M) |Vdose (pL) Wells Order Added
Indium (lll) Bromide Chlorobenzene 0.2 25 AB,C,D 1 1
Scandium (lll) Triflate Chlorobenzene 0.2 25 AB,C,D 2 1
Aluminum Chloride Chlorobenzene 0.2 25 AB,C.D3 1
3.68 Chlorobenzene 0.2 25 AB,C,D 4 1
platinum (ll) chloride Chlorobenzene 0.05 25 AB,CD5 1
tetrabutyl ammonium fluoride Chlorobenzene 0.3 25 AB,C,D 6 1
Acid blank Chlorobenzene 0.3 25 A,C 1-6 2
trifluoro acetic acid Chlorobenzene 0.3 25 B,D 1-6 2
triethylsilane Chlorobenzene 0.9 25 AB 1-6 3
phenylsilane Chlorobenzene 0.6 25 C,D 1-6 3
Ester solution Chlorobenzene 0.3 25 All 4
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Product/ Internal Standard

1 2 3 4 5 6

Figure 3.24 Results of screen examining 6 Lewis acids, 2 silanes, +/- trifluoracetic acid. Platinum chloride and
tetrabutylammonium fluoride (TBAF) produced ether product in combination with phenylsilane.
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3.4.7.2 Remote access ligand and silane screen for platinum catalyzed reductive etherification.
This screen was conducted when limitations on the number of people allowed in lab were in
place during COVID. To continue research, we conducted a remote access screen where Dr. Sam
Zhang was in lab to load the robot with the necessary reagents, and I controlled the Opentrons

from my laptop.

O OH 1) 1.0 equiv. Kl o\/©

Ph 1.0 equiv. Proton Sponge
PhCl, 110°C, 22 h

+ ANV . o
2)5% PtCl, 5 or 10%Ligand
3.0equiv. Silane N
| ) 9 |

=z

R PhCI80°C, 3 h R
R=HorTs
name molarity color
N-tosyl isonipectoic acid 0.1
isonipecotic acid 0.1
benzyl kat salt 0.1 #fdab33
PLATINUM(II) CHLORIDE, 99.99+% 0.01 #fbd724
DPPF 0.01
1,2-BIS(DICYCLOHEXYLPHOSPHINO)ETHANE, 98% 0.01
1,2-BIS(DIPHENYLPHOSPHINO)BENZENE 98% 0.01
(R)-BINAP 0.01
BrettPhos 0.01 #fba238
2-DI-TERT-BUTYLPHOSPHINO-2",4',6'-TRIISOPROPYLBIPHENYL, 97% 0.01
2-DICYCLOHEXYLPHOSPHINO-2',4',6' TRIISOPROPYLBIPHENYL, 97% 0.01
|CYCLOHEXYLPHOSPHINO-2",6'-DIISOPROPOXYBIPHENYL, 95% [RUPHOS] 0.01
AlPhos 0.01
CyJohnPhos 0.01
4,6-BIS(DIPHENYLPHOSPHINO)PHENOXAZINE, 97% 0.01
LPHOSPHINO)3,6-DIMETHOXY-2',4",6'TRIISOPROPYL-1,1"-BIPHENYL, 96% 0.01
(2-BIPHENYLYL)DI-TERT-BUTYLPHOSPHINE, 97% 0.01
TRI-O-TOLYLPHOSPHINE 0.01
TRI-TERT-BUTYLPHOSPHINE, 98% 0.01
TRIPHENYLPHOSPHINE, 99% 0.01
TRIS(4-TRIFLUOROMETHYLPHENYL)PHOSPHINE, 97% 0.01 #fadc3c
1,3-BIS(DIPHENYLPHOSPHINO)PROPANE, 98.0+% 0.01 #fcd225
ligand blank 0.1 #fdc229
XANTPHOS, 97% 0.01
(OXYDI-2,1-PHENYLENE)BIS(DIPHENYLPHOSPHINE), 98% 0.01 #fec029
CATACXIUM A, 95% 0.01 #fcd225
MeatButylXphos 0.01
Diphenylsilane 03
Phenylsilane, 97+%, Thermo Scientifica€3A'A¢ 0.3
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relative
yield

dppf dcpe dppbz dppf dcpe dppbz

BINAP Brett t-XPhosBINAP Brett t-XPhoS
XPhosRuPhosAIPhos XPhosRuPho
John N-Xantt-Brett John N-Xantt-Brett
P-°tol; P-tBus P-Cysz P-°tol; P-tBus P-Cy;
PPhs P-CF3; dppe 'PPhs P-CF3 dppe
none Xant DPEP none Xant DPEP

Cataxt-XPhos none Cataxt-XPhos none

PhSiH, Ph,SiH,

Figure 3.25 Results of remote access ligand/silane screen. Please note only product 3.114 was observed so only half
of the heatmap is displayed.

3.4.7.3 Scale up of remote access screen.

Upon scaleup of the best results from the screen it was revealed the major product was actually

enol ether 3.115 which has an M-2 mass. Subsequent attempts to reduce this to 3.114 failed.
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Ph z

3.8

0
HO
Ph
3.64
Ph” N0
NTs
3.115
Ph” N0
NTs
3.115
P N0
NTs
3.115

NTs

DIPEA, Ki
then PtCl,, Alphos, Ph,SiH,
—_—

80 °C PhCl

PtCl,, PhSiH,

80 °C éhCI

NaBH,

40°C PEC , MeOH

PtCl,, H, balloon
2 gpeeon o

40 °C PhClI

NTs

NTs

3.114

~

ph” N0
NTs

3.114

~

P N0
NTs

3.114

3.115
50 %

Scheme 3.6 Results of remote access scaleup and subsequent attempts to reduce enol ether.
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3.4.7.4 Optimization of platinum based reductive etherification.

Table 3.15 Optimizing platinum source, loading, ligand, silane, and concentration.

[0} Proton Sponge, Kl
BF, Ph then X% PtX, 2 eq. Silane
ligand

HO -
+ \ -
N ’ NTs PhCI OX M ° *Ho
_ 80°C NTs NTs
Ph Ph

NMR yield ether

entry Platinum Salt Silane Ligand Concentration NMR yield alcohol

(isolated)
1 PtCl, (10%) PhSiH3 None 0.3 61% 35%
2 PtO, (10%) PhSiH5 None 0.3 55% 33%
3 Pt(COD)Me; (10%) PhSiH5 None 0.3 62% 34%
4 PtCl5 (20%) PhSiH3 None 0.3 42% 52%
5 PtCl, (1%) PhSiH; None 03 32% 26%
6 PtCl, (3%) PhSiH5 None 0.3 62% 35%
7 PtCl; (3%) PhSiH3 PPh3 0.3 20% 73%
8 PtCl, (3%) Ph,SiH, None 0.3 21% 10%
9 PtCl, (3%) Ph,SiH, PPhy 0.3 33% 12%
10 PtCl; (3%) TMDS None 0.3 trace trace
11 PtCl, (3%) PhSiHg None 0.1 40% 48%
12 PtCl, (3%) PhSiH5 PPhy 0.5 55% 37%

Table 3.16 Optimization of ester promoter, base, and solvent as well as investigating the effects of additives.

(e} base, promoter
Br, " then 2% PtCl,, 4 eq. PhSiH,
additive

NN + HO - (o) + HO
| NTs solvent
— 80 °C NTs NTs
Ph Ph

NMR yield ether

entry base Promoter solvent additive NMR yield alcohol

(isolated)

1 Proton Sponge Kl PhCI None 61% (59%) 35%
2 Proton Sponge BMDM PhClI None Trace Trace
3 Proton Sponge Kl DMF None 0% 0%

4 DIPEA Kl PhCI None 61% (60%) 35%
5 DIPEA Kl PhCI Water 2 eq 58% 38%
6 DIPEA Ki PhCI TMSOTf 59% 37%
7 DIPEA Kl PhCI TBAF 40% 54%
8 DIPEA Kl Dioxane None 40% 48%
9 DIPEA Kl Diglyme None 30% 60%
10 DIPEA Kl PhCF4 None 65% 37%
additives:

NMe, NMe, o o Me

O\\ 0L Me

- - . _\_\ AN DT
Proton Sponge OO BMDM Etowoa TBAF Me\/\/N\i\_ Me TMSOTf= p.c Y thoMe

Br Me
Me

203



3.4.8 Comparison of gallium and platinum-based conditions.

0.5 equiv Gal, 0.3 equiv PhzB

[¢) O\/\/Me 2 equn\g;thle O\/\/Me
PtCl> 5 mol % 2 equiv PhSiH3 NMR Yield (isolated):
Dioxane, 65 °C 2 hr 367 Pt: 25%
N N ’ Ga: 90%(77%)
Ts 3.70 TS

1.5 equiv KI, 1.0 equiv KOtBu
dioxane 80 °C then

Ph 0.5 equiv Gal, 0.3 equiv Ph;B
Ox-OH 2 equiv Ph,SiH, 60 °C o-Pn
N OR - NMR Yield (isolated):
| = 1.0 equiv KI, 1.0 equiv proton sponge Pt: 65%(61%)
Ph Ph PhCI °C then Ga: <10%
N PtCl; 5 mol % 2 equiv PhSiH3 N
Ts 80 °C Ts
3.64 3.8 3.114

1.5 equiv KI, 1.0 equiv KOtBu

o OH dioxane 80 °C then (0]
0.5 equiv Gal, 0.3 equiv Ph;B
Cl 2 equiv Ph,SiH, 60 °C \/\©\ isolated yield:
- Pt: 30%
HoN 1.0 equiv K, 1.0 equiv proton sponge N Ga: 49%
¥s Ts

PhCI °C then
PtCl, 5 mol % 2 equiv PhSiH 3
3.64 3.114 80°C 374
0 0 0 0
/\)]\ /\)]\ 0.5 equiv Gal, 0.3 equiv 3.68

N OEt N OEt 2.0 equiv 3.72 N0kt
H PtCl, 5 mol % 2 equiv PhSiH3 H 2 equiv Ph,SiH, 60 °C H

3.115 3.83 3.81
Full conversion 78%

Scheme 3.7 Comparison of Gallium and Platinum based reduction conditions. Gallium is selective for esters and
outperforms platinum in non-benzylic esters.

3.4.9 Deaminative amine—phenol etherification optimization

For entries 1-12 all reagents were added in a single step to try and perform a single step
operation. This was met with some success on simpler substrates, but on the more complex drug
molecules, yields were unacceptable as a single step operation, and a two-step protocol was

developed (entries 13-16)
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Table 3.17 Optimization of a two-step deaminative phenolic etherification protocol.

Me  Me 3.66, MX Me, Me
| >‘\ base | 3
o o 0] Me » ? o o o Me "
o AL K A L
HoN o Me temp °C ¢} o} Me
3.88 3.89 3.90
entry MX Base Solvent Temperature (°C) NMR yield ether

1 Kl K,CO3 Dioxane 110 40%

2 Kl K,CO3 DMA 110 15%

3 KBr K,CO3 Dioxane 110 35%

4 KBr K,CO3 DMA 110 14%

5 Csl K,CO3 Dioxane 110 37%

6 Csl K,COs DMA 110 18%

7 Kl KOtBu Dioxane 110 12%

8 Ki LiOtBu Dioxane 110 10%

9 Kl Cs,CO5 Dioxane 110 15%

10 Kl KOtBu DMA 110 trace

1 Kl LiOtBu DMA 110 trace

12 Kl Cs,CO4 DMA 110 1%

h 110

13 Kl K,CO3 Dioxane then 80 45%

14 KI K,CO DMA 110 50%
2~~3 then 80 °

4

15 Kl 110 50%
K2COs Dioxane:DMA then 80 ’

16 Kl K,CO3 Dioxane 110 64%

then DMA then 80

3.4.10 Characterization of alkyl ether products.

3.68

4-(butoxymethyl)-1-tosylpiperidine (3.68)
3.68 was prepared on a 0.2 mmol scale from butyl amine (3.65) and 3.64 according to general

procedure 3.4 to give 41.9 mg (63%) of a white solid after purification with EtOAc/hexanes.
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Rr=0.32 in 25:75 EtOAc:hexanes

"H NMR (499 MHz, cdcls) 8 7.64 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 3.82 — 3.74 (m,
2H), 3.35 (t, J = 6.6 Hz, 2H), 3.20 (d, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.23 (td, /= 11.9, 2.6 Hz,
2H), 1.77 (dd, J = 13.7, 3.6 Hz, 2H), 1.55 — 1.46 (m, 3H), 1.38 — 1.27 (m, 4H), 0.89 (t, /= 7.4
Hz, 3H).

3C NMR (126 MHz, cdcls) & 143.5, 134.5, 129.7, 127.9, 77.4, 77.2, 76.9, 75.3, 71.1, 46.3, 35.9,
31.9,28.7,21.7,19.5, 14.0.

HRMS (ESI) Calculated C17H2sNO3S™ [M+H]": 326.1784, Found 326.1777.

4-((2-cyclohexylethoxy)methyl)-1-tosylpiperidine (3.73)

3.73 was prepared on a 0.2 mmol scale from 2-cyclohexylethylamine and 3.64 according to
general procedure 3.4 to give 41.0 mg (55%) of a white solid after purification with
EtOAc/hexanes.

Rr=0.25 in 25:75 EtOAc:hexanes

'HNMR (401 MHz, CDC3) § 7.64 (d, J = 8.2 Hz, 2H), 7.31 (d, J= 8.0 Hz, 2H), 3.78 (d, J=11.6
Hz, 2H), 3.38 (t, J = 6.7 Hz, 2H), 3.19 (d, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.23 (td, /=119, 2.2
Hz, 2H), 1.76 (d, J = 11.2 Hz, 2H), 1.66 (d, J = 10.0 Hz, 4H), 1.55 — 1.45 (m, 1H), 1.41 (q, J =
6.8 Hz, 2H), 1.33 (tt, J=11.5, 5.9 Hz, 3H), 1.19 (dt, J=19.4, 11.0 Hz, 4H), 0.97 — 0.77 (m, 3H).
3C NMR (101 MHz, CDC3) § 143.3, 133.4, 129.5, 127.7, 77.3, 77.0, 76.7, 75.2, 69.2, 46.1, 37.0,

35.7,34.7, 33.3, 28.6, 26.6, 26.3, 21.5.
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HRMS (ESI) Calculated C21H34NO3S™ [M+H]": 380.2245, Found 380.2250

3.74

4-((4-chlorophenethoxy)methyl)-1-tosylpiperidine (3.74)
3.74 was prepared on a 0.2 mmol scale from 2-(4-chlorophenyl)ethylamine and 3.64 according to
general procedure 3.4 to give 40.0 mg (49%) of a white solid after purification with
EtOAc/hexanes.
Rr=0.23 in 25:75 EtOAc:hexanes
'H NMR (400 MHz, CDCls) § 7.63 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.4
Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 3.77 (dt, J=11.0, 2.4 Hz, 2H), 3.55 (t, J/ = 6.8 Hz, 2H), 3.21
(d, J=6.4 Hz, 2H), 2.79 (t, J = 6.8 Hz, 2H), 2.43 (s, 3H), 2.20 (td, /= 11.9, 2.6 Hz, 2H), 1.76 —
1.67 (m, 2H), 1.52 — 1.40 (m, 1H), 1.30 (qd, /= 12.4, 4.4 Hz, 2H).
3C NMR (101 MHz, CDCl3) & 143.5, 137.7, 133.3, 132.1, 130.4, 129.7, 128.5, 127.8, 75.4,
71.81,46.2,35.8, 35.7, 28.6, 21.7.

HRMS (ESI) Calculated C21H27CINO3S™ [M+H]": 408.1395, Found 408.1392

3.75 was prepared on a 0.05 mmol scale from 3.111 according to general procedure 3.5 using

3.71 to give 12.8 mg (68%) of a yellow oil after purification with EtOAc/hexanes.
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Rf=0.25 in 30:70 EtOAc:hexanes

"H NMR (499 MHz, CDCl3) § 7.64 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.12 (dd, J =
5.2, 1.2 Hz, 1H), 6.91 (dd, J= 5.1, 3.4 Hz, 1H), 6.81 (dd, J=3.4, 1.1 Hz, 1H), 3.78 (dt, J=11.3,
2.9 Hz, 2H), 3.60 (t, J = 6.6 Hz, 2H), 3.26 (d, J = 6.4 Hz, 2H), 3.04 (td, J = 6.6, 0.9 Hz, 2H), 2.43
(s, 3H), 2.23 (td, J=11.9, 2.6 Hz, 2H), 1.77 (dd, J=13.7, 3.7 Hz, 2H), 1.56 — 1.45 (m, 1H), 1.34
(qd, J=11.9, 4.2 Hz, 2H).

BC NMR (126 MHz, CDCls) § 143.4, 141.3, 134.3, 129.6, 127.7, 126.6, 125.1, 123.7, 75.3, 71.6,
46.1,35.7,30.4, 28.5, 21.5.

HRMS (ESI) Calculated C19H2sNO3S," [M+H]": 379.1276, Found 379.1277.

4-((cyclohexylmethoxy)methyl)-1-tosylpiperidine (3.76)
3.76 was prepared on a 0.2 mmol scale from cyclohexylmethylamine and 3.64 according to

general procedure 3.4 to give 34.8 mg (48%) of a clear oil after purification with

EtOAc/hexanes.

Rf=0.30 in 25:75 EtOAc:hexanes

'"H NMR (499 MHz, CDCls) § 7.64 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 3.78 (dt, J =
11.5, 2.2 Hz, 2H), 3.19 (d, J = 6.4 Hz, 2H), 3.14 (d, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.23 (td, J =
11.9, 2.6 Hz, 2H), 1.76 (dd, J = 13.4, 3.4 Hz, 2H), 1.72 — 1.61 (m, 6H), 1.57 — 1.43 (m, 1H), 1.33

(qd, J=12.0, 4.2 Hz, 2H), 1.28 — 1.06 (m, 3H), 0.93 — 0.82 (m, 2H).
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3C NMR (126 MHz, CDCl3) & 143.5, 134.5, 129.7, 127.9, 75.4, 46.3, 38.2, 35.8, 30.2, 28.7,
26.76, 26.0, 21.7.

HRMS (ESI) Calculated C20H3:NO3S™ [M+H]": 366.2097, Found 366.2097.

¢
o O O\/\O/\/O

1-((4-chlorophenyl)(phenyl)methyl)-4-(2-(2-(2-cyclohexylethoxy)ethoxy)ethyl)piperazine
3.77)

3.77 was prepared on a 0.2 mmol scale from 2-cyclohexylethylamine and cetirizine via a
modified general procedure 3.4 where an extra 1.5 equiv of Galz was used to give 40.7 mg (42%)
of a white solid after purification by preparative HPLC.
"H NMR (499 MHz, CDCl3) § 7.26 — 7.23 (m, 5H), 7.22 (d, J = 4.5 Hz, 4H), 4.02 (s, 1H), 3.74 —
3.69 (m, 2H), 3.54 — 3.49 (m, 2H), 3.43 (t, J=4.6 Hz, 2H), 3.33 (t, /= 7.1 Hz, 4H), 3.00 (t, J =
4.7 Hz, 2H), 2.87 (t, J=11.8 Hz, 2H), 2.72 (d, J = 13.1 Hz, 2H), 2.07 (d, /= 12.8 Hz, 3H), 1.64
— 1.49 (m, 6H), 1.28 (q, J = 7.0 Hz, 3H), 1.18 (tdd, J = 14.0, 6.8, 3.4 Hz, 2H), 1.08 (dd, J = 8.3,
2.4 Hz, 2H), 0.77 (qd, J=11.4, 3.5 Hz, 2H).
3C NMR (126 MHz, CDCl3) § 133.5, 129.2, 129.1, 128.7, 128.0, 127.3, 74.6, 70.5, 69.6, 69.4,
64.9, 53.5, 48.0, 37.0, 34.6, 33.3, 26.4, 26.2.
HRMS (ESI) Calculated C20H42CIN,O," [M+H]": 485.2929, Found 485.2932

o

Cl 3.78
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3.78 was prepared on a 0.2 mmol scale from baclofen via a modified general procedure 3.4
where DIPEA was used instead of KO#-Bu was used to give 24.8 mg (68%) of a clear oil after
purification with EtOAc/hexanes.

Rr=0.65 in 15:85 EtOAc:hexanes

"H NMR (499 MHz, CDCls) § 7.27 (d, J = 13.1 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 4.11 (t,J = 8.1
Hz, 1H), 4.06 (td, J = 8.4, 4.6 Hz, 1H), 3.91 (q, J = 8.0 Hz, 1H), 3.70 (dd, J = 8.5, 7.2 Hz, 1H),
3.38 (p,J=7.7 Hz, 1H), 2.36 (dtd, J=12.4, 7.8, 4.6 Hz, 1H), 1.96 (dq, J=12.4, 7.9 Hz, 1H).

3C NMR (126 MHz, CDCls) § 141.5, 132.4, 128.8, 128.7, 74.7, 68.6, 44.5, 34.8.

Did not ionize on UPLC-MS

Me

O/\o Me
Q

N\ _N

o=s"

4-(isopropoxymethyl)-1-tosylpiperidine (3.79)

3.79 was prepared on a 0.2 mmol scale from 3.64 and isopropylamine according to general
procedure 3.4 to give 16.8 mg (27%) of a clear oil after purification with EtOAc/hexanes.

'"H NMR (401 MHz, CDCls) § 7.64 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 7.8 Hz, 2H), 3.79 (d, J =
11.3 Hz, 2H), 3.48 (dt, J=11.8, 6.1 Hz, 1H), 3.21 (d, J = 6.2 Hz, 2H), 2.43 (s, 3H), 2.23 (t, J =
10.7 Hz, 2H), 1.78 (d, J = 13.5 Hz, 2H), 1.49 — 1.41 (m, 1H), 1.37 — 1.25 (m, 3H), 1.10 (d, J =
6.1 Hz, 6H).

3C NMR (151 MHz, CDCls) & 143.3 133.3, 129.5, 127.7, 72.5, 71.7, 46.1, 36.0, 28.6, 22.0, 21.5.

LRMS (UPLC) Calculated C16H26NO3S" [M+H]": 312, Found 312
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N-(2-(2-(1-tosylpiperidin-4-yl)ethoxy)ethyl)benzamide (3.80)
3.80 was prepared on a 0.10 mmol scale from 3.112 according to general procedure 3.5 using
3.68 to give 29.5 mg (69%) of a white solid after purification with EtOAc.
Rf=0.28 in 100:0 EtOAc:hexanes
"H NMR (499 MHz, CDCls) § 7.69 (d, J = 7.0 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.48 (t, J= 7.4
Hz, 1H), 7.37 (t, J= 7.8 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.49 (t, /= 5.5 Hz, 1H), 3.71 (d, J =
11.4 Hz, 2H), 3.57 (q, J = 5.5 Hz, 2H), 3.52 (t, /= 5.1 Hz, 2H), 3.45 (t, /= 6.4 Hz, 2H), 2.44 (s,
3H), 2.17 (t,J=11.5 Hz, 2H), 1.70 (d, /= 9.5 Hz, 2H), 1.49 (q, /= 6.0 Hz, 2H), 1.32 — 1.25 (m,
3H).
3C NMR (126 MHz, CDCls) § 167.8, 143.6, 134.4, 133.1, 131.7, 129.7, 128.7, 127.8, 126.9,
69.3, 68.6, 46.5, 39.8, 35.7, 32.4, 31.6, 21.6.

LRMS (UPLC) Calculated C23H31N204S™ [M+H]": 431, Found 431

0
N N0k
0 -

N-(3-ethoxypropyl)-2-(naphthalen-1-yl)acetamide (3.81)
3.81 was prepared on a 0.20 mmol scale from 3.83 according to general procedure 3.5 using 3.68
to give 42.1 mg (78 %) of a white solid after purification with EtOAc.
'"H NMR (400 MHz, CDCI3) & 7.96 — 7.89 (m, 1H), 7.89 — 7.83 (m, 1H), 7.81 (d, J = 8.2 Hz,

1H), 7.56 — 7.45 (m, 2H), 7.44 (dd, J = 8.2, 7.0 Hz, 1H), 7.37 (dd, J = 7.0, 1.3 Hz, 1H), 5.92 (s,
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1H), 3.97 (s, 2H), 3.27 — 3.17 (m, 4H), 3.12 (q, J = 7.0 Hz, 2H), 1.55 (p, J = 6.0 Hz, 2H), 0.89 (t,
J=7.0 Hz, 3H).
13C NMR (101 MHz, CDCls) & 171.2, 134.0, 132.2, 131.2, 128.9, 128.6, 126.8, 126.3, 125.8,

123.90, 77.5,77.2,76.8, 69.0, 66.2,41.9, 38.3, 28.9, 15.0.

HRMS (ESI) Calculated C17H2NO>" [M+H]": 272.1645, Found 272.1655

3.82
Me

4-((2-cyclohexylethoxy)methyl-d2)-1-tosylpiperidine (3.82)
3.79 was prepared on a 0.10 mmol scale from 3.64 and 2-cyclohexylethylamine according to a
modified general procedure 3.4 using deuterated phenylsilane®! to give 17.1 mg (45%) of a clear
oil after purification with EtOAc/hexanes.
'H NMR (600 MHz, cdcls) § 7.64 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 3.78 (d, J=11.6
Hz, 2H), 3.38 (t, J = 6.8 Hz, 2H), 2.43 (s, 3H), 2.24 (td, /= 11.9, 2.3 Hz, 2H), 1.76 (d, J=11.0
Hz, 2H), 1.66 (d, J=10.7 Hz, 5H), 1.48 (ddt, J=11.7, 6.8, 3.5 Hz, 1H), 1.41 (q, J = 6.8 Hz, 2H),
1.32 (qd, J=12.4, 4.1 Hz, 3H), 1.25 — 1.08 (m, 4H), 0.94 — 0.83 (m, 2H).
3C NMR (151 MHz, cdcls) § 143.31, 133.32, 129.54, 127.69, 77.21, 77.00, 76.79, 69.12, 46.12,
37.06, 35.50, 34.63, 33.34, 28.53, 26.57, 26.27, 21.51.

LRMS (UPLC) Calculated C21H32D>NO3S* [M+H]": 382, Found 382
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3.114

4-((benzyloxy)methyl)-1-tosylpiperidine (3.114)
3.114 was prepared on a 0.20 mmol scale according to general procedure from 3.65 and 3.8 via
general procedure 3.6 to give 43.8 mg (61%) of a clear oil after purification with
EtOAc/hexanes.
Rr=0.38 in 25:75 EtOAc:hexanes
'H NMR (499 MHz, CDCls) § 7.64 (d, J = 8.3 Hz, 2H), 7.39 — 7.30 (m, 4H), 7.29 — 7.27 (m,
2H), 4.46 (s, 2H), 3.78 (dt, J=11.5, 2.7 Hz, 2H), 3.28 (d, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.24 (td,

J=12.0,2.6 Hz, 2H), 1.84 — 1.76 (m, 2H), 1.35 (qd, J = 12.0, 4.2 Hz, 2H).

3C NMR (126 MHz, CDCls) § 143.5, 138.5, 133.5, 129.7, 128.5, 127.9, 127.8, 127.7, 74.7, 73.2,

46.3,35.9,28.7, 21.7.

HRMS (ESI) Calculated C20H26NO3S™ [M+H]": 360.1628, Found 360.1625

3.4.11 Characterization of phenolic ether products

Me Me
| 3
o) o] 0] Me
/\/l\/l\)J\ )<Me
) (0) Me

390
tert-butyl 2-((4R,6R)-6-(2-(2-iodophenoxy)ethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate
3.90 was prepared on a 0.2 mmol scale from 2-iodophenol and tert-butyl 2-((4R,6R)-6-(2-
aminoethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate via general procedure 3.7 to give 61.0 mg

(64%) of a clear oil after purification with EtOAc/hexanes.
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'H NMR (499 MHz, CDCls) & 7.76 (dd, J = 7.8, 1.6 Hz, 1H), 7.28 (ddd, J = 8.2, 7.3, 1.6 Hz,
1H), 6.82 (dd, J = 8.2, 1.3 Hz, 1H), 6.70 (td, J = 7.6, 1.3 Hz, 1H), 4.30 (qdd, J = 11.8, 5.2, 2.4
Hz, 2H), 4.14 (td, J = 8.8, 4.8 Hz, 1H), 4.12 — 4.04 (m, 1H), 2.44 (dd, J = 15.1, 7.2 Hz, 1H), 2.32
(dd, J=15.1, 6.0 Hz, 1H), 2.04 — 1.87 (m, 2H), 1.67 (dt, J = 12.7, 2.5 Hz, 1H), 1.46 (s, 3H), 1.44

(s, 9H), 1.36 (s, 3H), 1.34 — 1.23 (m, 1H).
13C NMR (126 MHz, CDCL3) § 170.4, 157.6, 139.5, 129.6, 122.6, 112.3, 99.0, 86.8, 80.7, 66.4,
65.7, 65.0, 42.9, 36.8, 35.9, 30.2, 28.3, 20.0

HRMS (ESI) Calculated C20H20INaOs" [M+Na]": 499.0952, Found 499.0944

0}

(80 Me
Me
(0] (0] Me
N
@fj)L“
N Me Me
H Me
3.91

N-(2,4-di-tert-butyl-5-((tetrahydro-2 H-pyran-4-yl)methoxy)phenyl)-4-oxo-1,4-

dihydroquinoline-3-carboxamide (3.91)

Compound 3.91 was prepared on a 0.20 mmol scale from ivacaftor and 4-tetrahydropyranyl
methanamine via general procedure 3.7 to give 39.2 mg (40%) of a white solid after purification

by preparative LC.

'H NMR (400 MHz, CDCls) 5 11.91 (s, 1H), 8.87 (s, 1H), 8.59 (dd, J = 8.3, 1.6 Hz, 1H), 7.76

(ddd, J = 8.7, 7.1, 1.6 Hz, 1H), 7.55 — 7.46 (m, 2H), 7.27 (s, 2H), 7.15 (s, 1H), 4.13 (d, J = 7.2

214



Hz, 2H), 3.91 (dd, J = 11.5, 3.8 Hz, 2H), 3.26 (td, J= 11.1, 2.6 Hz, 2H), 2.16 (s, 1H), 1.56 — 1.42

(m, 13H), 1.38 (s, 9H).

3C NMR (101 MHz, CDCl3) § 176.8, 153.5, 148.7, 139.3, 134.0, 133.2, 133.2, 132.8, 128.1,

128.0,125.4,125.1,125.1, 116.4, 116.0, 111.5, 67.2, 59.7, 34.9, 34.8, 34.5, 31.0, 30.4, 29.8.

HRMS (ESI) Calculated C30H30N204" [M+H]": 491.2904, Found 491.2914

0]

O, OMe
\_/ OMe
AN NHBoc
BocHN O

3.92

methyl (8)-2-((zert-butoxycarbonyl)amino)-6-(4-((S)-2-((tfert-butoxycarbonyl)amino)-3-

methoxy-3-oxopropyl)phenoxy)hexanoate (3.92)

Compound 3.92 was prepared on a 0.10 mmol scale from N-oa-Boc lysine methyl ester
hydrochloride and boc tyrosine methyl ester via general procedure 3.7 to give 18.6 mg (35%) of

a white solid after purification by preparative LC.

'H NMR (400 MHz, CDCl3) & 7.01 (d, J = 8.4 Hz, 2H), 6.79 (d, J = 8.5 Hz, 2H), 5.03 (d, J = 8.5
Hz, 1H), 4.95 (d, J = 8.1 Hz, 1H), 4.53 (q, J = 6.6 Hz, 1H), 4.32 (q, J = 6.3 Hz, 1H), 3.91 (t, J =
6.3 Hz, 2H), 3.74 (s, 3H), 3.71 (s, 3H), 3.01 (t, J = 6.8 Hz, 2H), 1.84 (dd, J = 20.4, 7.5 Hz, 2H),

1.76 — 1.62 (m, 4H), 1.53 (q, J = 7.8 Hz, 1H), 1.44 (s, 10H), 1.42 (s, 9H).

3C NMR (101 MHz, CDCls) § 172.6, 158.2, 130.4, 128.0, 114.6, 79.9, 67.5, 54.7, 53.5, 52.5,

52.4,37.6,32.7,31.7,28.9, 28.5, 22.2.

HRMS (ESI) Calculated C27H42N2NaOo" [M+Na]": 561.2783, Found 561.2763
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(28,4R)-4-hydroxy-NV-(2-(3-(2-(((8R,9S,138,14S,17S)-17-hydroxy-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-3-
yhoxy)ethoxy)propoxy)-4-(4-methylthiazol-5-yl)benzyl)-1-((5)-3-methyl-2-(1-oxoisoindolin-

2-yl)butanoyl)pyrrolidine-2-carboxamide (3.93)

Compound 3.93 was prepared on a 0.10 mmol scale from (8R,9S,13S,14S,17S)-3-(2-(2-
aminoethoxy)ethoxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopenta[a]phenanthren-17-ol hydrochloride and estradiol via general procedure 3.7 to give

22.5 mg (25%) of a white solid after purification by preparative LC.

'H NMR (499 MHz, CDCls) & 8.73 (s, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.54 (td, J = 7.5, 1.1 Hz,
1H), 7.4 (dd, J = 12.0, 7.9 Hz, 2H), 7.32 (dd, J = 9.6, 6.8 Hz, 2H), 7.16 (d, J = 8.6 Hz, 1H), 6.97
(dd, J=7.7, 1.6 Hz, 1H), 6.91 (d, J= 1.6 Hz, 1H), 6.68 (dd, J = 8.6, 2.8 Hz, 1H), 6.61 (d, J=2.7
Hz, 1H), 4.77 (d, J = 6.3 Hz, 1H), 4.74 (s, 1H), 4.65 (t, J= 7.9 Hz, 1H), 4.53 (d, J = 5.8 Hz, 1H),
4.51 — 4.45 (m, 2H), 4.44 (d, J = 6.1 Hz, 1H), 4.16 (td, J = 6.2, 1.9 Hz, 2H), 4.09 (t, J = 4.5 Hz,
2H), 3.82 (dd, J = 5.6, 4.0 Hz, 2H), 3.78 (t, J = 6.0 Hz, 2H), 3.73 (t, J = 8.5 Hz, 1H), 3.64 (dd, J
= 11.5, 3.5 Hz, 1H), 3.50 (s, 2H), 2.80 (dd, J = 12.7, 6.2 Hz, 2H), 2.54 (s, 3H), 2.41 (dt, J= 11.0,
6.5 Hz, 2H), 2.30 (ddd, J = 13.5, 10.0, 5.5 Hz, 4H), 2.22 — 2.15 (m, 7H), 2.15 — 2.07 (m, 1H),

2.08 —2.00 (m, 2H), 1.94 (dt, J = 12.5, 3.3 Hz, 1H), 1.89 — 1.82 (m, 1H), 1.72 — 1.64 (m, 1H),
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1.49 (ddd, J = 20.8, 12.0, 5.5 Hz, 2H), 1.42 — 1.13 (m, 8H), 0.90 (dd, J = 6.6, 3.6 Hz, 6H), 0.77

(s, 3H).

3C NMR (126 MHz, CDCl3) § 170.4, 170.3, 169.6, 156.8, 156.6, 150.5, 142.1, 138.0, 132.9,
132.0, 131.8, 131.6, 129.4, 128.0, 127.9, 126.5, 126.3, 123.8, 122.9, 121.5, 114.6, 112.1, 112.1,
81.9, 70.0, 69.6, 67.9, 67.4, 65.1, 58.7, 58.4, 55.9, 50.0, 47.5, 43.9, 43.2, 38.9, 38.8, 36.7, 35.6,

30.9, 30.6, 29.8, 29.6, 28.7, 27.2, 26.3, 23.1, 19.1, 19.0, 15.9, 11.1.

HRMS (ESI) Calculated Cs;HgsN4OgS* [M+H]": 945.4518, Found 945.4506

3.4.12 Characterization of alkyl halide products.

3-ethyl 5-methyl 4-(2-chlorophenyl)-2-((2-iodoethoxy)methyl)-6-methyl-1,4-

dihydropyridine-3,5-dicarboxylate (3.94)

Compound 3.94 was prepared on a 0.20 mmol scale from amlodipine besylate and potassium
iodide via general procedure 3.8 to give 74.7 mg (72%) of a yellow oil after purification with

EtOAc/hexanes.

Rr=0.65 in 25:75 EtOAc:hexanes

'H NMR (499 MHz, CDCl3) § 7.39 (dd, J= 7.8, 1.7 Hz, 1H), 7.24 (d, J = 8.4 Hz, 2H), 7.15 (t, J

=7.5 Hz, 1H), 7.08 — 7.03 (m, 1H), 5.42 (s, 1H), 4.80 (q, J = 16.1 Hz, 2H), 4.05 (tt, J= 10.7, 5.4
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Hz, 2H), 3.82 (qt, J = 11.0, 5.9 Hz, 2H), 3.63 (s, 3H), 3.38 (t, J= 5.9 Hz, 2H), 2.39 (s, 3H), 1.19

(t, J="7.1 Hz, 3H).

3C NMR (126 MHz, CDCl3) & 168.0, 167.2, 145.7, 144.9, 144.0, 132.4, 131.5, 129.3, 127.4,

126.9, 104.0, 101.6, 71.1, 67.6, 59.8, 50.8, 37.2, 19.6, 14.3, 3.6.

HRMS (ESI) Calculated C20H24CIIN4Os" [M+H]": 520.0382, Found 520.0388

Compound 3.95 was prepared on a 0.20 mmol scale from amlodipine besylate and potassium
bromide via general procedure 3.8 to give 81.1 mg (86%) of a yellow oil after purification with

EtOAc/hexanes.

Rr=0.65 in 25:75 EtOAc:hexanes

"H NMR (400 MHz, CDCls) & 7.38 (dd, J = 7.8, 1.7 Hz, 1H), 7.25 (s, 1H), 7.23 (dd, J= 7.9, 1.4
Hz, 1H), 7.14 (td, J = 7.5, 1.4 Hz, 1H), 7.04 (ddd, J = 7.8, 1.7, 0.0 Hz, 1H), 5.41 (s, 1H), 4.76
(dd, J=16.2, 11.5 Hz, 2H), 4.04 (qt, J= 7.2, 3.6 Hz, 2H), 3.96 — 3.82 (m, 2H), 3.61 (s, 3H), 3.59
(t,J=5.3 Hz, 2H), 2.36 (s, 3H), 1.18 (t, /= 7.1 Hz, 3H).

3C NMR (101 MHz, CDCls) § 168.1, 167.3, 145.8, 145.1, 144.2, 132.5, 131.6, 129.4, 127.5,

127.0, 104.1, 101.7, 71.1, 67.9, 60.0, 51.0, 37.4,37.3,31.3, 19.64, 19.62, 14.4.

HRMS (ESI) Calculated C20H24CIBrN4Os" [M+H]": 472.0521, Found 472.0519
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Compound 3.96 was prepared on a 0.20 mmol scale from amlodipine besylate and lithium

chloride via general procedure 3.8 to give 30.8 mg (36%) of a yellow oil after purification with

EtOAc/hexanes.

Rf=0.63 in 25:75 EtOAc:hexanes

'H NMR (400 MHz, CDCl3) 6 7.38 (dd, J= 7.7, 1.7 Hz, 1H), 7.23 (dd, J = 8.0, 1.4 Hz, 3H), 7.14
(td, J=17.5, 1.4 Hz, 1H), 7.04 (td, J = 7.6, 1.7 Hz, 1H), 5.41 (s, 1H), 4.79 (dd, J = 16.1, 14.8 Hz,
2H), 4.05 (tt, J = 7.1, 3.7 Hz, 2H), 3.91 — 3.76 (m, 2H), 3.74 (t, J = 4.7 Hz, 2H), 3.62 (s, 3H),
2.35 (s, 3H), 1.19 (t,J = 7.1 Hz, 3H).

3C NMR (101 MHz, CDCls) § 168.1, 167.4, 145.8, 145.1, 144.2, 132.5, 131.6, 129.4, 127.5,

127.0, 104.1, 101.8, 71.4, 68.0, 60.0, 50.9, 43.5, 37.4, 37.4, 19.6, 14.4.
HRMS (ESI) Calculated C20H24C1:N4Os™ [M+H]": 428.1026, Found 428.1016

00

3.97

(R)-4-(4-(5-(iodomethyl)-2-oxooxazolidin-3-yl)phenyl)morpholin-3-one (3.97)

Compound 3.97 was prepared on a 0.20 mmol scale from (§)-4-(4-(5-(aminomethyl)-2-
oxooxazolidin-3-yl)phenyl)morpholin-3-one and KI via general procedure 3.8 to give 54.5 mg

(68%) of a yellow oil after purification with EtOAc/hexanes.
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Rf=0.27 in 100:0 EtOAc:hexanes

"H NMR (499 MHz, CDCls) § 7.60 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 4.74 (tdd, J =
8.4,5.9,3.9 Hz, 1H), 4.34 (s, 2H), 4.18 (t, J = 8.9 Hz, 1H), 4.04 (dd, J = 5.6, 4.5 Hz, 2H), 3.80
(dd, J=9.2, 6.0 Hz, 1H), 3.75 (dd, J = 9.9, 5.2 Hz, 3H), 3.48 (dd, J = 10.4, 3.9 Hz, 1H), 3.37
(dd, J=10.4, 8.2 Hz, 1H).

3C NMR (126 MHz, CDCls) § 166.80, 136.51, 126.23, 119.15, 71.19, 68.57, 64.11, 51.01,

49.65, 5.97.

HRMS (ESI) Calculated C14H6IN,O4" [M+H]": 403.0149, Found 403.0132

3.98
(R)-4-(4-(5-(bromomethyl)-2-oxooxazolidin-3-yl)phenyl)morpholin-3-one (3.98)

Compound 3.98 was prepared on a 0.20 mmol scale from (§5)-4-(4-(5-(aminomethyl)-2-
oxooxazolidin-3-yl)phenyl)morpholin-3-one and KBr via general procedure 3.8 to give 52.6 mg

(75%) of a yellow oil after purification with EtOAc/hexanes.

Rf=0.25 in 100:0 EtOAc:hexanes

"H NMR (499 MHz, CDCl3) 6 7.60 (d, J = 9.0 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 4.97 — 4.80 (m,
1H), 4.34 (s, 2H), 4.18 (t, J = 8.9 Hz, 1H), 4.04 (dd, J = 5.6, 4.5 Hz, 2H), 3.93 (dd, /=9.2, 5.8
Hz, 1H), 3.76 (dd, J = 5.9, 4.2 Hz, 2H), 3.65 (dd, J = 10.8, 3.8 Hz, 1H), 3.57 (dd, J = 10.8, 7.4

Hz, 1H).
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3C NMR (126 MHz, CDCI3) § 166.8, 153.8, 137.4, 136.5, 126.2, 119.1, 70.6, 68.6, 64.1, 49.6,

49.2,32.5.

HRMS (ESI) Calculated C14H16BrN2O4" [M+H]": 355.0288, Found 355.0231

00

3.99

(R)-4-(4-(5-(chloromethyl)-2-oxooxazolidin-3-yl)phenyl)morpholin-3-one (3.99)
Compound 3.99 was prepared on a 0.20 mmol scale from (§)-4-(4-(5-(aminomethyl)-2-
oxooxazolidin-3-yl)phenyl)morpholin-3-one and LiCl via general procedure 3.8 to give 20.0 mg
(32%) of a yellow oil after purification with EtOAc/hexanes.

Rr=0.22 in 100:0 EtOAc:hexanes

'H NMR (499 MHz, CDCls) § 7.59 (d, J = 8.6 Hz, 3H), 7.36 (d, J = 8.7 Hz, 2H), 4.88 (ddd, J =
9.8,7.7,4.9 Hz, 1H), 4.34 (s, 2H), 4.16 (t, /= 9.0 Hz, 1H), 4.04 (dd, J = 5.6, 4.5 Hz, 2H), 3.96
(dd, J=9.1, 5.7 Hz, 1H), 3.84 — 3.69 (m, 4H).

3C NMR (126 MHz, CDCls) & 154.0, 137.5, 136.7, 126.4, 119.3, 71.0, 68.7, 64.2, 49.8, 48.3,

44.7

HRMS (ESI) Calculated C14HisCIN204" [M+H]"™: 311.0793, Found 311.0793

OMe
NHBoc

3.100

methyl (5)-2-((fert-butoxycarbonyl)amino)-6-iodohexanoate (3.100)
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Compound 3.100 was prepared on a 0.20 mmol scale from boc lysine methyl ester hydrochloride
and KI via general procedure 3.8 to give 34.8 mg (47%) of a yellow oil after purification with
EtOAc/hexanes.

Rf=0.351n 25:75 EtOAc:hexanes

'H NMR (499 MHz, CDCl3) 8 5.03 (d, J = 8.0 Hz, 1H), 4.32 (q, J = 14.4, 7.5, 6.9 Hz, 1H), 3.76
(s, 3H), 3.18 (t, J = 6.9 Hz, 2H), 1.84 (qp, J = 14.2, 7.4 Hz, 4H), 1.71 — 1.60 (m, 1H), 1.53 — 1.41

(m, 11H).

3C NMR (126 MHz, CDCl3) § 173.1, 155.3, 80.0, 53.1, 52.3, 32.7, 31.7, 28.3, 26.2, 6.1.

HRMS (ESI) Calculated C12H22INaNO4" [M+H]": 394.0486, Found 394.0455

Br.
OMe

NHBoc

3.101

methyl (5)-2-((fert-butoxycarbonyl)amino)-6-bromohexanoate (3.101)

Compound 3.100 was prepared on a 0.20 mmol scale from 3.51 and KBr via general procedure
3.8 to give 27.0 mg (42%) of a yellow oil after purification with EtOAc/hexanes.

Rf=0.30 in 25:75 EtOAc:hexanes

"H NMR (499 MHz, CDCls) § 5.02 (d, J = 8.4 Hz, 1H), 431 (q, J = 13.0, 6.9 Hz, 1H), 3.75 (s,
3H), 3.39 (t,J=6.7 Hz, 2H), 1.96 — 1.77 (m, 4H), 1.70 — 1.59 (m, 1H), 1.55 — 1.47 (m, 2H), 1.44
(s, 9H).

3C NMR (126 MHz, CDCls) § 173.0, 155.4, 80.0, 53.1, 52.3, 33.2, 32.0, 31.9, 28.3, 23.8.

HRMS (ESI) Calculated C1,H2BrNaNO,* [M+H]": 346.0624, Found 346.0622
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Cl
OMe

NHBoc
3.102

methyl (5)-2-((fert-butoxycarbonyl)amino)-6-chlorohexanoate (3.102)

Compound 3.102 was prepared on a 0.20 mmol scale from boc lysine methyl ester hydrochloride
and LiCl via general procedure 3.8 to give 12.3 mg (22%) of a yellow oil after purification with
EtOAc/hexanes.

Rf=0.30 in 25:75 EtOAc:hexanes

'H NMR (499 MHz, CDCl3) § 5.02 (d, J = 8.2 Hz, 1H), 4.31 (q, J = 7.4 Hz, 1H), 3.74 (s, 3H),
3.52 (t,J=6.5 Hz, 2H), 1.89 — 1.71 (m, 3H), 1.72 — 1.60 (m, 1H), 1.56 — 1.45 (m, 2H), 1.44 (s,

9H).

13C NMR (126 MHz, CDCls) § 173.3, 80.1, 53.3, 52.5, 44.7, 32.2, 32.1, 28.5, 22.7.

HRMS (ESI) Calculated C1,HxCINaNO4" [M+H]': 302.1130, Found 302.1133
O

|
Meo/\/\)\©\
CF.

3.103 3
(E)-5-methoxy-1-(4-(trifluoromethyl)phenyl)pentan-1-one O-(2-iodoethyl) oxime (3.103)

Compound 3.103 was prepared on a 0.20 mmol scale from 3.55 and KI via a modified general
procedure 3.8 where DMA was used as a solvent to give 80.0 mg (92%) of a tan solid after
purification with EtOAc/hexanes.

Rr=0.751in 20:80 EtOAc:hexanes
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'H NMR (499 MHz, cdels) § 7.74 (d, J = 8.2 Hz, 3H), 7.62 (d, J = 7.9 Hz, 4H), 4.42 (t, J = 6.8

Hz, 4H), 3.44 — 3.36 (m, 6H), 2.81 (t, J= 7.5 Hz, 2H), 1.70 — 1.59 (m, J = 3.3 Hz, 7H).

13C NMR (126 MHz, cdcls) & 158.32, 138.86, 131.13, 126.08 (q, J = 197.7 Hz), 125.40 (q, J =

3.8 Hz), 122.90, 74.24, 72.25, 58.60, 29.59, 26.35, 23.19, 2.88.
9F NMR (376 MHz, cdcls) § -62.77.

HRMS (ESI) Calculated Ci5sH20F3INO>" [M+H]": 430.0485, Found 430.0485

(o)
Br/\/ SN

|
Meo/\/\)\©\
CF.

3.104 3
(E)-5-methoxy-1-(4-(trifluoromethyl)phenyl)pentan-1-one O-(2-bromoethyl) oxime (3.104)

Compound 3.104 was prepared on a 0.20 mmol scale from 3.55 and KBr via a modified general
procedure 3.8 where DMA was used as a solvent to give 67.8 mg (89%) of a tan solid after
purification with EtOAc/hexanes.

Rr=0.751in 20:80 EtOAc:hexanes

'H NMR (499 MHz, cdcls) § 7.74 (d, J = 8.1 Hz, 1H), 7.62 (d, J= 7.9 Hz, 1H), 4.47 (t, J = 6.2
Hz, 2H), 3.62 (t, J = 6.2 Hz, 2H), 3.42 — 3.36 (m, 2H), 3.32 (s, 3H), 2.84 — 2.78 (m, 2H), 1.69 —

1.58 (m, 3H).

13C NMR (126 MHz, cdcls) 8 158.58, 139.01, 126.08 (q, J = 197.7 Hz), 125.40 (q, J = 3.8 Hz),

73.69, 72.40, 58.74, 30.21, 29.71, 26.45, 23.29.
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F NMR (376 MHz, cdcls) & -62.77.
HRMS (ESI) Calculated Ci5H20F3BrNO:" [M+H]": 382.0624, Found 382.0630

(o)
CI/\/ SN

|
Meo/\/\)\©\
CF.

3.106 3
(E)-5-methoxy-1-(4-(trifluoromethyl)phenyl)pentan-1-one O-(2-chloroethyl) oxime (3.105)

Compound 3.105 was prepared on a 0.20 mmol scale from 3.55 and LiCl via a modified general
procedure 3.8 where DMA was used as a solvent to give 23.7 mg (35%) of a tan solid after
purification with EtOAc/hexanes.

Rf=0.75 in 20:80 EtOAc:hexanes

"H NMR (499 MHz, cdcls) § 7.74 (d, J= 7.8 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 4.41 (t,J=5.9
Hz, 2H), 3.78 (t, /= 5.8 Hz, 2H), 3.38 (t, J = 6.5 Hz, 1H), 3.32 (s, 3H), 2.81 (t, /= 7.3 Hz, 2H),
1.80 — 1.45 (m, 4H).

3C NMR (126 MHz, cdcls) § 158.41, 138.86, 131.13, 130.87, 126.08 (q, J = 197.7 Hz), 125.40
(q,/=3.8 Hz), 122.90, 73.74, 72.23, 58.57, 42.27, 29.51, 26.26, 23.09.

9F NMR (470 MHz, cdcls) § -62.79.

HRMS (ESI) Calculated C15sH20F3CINO," [M+H]": 338.1129, Found 338.1135

(o}
|/\/O\/\o/\/o\)J\NH

0 O
NH
3.106 N o

[o]
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2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)-N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yDacetamide (3.106)

Compound 3.106 was prepared on a 0.05 mmol scale from 2-(2-(2-(2-
Aminoethoxy)ethoxy)ethoxy)-N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)acetamide hydrochloride, and KI via a modified general procedure 3.8 where 3.66 was
replaced with 2,4,6-tris(4-(trifluoromethyl)phenyl)pyrylium tetrafluoroborate to give 23.0 mg
(80%) of a white solid after purification with EtOAc.

'H NMR (499 MHz, CDCls) § 10.46 (s, 1H), 8.86 (d, J = 8.4 Hz, 1H), 8.25 (s, 1H), 7.73 (t, J =
7.9 Hz, 1H), 7.58 (d, J = 7.3 Hz, 1H), 4.96 (dd, J = 12.4, 5.4 Hz, 1H), 4.22 (s, 2H), 3.87 — 3.79
(m, 5H), 3.73 (t, J = 6.8 Hz, 2H), 3.71 — 3.68 (m, 2H), 3.68 — 3.62 (m, 2H), 3.24 (t, J = 6.8 Hz,
2H), 2.98 —2.87 (m, 1H), 2.86 — 2.70 (m, 2H), 2.21 — 2.13 (m, 1H).

3C NMR (126 MHz, CDCls) § 170.9, 169.6, 168.6, 167.9, 166.9, 136.9, 136.5, 131.5, 125.4,

119.0, 116.3,72.1,71.7,71.2,70.9, 70.7, 70.3, 49.4, 31.5, 22.8, 3.1.

HRMS (ESI) Calculated C21H2sIN30s" [M+H]": 574.0681, Found 574.0688

o]
Br/\/o\/\o/\/o\)J\NH

O O
NH
3.107 N 0

[¢]

2-(2-(2-(2-bromoethoxy)ethoxy)ethoxy)-/N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-

4-yl)acetamide (3.107)

Compound 3.107 was prepared on a 0.05 mmol scale from 2-(2-(2-(2-

Aminoethoxy)ethoxy)ethoxy)-N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
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yl)acetamide hydrochloride, and KBr via a modified general procedure 3.8 where 3.66 was
replaced with 2,4,6-tris(4-(trifluoromethyl)phenyl)pyrylium tetrafluoroborate to give 23.0 mg
(80%) of a white solid after purification with EtOAc.

"H NMR (499 MHz, CDCls) & 10.47 (s, 1H), 8.87 (d, J = 8.4 Hz, 1H), 8.32 (s, 1H), 7.74 (t, J =
7.9 Hz, 1H), 7.59 (d, J = 7.3 Hz, 1H), 4.97 (dd, J = 12.4, 5.3 Hz, 1H), 4.22 (s, 2H), 3.83 (q, J =
1.7 Hz, 4H), 3.80 (t, J = 6.2 Hz, 3H), 3.75 (t, J = 5.8 Hz, 1H), 3.73 — 3.70 (m, 3H), 3.70 — 3.66
(m, 3H), 3.62 (t, J=5.8 Hz, 1H), 3.46 (t, J = 6.2 Hz, 2H), 2.96 — 2.71 (m, 4H), 2.21 — 2.13 (m,
1H).

3C NMR (126 MHz, CDCls) § 170.8, 169.4, 168.4, 167.9, 166.8, 136.8, 136.3, 131.4, 125.3,

118.8,116.1,71.6,71.4,71.2,71.1,70.71, 70.69, 70.6, 70.5, 49.2, 42.8, 31.4, 30.4, 22.7.

HRMS (ESI) Calculated C21H2sBrN3Og" [M+H]": 526.0820, Found 526.0833

3.5 NMR spectra of compounds.

3.5.1 NMR spectra for Esterification Reaction
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3.5.2 NMR Spectra for etherification reaction
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Chapter 4 The Biological Impact of Alternative Amine—Acid Coupling Reactions?®

This chapter focuses on the applications of the work developed in the last chapter. In the first
part of the chapter, amine—acid coupling reactions are developed and applied to generate
derivatives of the PROTAC dbetl. The biological activity of these products is explored, and
computational studies performed to rationalize some of the observed activity.

The second part of this chapter details synthesizing derivatives of fluorescein using amine—acid
couplings. The products of these reactions are then imaged in cells and their organelle

distribution profile is studied.

4.1 Diverse Amine-Acid Coupling Reactions Modulate the Potency of BRD4 PROTACs’

4.1.1 Introduction

The ability to covalently unite two molecules is critical to studies in proximity-induced
pharmacology, medicinal chemistry, polymer chemistry, chemical biology, antibody-drug fusion
and other diverse bioconjugation applications. Recently, the emergence of proteolysis targeting
chimeras (PROTACS) as a powerful therapeutic modality has highlighted the role that the linker

composition has not only on the activity, but also the bulk physicochemical properties of these

8 The first portion of this chapter submitted as a preprint to ChemRxiv: McGrath, A.; Huang, H.; Brazeau, J.-F;
Zhang, Z.; Vellore, N. A.; Zhu, L.; Shi, Z.; Venable, J. D.; Gelin, C.; Cernak, T. Diverse Amine-Acid Coupling
Reactions Modulate the Potency of BRD4 PROTACSs. ChemRxiv 2023. DOI:10.26434/chemrxiv-2023-bh0d]1.

% This work was done in collaboration with Janssen Pharmaceuticals. Dr. Rose Zhang performed some of the initial
optimization studies for the alkylation reaction. Dr Haiyan Huang synthesized compounds 4.3, 4.5, 4.19, 4.23, and
4.53 All other chemistry optimization and compound synthesis was performed by me. I performed the
chemoinformatic exercises. Scientists at Janssen performed all assays and MD simulations.
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protein degraders.!® PROTACS are heterobifunctional ligands that contain a ligand to recruit an
E3 ubiquitin ligase, a ligand to bind the protein of interest (POI), and a linker conjoining the two
ligands, leading to event driven pharmacology that is catalytic and agnostic of receptor
occupancy.’ As such, PROTACs have a unique ability to eliminate “undruggable” protein
targets. The explosion of interest in PROTACSs has led to an extensive, commercially available
toolkit of linker and E3 ligase binding building blocks, many of which terminate in an amine or
carboxylic acid. The amide reaction is one of the most popular methods for linking two
molecules together and has been broadly used in the development of PROTACs.®® Other tactics
include esterification', click chemistry,'! SxAr,'? Buchwald—Hartwig coupling,!* among other
new methods.!*!> Each of these methods represents a powerful way to unite the POI and E3
ligase pair, but often requires multi-step synthesis to install an alternative reactive functional
group on one or both binders. Recently, we have shown that amines and carboxylic acids can be
united in many ways beyond the amide connection, with each amine-acid coupling
transformation imparting a distinct physicochemical footprint on the product.'®! Given that the
linker moiety may affect degradation efficiency as well as absorption, distribution, metabolism
and excretion (ADME) properties such as permeability of PROTACs,?? we sought to explore
new reactions that would expand access to diverse linkages between a POI and E3 ligase ligands,
and examine the influence of the linker changes on the biological activity of certain final
PROTAC:S.

Conventionally, when a primary amine and carboxylic acid are coupled together?, the
resultant amide motif bears one hydrogen bond donor (HBD) along with two hydrogen bond
acceptors (HBA) and a neutral charge. In this manner, the transformation itself can be viewed as

leaving a physicochemical footprint on the product. However, if the conditions used in the
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reaction are modified and an ester is produced instead, the HBD is removed from the product. It
follows that the functional outcome of a molecule is dependent not only upon the building blocks
used to create it but also the transformation used to unite these fragments which are intertwined
with the selected reaction conditions. In this way, shifts in the composition and arrangement of
atoms allow for a fine tuning of the property space accessible from just two building blocks by

changing reaction conditions.!” We have developed transformations that couple amines and

18,19 20,21

acids into esters, alkanes, and ketones.?! The application of complementary amine—acid
coupling transformations to assemble PROTACs is particularly intriguing, considering the
important role that the linker design itself may play on properties. Herein, we developed a suite
of amine—acid PROTACsSs linking reactions that produced either an amide, ester, amine, alkane,
or ketone linkage using the well-studied bromodomain inhibitor JQ1 1 and cereblon (CRBN)
binding pomalidomide derived amine 2 to yield derivatives 4—7 of the classic PROTAC dBET]1
(3) (Figure 4.1).2* Our suite of heterobifunctional degraders, accessed from these two starting
materials was expanded upon by applying the same transformations to a von Hippel-Lindau

(VHL) targeting amine. The resultant compounds span a range of physicochemical and

pharmacological properties.
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Figure 4.1 Diverse amine—acid couplings on 1 and 2 can produce amide (3), ester (4), alkane (5), ketone (6), or

amine (7), congeners.

4.1.2 Chemoinformatic analysis of commercially available PROTACs

When 80 possible transformations'® were applied on 4.1 and a suite of commercially available
CRBN recruiting amines in silico, a diverse property space emerged. The properties of these
molecules, including molecular weight, LogP, formal charge, and polar surface area (PSA) were
calculated and compared for the 80 possible transformations using a t-Distributed Stochastic
Neighbor Embedding (tSNE) (Figure 4.2). This analysis revealed the amide (purple) and amine
(yellow) transformations in general occupy their own chemical space, suggesting these
transformations impart a larger effect on the overall properties of the molecule. Comparatively,
the ester (pink), alkane (red), and ketone (orange) overlap in chemical space, indicating these
transformations exert a more nuanced effect on the property space occupied by the products.

This is further exemplified by the incorporation of basic amines into the linker portion of the
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starting amine (c.f. orange dots in the yellow space). Notable inaccessible pockets (grey) of this
space that remain include transformations that retain the carboxylic acid or incorporate
rearrangements (See Supporting Information), representing synthetic methods that may be
possible to investigate in the future. However, these four new transformations cover a breadth of

space and offer new structure activity relationships from the same two building blocks.

4.1.3 HTE optimization of PROTAC amine—acid couplings

Our studies initiated with a campaign to identify diverse reaction conditions for linking
4.1 and 4.2 that would produce PROTAC molecules 4.3-7. We used miniaturized high
throughput experimentation (HTE), which has emerged as a powerful tool in the navigation of
reaction space.”>2® In addition to allowing a rapid assessment of the interplay of multiple
reaction variables, the use of miniature glass vials allows for conservation of precious starting
materials,”’ such as partial PROTAC building blocks. HTE investigation of the four targeted
amine—acid coupling transformations esterification, alkylation, ketonylation, or amination was
conducted surveying 24 unique reaction conditions each. Reactions were performed on less than
10 umol scale of starting material 4.2 per well (Figure 2a).

Automatable amine—acid esterification reactions have been developed by our lab for both
alkyl'” and aryl amines.'® In the alkyl amine setting, the esterification proceeds via activation of

the alkyl amine as its triphenylpyridinium salt*

and aging with a carboxylic acid in the presence
of N,N-diispropylethylamine (DIPEA) and potassium iodide (KI). When 4.1 and the pyridinium
salt of 4.2 were subjected to these conditions, the desired ester was observed alongside an
undesired isobaric compound presumed to be from imine N-alkylation (See Experimental). Thus,

a 24-well reaction array examining different promoter additives and bases was performed to

identify alternative reaction conditions for the formation of desired ester 4.4 (Figure 4.2, B). In
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general, stronger bases facilitated the formation of the desired ester product. For instance,
potassium tert-butoxide yielded 4.4 as the exclusive product whereas lutidine exclusively formed
the undesired adduct. DIPEA and triethylamine (TEA) gave mixtures of both the desired product
and the undesired adduct. Potassium bromide (KBr) and bromomethyldiethyl malonate
facilitated the reaction as additives, but in lower yield than KI or sodium iodide (Nal). The best
performing conditions used KI and potassium tert-butoxide and gave 4.4 in 53% assay yield and
54% isolated yield. This protocol complements multi-step synthesis methods to access ester-
linked PROTACS via total synthesis. '

To access the alkane and ketone linked products, we explored nickel-catalyzed reductive
cross-couplings conditions. Recent methods employing nickel as the metal catalyst have emerged

31-35

as a powerful tool to link pyridinium salts and activated carboxylic acids for the formation of

alkanes or ketones®>°

, and we hypothesized that a reducing nickel system would best facilitate
the formation of alkane (4.5) and ketone (4.6) targets. We began our investigation through
coupling acyl fluoride 4.8 (Figure 4.3), generated in-situ from 4.1 using
tetramethylfluoroformamidinium hexafluorophosphate (TFFH) and proton sponge, and 4.10
(pyridinium salt of 4.2). Subjecting these coupling partners to nickel (II) bromideeglyme
(NiBr2eDME), 4,4-di-tert-butylbipyridine (dtbpy), and elemental manganese produced alkane
product 4.5. A thorough investigation of the interplay of imide additives (Experimental)*,

nickel sources, ligands, and Brensted acid additives (Figure 4.2, C) was conducted. We found
that hydantoin increased alkane formation whereas the inclusion of Brensted acids was

detrimental. NiBr,sDME, and dtbpy were observed to be the optimal catalyst and ligand

combination giving 4.5 in 38% assay yield.
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In our investigation of ligands to synthesize alkane 4.5, we observed a ligand change
occasionally yielded mixtures of 4.5 and ketone 4.6 (see Experimental). Based on these
observations we hypothesized we could access 4.6 through careful selection of catalyst, ligand
and additive. Thorough investigation revealed we should explore other activation strategies (see
Experimental). For substrates derived from 4.1, we determined acyl carbonates to be a viable
activating group.>® Subsequently, JQ1 (4.1) was activated in situ by using dimethyldicarbonate
(DMDC). After determining our optimal activating group, we investigated the use of imides,
Brensted acids, and ligands (Figure 4.2, D). We found the ligand (Z)-N-cyanopicolinimidamide
(PyCamCN) maximized the yield of 4.6, whereas dtbpy gave alkane 4.5 exclusively. Notably, in
contrast to our findings in the C—C coupling of 4.1 and 4.2, the use of imide additives hindered
ketone formation while triethylammonium hydrochloride (NEt3*HCI) was found to increase the
yield. We selected in situ activation of 4.1 with DMDC and catalyzed ketonylation with nickel
(IT) acetylacetonate Ni(acac),, PyCamCN, and NEt;*HCI as optimal conditions to deliver 4.6 in

36 % assay yield.
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Figure 4.2 (A) Developing diverse reaction conditions to produce ester, amine, alkane, and ketone-linked analogs of
amide dBET! (4.3) using high-throughput experimentation. Assay yields were determined by UPLC-MS. (B) Ester
array conditions: 10 umol of 4.1 (1.0 equiv), 4.10 (1.0 equiv), base (1.0 equiv) and additive (equiv listed) per well.
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(C) Alkane array conditions: 5 pmol (2.0 equiv) of 4.8, 4.10 (1.0 equiv), nickel catalyst (40 mol%), ligand (40 mol
%), imide additive (2.0 equiv), Brensted acid (2.0 equiv), and manganese (4.0 equiv) per well. (D) Ketone array
conditions: 5 pumol (2.0 equiv) of 4.9, 4.10 (1.0 equiv), nickel catalyst (40 mol%), ligand (40 mol %), additive (2.0
equiv), and manganese (4.0 equiv) per well. (E) Amine array conditions: 15 umol 4.1 (1.5 equiv), 4.2 (1.0 equiv),
catalysts (5 mol %), ligand (10 mol %), and phenylsilane (4 equiv) per well. All wells contain 100 pL of solvent.
PyBCamCN = (2Z,62)-N'2,N'6-Dicyanopyridine-2,6-bis(carboximidamide), MeOPyCamCN = 4-methoxy-N-
cyanopicolinimidamide PyCamCN = N-cyanopicolinimidamide, ttbtpy = 4,4'4"-Tri-tert-Butyl-2,2":6',2"-
terpyridine, dtbpy = 4,4-di-tert-butylbipyridine, 2CNPyr = 2-cyanopyridine, Karstedt’s cat = Platinum(0)-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane complex.

4.1.3.1 Ligand effects in nickel catalyzed coupling reaction outcomes

We were intrigued by the rapid decarbonylation of the acyl fluoride 4.8 to give alkane
product 4.5 as opposed to ketone product 4.6 when subjected to nickel and dtbpy, in contrast to
literature reports (Figure 4.3).*¢ This may be due to subtle changes in electronics of the substrate
having a profound impact on the rate of decarbonylation in nickel catalyzed reactions.’!
Mechanistic investigations in our lab and others?!*7*!4> have highlighted that subtle effects
govern the decarbonylation event in nickel-catalyzed reductive cross-couplings. In addition,
ligands may also play a role in governing the kinetics of decarbonylation; when the acyl
carbonate of 4.1 and pyridinium salt of 4.2 were subjected to NiBr.eDME and dtbpy, only the
decarbonylated alkyl coupling product 4.5 was observed albeit in lower yield. To further probe
this effect, we investigated other amine and carboxylic acid coupling partners under our reaction
conditions (see Experimental). In general, we have discovered that selectivity for C—C coupling
is consistent in the case of primary pyridinium salts whereas only the ketone product is observed
when using secondary pyridinium salts. The rapid decarbonylation is also observed in carboxylic
acids containing a B-diphenyl imine group. Further investigations into this effect are ongoing in

our lab.
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Figure 4.3 A change in ligand switches the selectivity for the synthesized product. Reactions conducted using 4.8 or
4.9 (2.0 equiv), 4.10 (1.0 equiv), nickel catalyst and ligand (40 mol % each), additive (2.0 equiv), and manganese
(4.0 equiv) at 0.025 M.

4.1.3.2 A selective amine—acid reductive amination

We next turned our attention to the formal reductive amination between 4.1 and 4.2.
Based upon literature precedent****, we believed the desired reactivity could be achieved using
either platinum-based catalysis or #ris(pentafluorophenyl)borane (BCF). BCF in dibutylether
(Bu2O) produced a trace amount of desired amine 4.7 along with amide 4.3 and recovered
starting material, and no reduction of the amide bond or four other carbonyls. Further
investigation of solvent effect demonstrated that DMSO outperforms other polar aprotic solvents
(see Experimental) suggesting that the effect is not entirely solubility driven. Based upon these
data we planned a screen investigating solvents, catalysts, and ligands. Three catalysts (two
platinum and BCF), and four phosphine ligands, were surveyed by HTE using DMSO or dibutyl
ether as solvent. Our observations confirmed that DMSO is essential to achieving reactivity with
these complex substrates, which contrasts reports on simpler substrates.*** Additionally,
platinum catalysis outperformed boron catalysis with platinum (II) chloride being an optimal
catalyst and BrettPhos as a preferred ligand.

To further explore the scope of the reductive amination reaction we applied our
optimized condition to an array of six amines including four partial PROTACs (4.2, 4.11-13),

two linker type molecules (4.14, 4.15) (Figure 4.4, A) and four pharmaceutically relevant
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carboxylic acids (4.1, 4.16-18) (Figure 4b). Since we have seen that CRBN targeting ligands
such as 4.2 and 4.11 generally perform better in pure DMSO, and other systems perform better
using a mixture of DM SO and dioxane, we settled on 30% DMSO in dioxane as a balance. These
conditions appear broadly applicable to late-stage derivatization as we saw product formed in
every well (Figure 4.4, C). This is remarkable as the reaction performs in the presence of
functionalities such as alcohols (4.12,4.13), acetonides (4.17), a dihydrouracil (4.11), and an
indole (4.16). Additionally, the reaction works on aliphatic as well as benzylic acids. To assess
the performance of the reaction we isolated products from four wells on a 0.1 mmol scale (4.19—
22) (Figure 4.4, D). In each of these reactions, we did not observe reduction of other carbonyls
present in the molecule. These results as well as control experiments leaving the amine out (see
Experimental) suggest a pathway where an aldehyde intermediate plays a dominant role as
opposed to amide formation and subsequent reduction.**% A second scope screen and
subsequent scale up of several amines was performed (see Experimental). The ester, alkane, and
ketone transformations as well as the amide coupling were also applied to this library (see

Experimental).
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Figure 4.4 Reductive amination conditions applied to a library of (A) 6 amines and (B) 4 acids. All reactions
conducted using 10 umol of amine (1.0 equiv) and 15 pmol of acid (1.5 equiv), PtCl, (5 mol %), BrettPhos (10 mol
%) and PhSiH3 (5.0 equiv) at 0.1 M. (C) Results of the screen (D) Scale up of select compounds on 0.100 mmol
scale relative to the amine starting material.

4.1.4 Scale up and isolation of PROTACs.

With optimized conditions for each transformation, we turned our attention towards the

scale up and isolation of each compound in practically useful amounts (0.1 mmol scale) (Figure
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4.5, A). Due to the immense interest in using VHL as an E3 ligase as a complementary approach
to protein degradation, we applied our conditions to VHL targeting amine 4.13.%**7 We observed
similar reactivity trends despite incorporating new functional groups with the potential to
interfere. Scale up of our conditions was found to correlate well with assay yield for each
transformation and delivered both the CRBN and VHL based PROTAC:S in acceptable yield. Our
amide conditions (see Experimental) yielded compound 4.3 in 73% and compound 4.23 in 47%
yields respectively. Applying our esterification conditions to each substrate yielded ester 4.4 in
54% and ester 4.24 in 36% yields. Further, a one-pot protocol (see Experimental) was developed
to give 4.4 directly from 4.1 and 4.2 in 28% yield. A slightly modified protocol using two
equivalents of base was applied to the HCI salt 4.13 to give 4.24 in 25% yield. Applying our
alkane conditions yielded 4.5 in 33% and 4.25 in 20% yields respectively. Application of our
ketone conditions yielded 4.6 and 4.26 in 28% and 19% yields. Finally, our conditions for
reductive amination yielded 7 in 23% yield. It was found it was necessary to adjust the solvent to
10% DMSO in dioxane to achieve optimal reactivity for the synthesis of 4.19. This adjustment
furnished 4.19 in 23% yield. It is of note that we did not observe opening of the glutarimide ring
under any of our reaction conditions.***** With nine new dBET1 analogs in hand, calculations
were performed on each molecule to demonstrate that we can effectively modulate the properties
of each final PROTAC by changes to the linker composition (Figure 5, B & D). While bulk
properties are determined by choice of building blocks (4.2 vs 4.13), each transformation imparts
its own effect on the overall properties of the molecule with removal of the hydrogen bond donor
(amide/amine to ester/alkane/ketone) having the greatest impact in this investigation (see

Experimental for labels).
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Figure 4.5 (A) Five transformations applied to 4.1 & 4.2 (POM), as well as 4.1 and 4.13 (VHL). All reactions
conducted at 0.100 mmol scale relative to the amine. Amide conditions: 4.1 and 4.2 (1.0 equiv), PyAOP (1.0 equiv),
and N-methylimidazole (1.0 equiv) in 1.0 mL of solvent (0.1 M). Ester reaction conditions: 4.1 and 4.10 (1.0 equiv),
KI (2.0 equiv), and KO'Bu (1.0 equiv) in 1.0 mL solvent (0.1 M). CC and Ketone conditions: 4.1 (2.0 equiv), 4.2
(1.0 equiv), nickel catalyst (40 mol%), ligand (40 mol %), additive (2.0 equiv), and manganese (4.0 equiv) in 2.0 mL
solvent 0.05 M. Amine conditions: 4.1 (1.5 equiv) and 2 (1.0 equiv) PtCl (5 mol %), BrettPhos (10 mol %) and
PhSiH; (5.0 equiv). (B) Chemoinformatic analysis of 4.3-7. (C) methods used to activate the amine or acid coupling
partner (D) Chemoinformatic analysis of 4.19, 4.23-26.

4.1.5 Biological activity of PROTAC derivatives

Having established conditions to scale up and isolate the 10 BRD4 PROTACs (4.3-7,
4.19, 4.23-26), in vitro profiling in our primary biological assays to assess BRD4 degradation
was initiated. We tested both CRBN-based PROTACs 4.3—7 as well as VHL (4.19, 4.23-26)
using HEK293 cells to readout endogenous BRD4 degradation DCso and Dmax values.”® In

addition, to separate on target BRD4 degradation from general cell toxicity, Cell Titer Glo
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(CTG) was also conducted (see Experimental). Within the CRBN-BRD4 PROTAC series, we
observed several molecules with more efficient BRD4 degradation than dBET1 (4.3) (Figure 4.6,
A; Table 4.1). The ester 4.4, alkane 4.5 and ketone 4.6 were more potent than amide 4.3, with
DCso values of 5.4 nM, 10.8 nM, 9.2 nM, and 95.0 nM, respectively (Table 4.1). Comparable
target degradation to amide 4.3 (Dmax 80%), was observed for 4.4, 4.5, and 4.6 (83%, 76% and
85% at 24 h). Conversely, the amine analog 4.7 was not successful at degrading BRD4 with a
DCso of > 11 uM. In general, the VHL-based PROTAC:S 4.19, 4.23-26, follow the same trend in
BRD4 degradation as observed for the four linkages compared to the CRBN series (see Figure
4.6, B), albeit DCsg values are higher and Dmax values lower. VHL ester 4.24 and ketone 4.26 are
the most efficient degraders of BRD4 in the set, with DCso values of 27.3 nM and 13.4 nM (Dmax
values of 80% and 79%, respectively) (Table 4.1). VHL alkane 4.25 has a 21-fold higher DCsq
and diminished Dmax value relative to CRBN alkane 4.5, likely due to reduced binding to BRD4

and VHL protein (see Figure 4.37,38 in Experimental).
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Figure 4.6 BRD4 HTRF Degradation Assay: (A) CRBN series degradation curves (4.3-7). (B) VHL series
degradation curves (4.19, 4.23-26).
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Table 4.1 Table of experimental physicochemical properties and BRD4 HTRF degradation values. Values reported
are the mean = SEM of a single experiment in quadruplicate.

BRD4 HTRF BRD4 HTRF
E3 Ligase Linker Type (# MW CHI LogD,;4 degradation degradation
DCso (nM) Dmax (%)

CRBN amide (4.3) 785 2.16 95.0+7.2 80
CRBN ester (4.4) 786 2.68 54+1.0 83
CRBN alkane (4.5) 742 2.81 10.8+0.9 76
CRBN ketone (4.6) 770 2.57 92+1.0 85
CRBN amine (4.7) 771 1.66 >11,000 2
VHL amide (4.23) 1033 2.78 68.3+6 87
VHL ester (4.24) 1034 3.25 15.8 £1.5 89
VHL alkane (4.25) 990 3.38 228.0 +16.7 58
VHL ketone (4.26) 1018 3.16 13.4+0.9 i9
VHL amine (4.19) 1019 2.30 11,000 14

To understand the observed BRD4 degradation results that arose from subtle changes to
the linker, we measured target engagement of the heterobifunctional degraders to BRD4 protein
and the corresponding E3 ligase (Table 4.2). Binding affinity of the PROTACs to BRD4 4.3—7
was assessed in a BRD4-BD1 biochemical probe displacement assay to bromodomain BD1. E3
ligase engagement was evaluated in a cellular CRBN or VHL nanoBRET (Bioluminescence
Resonance Energy Transfer) assay dependent on the PROTAC synthesized. The cellular
nanoBRET target engagement assay was used as a surrogate to examine PROTAC cellular
permeability.”! The assay was performed in both live and permeabilized (lytic) cells and

intracellular availability was determined by calculating the relative binding affinity (RBA).>?

Table 4.2 Target engagement for CRBN analogs (4.3-7) assessed by BRD4-BD1 HTRF displacement assay and
cellular nanoBRET CRBN-tracer assay in live and permeabilized conditions. Values reported are the mean + SEM
of a single experiment in triplicate for the BRD4—BD1 HTRF assay. Values reported are the mean + SEM of a
single experiment containing five technical replicates for the cellular nanoBRET CRBN-tracer assay.

Y= e e Il
amide (4.3) 16.0+1.1 5285350 86.3+4.8 6.1
ester (4.4) 2301 263.7+7.6 68.8+4.4 24
alkane (4.5) 669+1.1 5035+19.9 120.7 £ 14.2 42
ketone (4.6) 242%0.9 4218+21.1 107.1+15.9 3.9
amine (4.7) 453.2+18.4 11272 + 1992.7 102.0 4.9 110.5
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Table 4.2 shows the data for the five CRBN-BRD4 PROTACSs using amide 4.3 as a
benchmark, which has a BRD4 affinity of 16.0 nM, and CRBN binding of 528.5 nM (live cells)
and 86.3 nM (permeabilized cells). Of the newly synthesized analogs, ester 4.4, alkane 4.5, and
ketone 4.6 maintain binding with ICso values of 2.2, 66.9, and 24.2 nM for BRD4, respectively.
Notably removal of the carbonyl moiety in alkane 4.5 does not result in a significant loss in
BRD4 affinity (Table 2). Looking at the RBA values, a decrease is seen for ester 4.4, alkane 4.5,
and ketone 4.6, (RBA: 2.4, 4.2, and 3.9, respectively, relative to 4.3). This is possibly because
these three analogs have higher LogD, correlating with an anticipated increase in permeability.
All three of these analogs have the HBD N—H group seen in amide 4.3 removed. The SAR trend
observed for BRD4 degradation has 4.4—6 as the most potent degraders and the improvement in
permeability and BRD4 affinity may be an explanation for the observed degradation. VHL
degraders 4.19, 4.23-26 occupy less drug-like space due to their higher molecular weight and
larger number of HBD but still show the same rank order in BRD4 target engagement and
improved RBA values (see Experimental). However, the lower VHL affinity in live cell
nanoBRET for 4.19, 4.23-26 may explain the rightward shift in DCso values (Table 4.1). High
degradation efficacy of BRD4 is retained by VHL PROTACs with Dyax ranging from 58—-83%.
Amine 4.7 shows a greater than 100-fold difference in ICso between the live and permeabilized
cells and this can be attributed to the presence of the basic amine in the linker. Additionally, the

BRD4 potency of amine 7 is 453 nM compared to 15 nM for amide 4.3.

4.1.6 Computational investigation into the effects of alternative amine—acid couplings or

BRD4 binding

To understand the differences in binding affinity of highly potent versus poor binders,

molecular dynamic simulations of BRD4-BD1 in the presence of amide 4.3, ester 4.4, and amine
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4.7 were conducted in explicit solvent conditions. Sampled conformations from the 250-ns MD
simulations are shown in Figure 4.7 (initial pose is shown in red and final in blue). Based on the
simulations, both amide 4.3 and ester 4.4 maintain key interactions with the BRD4 binding site.
In contrast, amine 4.7, due to presence of a charged linker, interacts with Asp144 and engages in
an intramolecular hydrogen bond with the azepine moiety on the POI portion during the course
of the simulation (see Experimental for 2D interaction diagram). These observed interactions
significantly alter the conformation of amine 4.7 as seen during MD simulation (Figure 4.7).
Furthermore, the BRD4-BD1 protein near the binding region of the amine 4.7 displays
significantly higher root-mean-square fluctuation (RMSF) compared to amide 4.3 or ester 4.7
compounds. This instability of the amine 4.7 interaction with BRD4 along with conformational
preference could influence productive ternary complex formation and contribute to the lower

observed degradation.
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Figure 4.7 Molecular dynamic simulations of PROTACs 4.3, 4.4, and 4.7 bound to the BRD4-BD1 crystal structure.
Time-lapse snapshots from 250-ns simulations are shown overlaid and depicted using color changes from red to blue
indicating initial to final binding pose.

4.1.7 Conclusions

In conclusion, by harnessing the power of HTE we have developed four unique
transformations, esterification, alkylation, ketonylation, and amination to quickly access a suite
of BRD4 degraders with modifications to the linker. Importantly these adjustments to the linker
connectivity have been achieved using JQ-1 as the target binding moiety and several types of E3
ligase recruiters. The ester, ketone, and alkane transformations all removed the HBD moiety
imparted by the amide transformation, leading to higher LogD values, and increased cellular
permeability. This is contrasted by the amine, which retains the hydrogen bond donor and has a
significantly lower LogD due to its charge and is less permeable. The structural changes also

affect binding with removal of the carbonyl having the largest effect. Computational studies
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indicate this change is not tolerated in amine 7. These combined effects lead to more potent
degraders when the amide is exchanged for an ester, alkane, or ketone, but ineffective degraders
when exchanged for an amine. Given the impact new transformations have on the properties and
of PROTAC:S, there is a need to develop new amine—acid couplings that perform on densely

functionalized PROTAC:S.

4.2 Experimental data for Diverse Amine-Acid Coupling Reactions Modulate the Potency

of BRD4 PROTAC:Ss

4.2.1 General information

All reactions were conducted in oven- or flame-dried glassware under an atmosphere of
nitrogen unless stated otherwise. Reactions were set up in an MBraun LABmaster Pro Glove
Box (H20 level <0.1 ppm, Oz level <0.1 ppm), or using standard Schlenk technique with a glass
vacuum manifold connected to an inlet of dry nitrogen gas. N-methylpyrrolidinone was
purchased as anhydrous and degassed by sparging overnight with nitrogen. Other solvents were
purchased as anhydrous and used as received. Reagents were purchased from Sigma Aldrich,
Alfa Aesar, Oakwood Chemical, Ambeed, or TCI Chemical. All chemicals were used as
received. Glassl-dram (Fisherbrand™ parts No. 03-339-21B) or 2-dram vials (Fisherbrand™
parts No. 03-339-21D or ChemGlass #CG-4912-02) were used as reaction vessels, fitted with
standard screwcaps (#03- 452-225 or #03-452-300) or with Teflon-coated silicone septa (#CG-
4910-02 or CG-4910-02), and magnetic stir bars (Fisher Scientific #14-513-93 or #14-513-65;
stirbars.com #SBM-0803-MIC or #SBM-1003-MIC).

"H NMR spectra were recorded on a Varian MR-500 MHz, Varian MR-400 MHz, Bruker
DPX, DRX, or AV spectrometers. Chemical shifts are reported in parts per million (ppm) and the

spectra are calibrated to the resonance resulting from incomplete deuteration of the solvent
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(CDCl3: 7.26 ppm; DMSO-d6: 2.50 ppm, qn; MeOD-d4: 3.31 ppm, qn; Acetonitrile-d3: 1.94
ppm, qn). 3C NMR spectra were recorded on the same spectrometers with complete proton
decoupling. Chemical shifts are reported in ppm with the solvent resonance as the internal
standard (CDClz: 77.16 ppm, t; DMSO-d6: 39.52 ppm, sept; MeOD-d4: 49.00 ppm, sept,
Acetonitrile-d3 1.39 ppm, m, 128.39 ppm, s.)). Data are reported using the abbreviations: app =
apparent, s = singlet, d = doublet, t = triplet, ¢ = quartet, p = pentet, h = hextet, m = multiplet,
comp = complex, br = broad. Coupling constant(s) are reported in Hz. '’F NMR spectra were
recorded on the same spectrometers as above. '*C and '°F signals are singlets unless otherwise
stated. '"H-COSY, HSQC and HMBC were used where appropriate to facilitate structural
determination.

High resolution mass spectrometry data (HRMS) were obtained on an Agilent 6230 TOF
LC/MS equipped with ESI detector in positive mode and on a Micromass AutoSpec Ultima
Magnetic Sector instrument with EI detector in positive mode. Reaction analysis was typically
performed by thin-layer chromatography on silica gel or using a Waters I-class ACQUITY
UPLC-MS (Waters Corporation, Milford, MA, USA) equipped with in-line photodiode array
detector (PDA), evaporative light scattering detector (ELSD) and QDa mass detector (Both ESI
positive and negative ionization mode). Typically, 0.1 pL. sample injections were taken from
acetonitrile solutions of reaction mixtures or products (~1 mg/mL). A partial loop injection mode
was used with the needle placement at 2.0 mm from bottom of the wells and a 0.2 pL air gap at
pre-aspiration and post-aspiration. Column used: Waters Cortecs UPLC C18+ column, 2.1mm x
50 mm with (Waters S5 #186007114) with Waters Cortecs UPLC C18+ VanGuard Pre-column
2.1lmm x 5 mm (Waters #186007125), Mobile Phase A: 0.1 % formic acid in Optima LC/MS-

grade water, Mobile Phase B: 0.1% formic acid in Optima LC/MS-grade MeCN. Flow rate: 0.8
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mL/min. Column temperature: 45 °C. The PDA sampling rate was 20 points/sec. The QDa
detector monitored m/z 150-750 with a scan time of 0.06 seconds and a cone voltage of 30 V.
The ELSD had a gain of 750, data rate of 10 pps, time constant “normal” 0.2000 sec, a gas
pressure of 40.0 psi, with the nebulizer in cooling mode at 75% power level and the drift tube
temperature set to 50 °C. The PDA detector range was between 210 nm — 400 nm with a
resolution of 1.2 nm. 2 minute and 8-minute methods were used. The method gradients are
below: 2 min method, 0 min: 0.8 mL/min, 95% 0.1% formic acid in water/5% 0.1% formic acid
in acetonitrile; 1.5 min: 0.8 mL/min, 0.1% 0.1% formic acid in water/99.9% 0.1% formic acid in
acetonitrile; 1.91 min: 0.8 mL/min, 95% 0.1% formic acid in water/5% 0.1% formic acid in
acetonitrile. 8 min method, 0 min: 0.8 mL/min, 95% 0.1% formic acid in water/5% 0.1% formic
acid in acetonitrile; 7.5 min: 0.8 mL/min, 0.1% 0.1% formic acid in water/99.9% 0.1% formic
acid in acetonitrile; 7.91 min: 0.8 mL/min, 95% 0.1% formic acid in water/5% 0.1% formic acid
in acetonitrile.

Flash chromatography was performed on silica gel (230 — 400 Mesh, Grade 60) under a
positive pressure of Nitrogen. Thin Layer Chromatography was performed on 25 um TLC Silica
gel 60 F254 glass plates purchased from Fisher Scientific (part number: S07876). Visualization
was performed using ultraviolet light (254 and 365 nm) and/or potassium permanganate
(KMnOs) stain. Reverse-phase prep-HPLC was performed on a Teledyne ISCO CombiFlash®
EZ Prep (RediSep Prep C18, 100 A, 5 um, 150 mm x 20 mm (part no. 692203810) using 0.1%

formic acid in water and 0.1% formic acid in acetonitrile eluent.

4.2.2 General Procedures
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4.2.2.1 General Procedure 4.1: Synthesis of non-pomalidomide based Katritzky salts.”?

A flame dried 2-dram vial equipped with a Teflon-coated stir bar was charged with amine
or amine HCI salt (1.1 equiv). This was suspended/dissolved in ethanol (2.0 mL/mmol amine)
and if starting from HCI salt triethylamine added (2.2 equiv). The suspension was stirred at room
temperature for 30 minutes and 500 rpm followed by the addition of triphenylpyrylium
tetrafluoroborate (1.0 equiv). The resultant red solution was stirred at 60 °C and 500 rpm for 16
hours. Upon cooling to room temperature, the reaction was diluted with DCM (40 mL/mmol
amine), and washed with aqueous hydrochloric acid (0.5 M, 20 mL/mmol amine) The organic
layer was separated, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue
was reconstituted in DCM (2.5 mL/mmol amine) and added dropwise to a vigorously stirred
flask of diethyl ether (12 mL/ mmol amine). This suspension was stirred at 1000 rpm for 30
minutes, filtered, washed with diethyl ether, and dried under high vacuum to give the desired

Katritzky salt.

4.2.2.2 General procedure 4.2: Procedure for HTE screen preparation

Stock solutions, or suspensions, were prepared as shown in the heatmap preparation
table. In an inert atmosphere glovebox, all non-OEB-3b reagents were weighed and dissolved or
suspended in anhydrous solvent to achieve their listed concentrations in table. Stock solutions of
reagents were stirred until either a clear solution or a uniform slurry was achieved. A 24-well
aluminum microvial (Analytical Sales & Services cat. no. 25243) was equipped with oven-dried
shell vials (Analytical Sales & Services cat. no. 884001). A parylene-coated stir dowel
(Analytical Sales & Services cat. no. 13258) was then added to each vial, and the apparatus
moved into the glovebox. Stock solutions were dosed to the appropriate shell vials according to

the plate map shown in table using single channel micropipetters. If catalyst/ligand combinations
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were screened, these were dosed into the vials first and stirred for 30 minutes before dosing of
the remaining reagents. The microvial plate was sealed, removed from the glove box, and stirred
on a hot plate with heating at the indicated temperature for planned reaction time. The reactions
were quenched by opening the reaction block and adding 400 pL of a 7 mg/mL caffeine in
methanol solution as an internal standard. Reactions were then stirred for 5 minutes at room
temperature and 1000 rpm. Using six channels of an eight channel micropipetter, from each
reaction, a 50 pL aliquot of the quenched reaction mixture was added into a 96-well
polypropylene collection plate (Analytical Sales & Services cat. no. 17P687). The solvent was
evaporated by blowing nitrogen down on the analytical plate. Acetonitrile (600 puL) was added
and mixed by pipetting up and down. The reactions were then analyzed by UPLCMS. The
Product/Internal Standard value was produced by measuring the UV absorbance of desired
product relative to the caffeine internal standard.
General procedure 4.2 alkane & ketone addendum:

For the alkane and ketone forming reactions, the carboxylic acid required activation. This
was done in situ either via an acyl fluoride or an acyl carbonate. For the acyl fluoride 1
equivalent of proton sponge and 1 equivalent of Tetramethylfluoroformamidinium
hexafluorophosphate (TFFH) relative to the acid were weighed into the same vial. This mixture
was stirred at 500 rpm in NMP for 30 minutes before dosing. For acyl carbonates 1.5 equivalents
of dimethyldicarbonate with respect to the acid were dosed into a n-methyl pyrrolidinone (NMP)
solution of the acid and stirred for 30 minutes before dosing. Additionally, all Katritzky salts
were pre-stirred with manganese for 5 minutes prior to dosing. All other steps are the same as

general procedure 4.2.
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4.2.2.3 General Procedure 4.3 Alkane/Ketone singleton optimization:

In a nitrogen filled glovebox, an oven dried two-dram vial (vial A), equipped with a
Teflon-coated stir bar, was charged with nickel source (5 pmol, 40 mol %, unless otherwise
indicated), ligand (5 pmol, 40 mol%, unless otherwise indicated) and dry solvent (200 pL for
0.025 M reactions). This was stirred at 500 rpm for 30 min. Outside of the glove box two oven
dried 2-dram vials, equipped with Teflon-coated stir bars, one (vial B) was charged with 4.10 (10
mg, 12.5 umol, 1.0 equiv). Another (vial C) was charged with 4.1 (10 mg, 50 pmol, 2.0 equiv,
unless otherwise indicated). These two vials (vial B and C) were then transferred into the glove
box. NMP (200 uL for 0.025 M reactions) was added to the vial C followed by addition of either
dimethyldicarbonate (1.5 equiv relative to acid) or proton sponge (1 equiv) and TFFH (1.0 equiv
of each relative to acid). Vial C was stirred at 500 rpm for 20 minutes before the mixture was
transferred into vial A. To vial B was added dry NMP (100 uL for 0.025 M reaction), and
manganese (5.5 mg, 100 umol, 4.0 equiv, unless otherwise indicated). This vial was stirred at
700 rpm for two minutes and the reaction mixture was transferred to vial A. If present, the
additive was added to the vial before it was capped, sealed with electrical tape, removed from the

glovebox, and heated at the indicated temperature at 800 rpm for 14 hours.

4.2.2.4 General procedure 4.4 amine singleton optimization with catalyst/acid prestir:

A stock solution of catalyst was prepared in flame dried one—dram vial, equipped with a
Teflon coated stir bar. Inside the glovebox the vial was charged with Platinum II Chloride (1.7
mg, 6.2 umol, 10x5 mol%), and BrettPhos (6.7 mg, 12.4 pmol, 10x10 mol%). This was
suspended in 100 pL of the desired solvent (usually dioxane) and stirred at for 30 minutes at 40
°C and 500 rpm. The yellow solution was cooled to room temperature and had phenylsilane

(unless otherwise indicated, 77 pL, 620 umol, 10x5 equiv) (CAUTION Exothermic) added and
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18 uL of solution was quickly transferred to a vial containing 4.1 (7.5 mg, 18 umol, 1.5 equiv)
dissolved/suspended in 100 uL the desired solvent. This was stirred at 80 °C and 500 rpm for 15
minutes (unless otherwise indicated) and transferred to a vial containing 4.2 (5.0 mg, 12 umol,
1.0 equiv). This was heated at 80 °C (unless otherwise indicated) and 500 rpm overnight. The
next morning the reaction was quenched with 400 uL of 7mg/mL caffeine in methanol solution

and each reaction analyzed via LC/MS.

4.2.2.5 General procedure 4.5 amine singleton optimization without catalyst/acid prestir

A stock solution of catalyst was prepared in flame dried one—dram vial, equipped with a Teflon
coated stir bar. Inside the glovebox the vial was charged with Platinum II Chloride (1.7 mg, 6.2
pmol, 10x5 mol%), and BrettPhos (6.7 mg, 12.4 pmol, 10x10 mol%). This was suspended in 100
pL of the desired solvent (usually dioxane) and stirred at for 30 minutes at 40 °C and 500 rpm.
The yellow solution was cooled to room temperature and had phenylsilane (77 pL, 620 pmol,
10x5 equiv) (CAUTION Exothermic) added and 18 puL of solution was quickly transferred to a
vial containing 4.2 or equivalent amount of salt (5.0 mg, 12 umol, 1.0 equiv) and 4.1 (7.5 mg,
18 umol, 1.5 equiv) dissolved/suspended in 100 pL the desired solvent. This was heated at 80 °C
(unless otherwise indicated) and 500 rpm overnight. The next morning the reaction was
quenched with 400 pL of 7mg/mL caffeine in methanol solution and each reaction analyzed via

LC/MS.

4.2.2.6 General Procedure 4.6 synthesis of amide products:

A flamed-dried two-dram vial, equipped with a Teflon-coated stir bar, was charged JQ1
(40.0 mg, 0.1 mmol, 1 equiv) and PyAOP (52.1 mg, 0.1 mmol, 1 equiv). To this vial was added
dry DMF (0.5 mL) followed by N-methyl imidazole (8.2 uL, 0.1 mmol, 1 equiv). The resulting

homogeneous solution was stirred at ambient temperature for 10 min. To another flamed-dried
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two-dram vial was added amine HCI salt (0.1 mmol, 1 equiv) and N-methyl imidazole (12.3 pL,
0.15 mmol, 1.5 equiv) before the addition of DMF (0.5 mL). The amine mixture was then
transferred to the first vial. The combined homogeneous solution was stirred at ambient
temperature for 14 hours. Upon completion of the reaction the reaction was worked up and

purified as described.

4.2.2.7 General Procedure 4.7 synthesis of ester products:

An oven dried two-dram vial, equipped with a Teflon-coated stir bar, was charged with
Katritzky salt (0.10 mmol, 1.0 equiv), carboxylic acid (0.10 mmol, 1.0 equiv), potassium tert-
butoxide (11.2 mg, 0.10 mmol, 1.0 equiv), and finely ground potassium iodide (32.0 mg, 0.20
mmol, 2.0 equiv). The vial was then capped, evacuated, and refilled with N> three times. 1.00
mL of dioxane was added to the reaction vessel via syringe, and the reaction heated at 110 °C for
22 hours at a stir rate of 500 rpm. Upon completion, the reaction was filtered through a celite

plug and washed with DCM. The filtrate was evaporated in vacuo and purified as described.

4.2.2.8 General Procedure 4.8 one pot synthesis of ester products:

An oven dried two-dram vial, equipped with a Teflon-coated stir bar, was charged with
amine hydrochloride salt (0.10 mmol, 1.0 equiv), triphenyl pyrylium tetrafluoroborate (39.6 mg,
0.10 mmol, 1.0 equiv), carboxylic acid (0.10 mmol, 1.0 equiv), potassium tert-butoxide (22.4
mg, 0.20 mmol, 2.0 equiv), and finely ground potassium iodide (32.0 mg, 0.20 mmol, 2.0 equiv).
The vial was then capped, evacuated, and refilled with N> three times. 1.00 mL of dioxane was
added to the reaction vessel via syringe, and the reaction heated at 110 °C for 22 hours at a stir
rate of 500 rpm. Upon completion, the reaction was filtered through a celite plug and washed

with DCM. The filtrate was evaporated in vacuo and purified as described.
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4.2.2.9 General Procedure 4.9 synthesis of amine products:

In a nitrogen filled glovebox, an oven dried one-dram vial, equipped with a Teflon-coated
stir bar, was charged with Platinum (II) chloride (1.3 mg, 0.005 mmol, 0.05 equiv) and Brettphos
(5.3 mg, 0.01 mmol, 0.01 equiv). 100 uL of 1:1 dioxane:DMSO was added, and the solution
stirred for 20 minutes at 30 °C and 300 rpm. Outside of the glovebox, an additional oven dried
one-dram vial, equipped with a Teflon-coated stir bar, was charged with amine (0.1 mmol, 1.0
equiv) and carboxylic acid (0.15 mmol, 1.5 equiv). 900 pL of solvent was added. The catalyst
solution was removed from the glovebox, cooled to room temperature, and phenylsilane (61 pL,
0.5 mmol, 5.0 equiv) added via syringe. Note the solution will bubble vigorously and generate
hydrogen gas. The yellow solution was transferred via syringe to the amine/acid vial which was
subsequently heated at 70°C for 16 hours and a stir rate of 500 rpm. Upon completion, the

reaction was worked up and purified as described.

4.2.2.10 General Procedure 4.10 synthesis of alkane products:

In a nitrogen filled glovebox, an oven dried two-dram vial, equipped with a Teflon-
coated stir bar, was charged with NiBr>*glyme (12 mg, 0.04 mmol, 0.40 equiv), dtbpy (10.7 mg,
0.04 mmol, 0.40 equiv), and 800 pL of NMP (vial A). This was stirred wat 500 rpm for 30 min.
During this time, an oven dried two-dram vial, equipped with a Teflon-coated stir bar, was
charged with Katritzky salt (0.10 mmol, 1.0 equiv) (vial B). Another oven dried two-dram vial,
equipped with a Teflon-coated stir bar, was charged with acid (0.20 mmol, 2.0 equiv), proton
sponge (42.8 mg, 0.20 mmol, 2.0 equiv), and TFFH (52.8 mg, 0.20 mmol, 2.0 equiv) (Vial C).
These vials were transferred to the glovebox. Vial C had 800 pL of NMP added and was stirred
for 20 minutes followed by addition into vial A. To vial C was added 400 uL of NMP and

manganese (22 mg, 0.40 mmol, 4.0 equiv,). This vial was stirred at 700 rpm for two minutes and
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transferred to vial A. Vial A was sealed with electrical tape, removed from the glovebox, and
heated at 70 °C and 800 rpm for 14 hours. Upon completion, the reaction was filtered through a
pad of celite using 30 mL of ethyl acetate. The filtrate was washed with 20 mL of saturated
sodium sulfate. The organic layer was collected, dried with sodium sulfate, and concentrated in

vacuo. Purification was achieved as described.

4.2.2.11 General Procedure 4.11 synthesis of JQI based ketone products:

In a nitrogen filled glovebox, an oven dried two-dram vial, equipped with a Teflon-
coated stir bar, was charged with Nickel(I) bis(acetylacetonate) (12.5 mg, 0.04 mmol, 0.40
equiv), (Z)-N'-cyanopicolinimidamide (5.8 mg, 0.04 mmol, 0.40 equiv), and 800 pL of NMP
(vial A). This was stirred at 500 rpm for 30 min. During this time, an oven dried two-dram vial,
equipped with a Teflon-coated stir bar, was charged with Katritzky salt (0.10 mmol, 1.0 equiv)
(vial B). Another oven dried two-dram vial, equipped with a Teflon-coated stir bar, was charged
with acid (0.20 mmol, 2.0 equiv) (vial C). These vials were transferred to the glovebox. Vial C
had 800 pL of NMP and dimethyldicarbonate (32.2 pL, 40.2 mg, 0.30 mmol, 3.0 equiv) and was
stirred at 500 rpm for 20 minutes followed by addition into vial A. To vial B was added 400 uL
of NMP and manganese (22 mg, 0.40 mmol, 4.0 equiv,). This vial was stirred at 700 rpm for two
minutes and transferred to vial A. Triethyl amine hydrochloride (28 mg, 0.20 mmol, 2.0 equiv)
was added to the vial and it was capped, sealed with electrical tape, removed from the glovebox,
and heated at 70 °C & 800 rpm for 14 hours. Upon completion, the reaction was filtered through
a pad of celite using 30 mL of ethyl acetate. The filtrate was washed with 20 mL of saturated
sodium sulfate. The organic layer was collected, dried with sodium sulfate, and concentrated in

vacuo. Purification was achieved as described.

4.2.3 Preparation of starting materials
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1-(4-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamido)butyl)-2.,4,6-
triphenylpyridin-1-ium tetrafluoroborate (4.10)
A flame dried 2-dram vial equipped with a Teflon-coated stir bar was charged with 4.2 (400.0
mg, 1.0 mmol, 1.0 equiv), triphenylpyrylium tetrafluoroborate (396.2 mg, 1.0 mmol, 1.0 equiv),
and powdered 4A molecular sieves (400 mg). This was suspended/dissolved in dichloromethane
(DCM) (4.0 mL) and triethylamine added (151.7 mg, 209 pL, 1.50 mmol, 1.5 equiv). The
suspension was stirred for one hour followed by the addition of acetic acid (126 mg, 120 pL,
2.10 mmol, 2.1 equiv). The resultant red solution was stirred at room temperature and 500 rpm
for 16 hours. Upon completion, the reaction was filtered through a pad of celite and washed with
DCM (40 mL). This was washed with aqueous hydrochloric acid (0.5 molar, 20 mL) The organic
layer was separated, dried over sodium sulfated, and removed in vacuo. The residue was
reconstituted in DCM (2.5 mL) and added dropwise to a vigorously stirred flask of diethyl ether
(12 mL). This suspension was stirred at 1000 rpm for 30 minutes, filtered, washed with diethyl

ether, and dried to give the desired Katritzky salt as a pale-yellow powder 260 mg (51.7% yield).

'H NMR (499 MHz, CDCls) & 8.56 (s, 'H), 7.86 (s, 2H), 7.82 — 7.77 (m, 4H), 7.75 (d, J = 2.0
Hz, 'H), 7.74 — 7.68 (m, 2H), 7.54 — 7.43 (m, 9H), 7.37 (t, J = 6.8 Hz, 1H), 7.19 (d, J = 8.4 Hz,
1H), 4.97 (dd, J = 12.1, 5.6 Hz, 1H), 4.55 (s, 2H), 4.45 (t, J = 8.0 Hz 2H), 2.87 (g, J = 6.7 Hz,

2H), 2.83 — 2.67 (m, 3H), 2.16 —2.09 (m, 1H), 1.53 (p, J=9.2 Hz, 2H), 1.02 (p, J = 7.1 Hz, 2H).
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3C NMR (126 MHz, CDCl3) § 171.4, 168.5, 167.1, 166.8, 166.1, 156.7, 155.8, 154.8, 137.2,
134.0, 133.6, 132.8, 132.3, 131.2, 129.9, 129.5, 129.2, 128.3, 126.9, 120.3, 118.3, 117.5, 68.3,
54.6,49.4,37.8,31.4,27.2,26.1, 22.6, 8.8.

F NMR (470 MHz, CDCls) § -152.3, -152.4.

HRMS (ESI) Calculated C42H37N4Os" [M-BF4]": 693.2708, Found 693.2711.

OH

Ph BF,
| N /\/O\/\/O
Ph 4.13a

1-(2-(3-(2-(((28,4R)-4-hydroxy-1-((5)-3-methyl-2-(1-oxoisoindolin-2-
yl)butanoyl)pyrrolidine-2-carboxamido)methyl)-5-(4-methylthiazol-5-
y)phenoxy)propoxy)ethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (4.13a)
4.13a was prepared from the HCl salt of 4.13 on a 0.53 mmol scale via general procedure 4.1 to
give 351 mg (64.0%) of a pale-yellow solid.
'H NMR (499 MHz, CDCls) § 8.39 (s, 1H), 7.58 (s, 2H), 7.52 (d, J= 8.1 Hz, 4H), 7.45 (d, J =
7.1 Hz, 2H), 7.42 (dd, J=17.5, 1.4 Hz, 1H), 7.28 — 7.20 (m, 7H), 7.20 — 7.12 (m, 4H), 7.08 (d, J =
7.2 Hz, 2H), 7.03 (d, J= 7.7 Hz, 1H), 7.01 — 6.97 (m, 1H), 6.68 (dd, J= 7.7, 1.5 Hz, 1H), 6.43
(d, J=1.6 Hz, 1H), 4.55 (t, J=5.8 Hz, 2H), 4.47 (d, /= 10.9 Hz, 1H), 4.41 —4.30 (m, 2H), 4.18
(dt,/=9.6,6.2 Hz, 2H), 4.11 —4.02 (m, 2H), 3.98 (dt, /=114, 1.9 Hz, 1H), 3.53 (t, /= 6.0 Hz,
2H), 3.41 (d, J=3.8 Hz, 1H), 3.39 (d, /= 3.7 Hz, 1H), 3.00 (dt, /= 11.5, 5.9 Hz, 4H), 2.20 (s,
3H), 2.06 (ddt, J=12.0, 10.5, 4.4 Hz, 2H), 1.86 — 1.78 (m, 1H), 1.59 (p, J = 6.2 Hz, 2H), 0.63 (d,

J=6.5Hz, 3H), 0.54 (d, J = 6.6 Hz, 3H).
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3C NMR (126 MHz, CDCl3) § 171.0, 170.2, 169.3, 157.4, 156.4, 155.9, 150.4, 148.4, 142.1,
133.8, 133.0, 132.4, 132.0, 131.9, 131.8, 131.6, 131.2, 129.8, 129.5, 129.4, 129.0, 128.2, 128.0,
126.5, 123.8, 123.0, 121.8, 111.9, 69.9, 67.7, 67.5, 64.5, 58.9, 58.6, 56.0, 54.1, 47.5, 38.6, 36.6,
29.1,29.0, 19.1, 19.1, 19.1, 16.2

F NMR (470 MHz, CDCls) § -152.7, -152.8.

HRMS (ESI) Calculated Cs7HssNsOsS™ [M-BF4]™: 940.4102, Found 940.4110.

H
H
Ox N0 o OY N
Q Y triphenylpyrylium BF 4 .

N TEA BF, N

(\N > Ph (\ N
EtOH N \)
Me 60 °C, 16 hours | N N*/\/\/\n/ Me

C,HBN/\/\/\H/N\)

o Z 0
41 427

Scheme 4.1 synthesis of 4.27.

1-(6-(4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-4-methylbenzoyl)piperazin-1-yl)-6-
oxohexyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (4.27)

4.27 was prepared from 4.11 salt on a 0.48 mmol scale via general procedure 4.1 to give 272 mg
(70.2%) of an orange solid.
'H NMR (499 MHz, CDCls) § 8.81 — 8.73 (m, 1H), 8.43 (t, J= 4.8 Hz, 3H), 7.87 (d, /= 5.7 Hz,
2H), 7.82 -7.73 (m, 6H), 7.72 (q, J = 6.2, 4.6 Hz, 3H), 7.60 (q, J = 3.1 Hz, 6H), 7.56 — 7.48 (m,
4H), 7.33 — 7.28 (m, 2H), 4.41 (d, J= 8.9 Hz, 2H), 3.85 (s, 1H), 3.79 — 3.21 (m, 9H), 2.81 (q, J =
8.4, 6.6 Hz, 2H), 2.27 (d, J = 3.6 Hz, 3H), 2.08 — 1.93 (m, 2H), 1.48 (t, /= 10.2 Hz, 2H), 1.14 (t,
J=9.1 Hz, 2H), 0.80 (t, J = 8.9 Hz, 2H).
3C NMR (126 MHz, CDCl3) § 169.5, 156.7, 156.6, 138.1, 134.0, 132.8, 132.4, 131.7, 131.3,
129.9, 129.9, 129.5, 129.2, 128.9, 128.3, 126.9, 126.9, 126.5, 66.0, 55.0, 45.3,32.4, 31.6, 25.8,

23.8,18.1, 15.4.
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F NMR (470 MHz, CDCl3) § -152.3, -152.4.

HRMS (ESI) Calculated C4sH4sNsO4" [M-BF4]": 720.3544, Found 720.3547.

N7 7>s

— —

Me Me

HN\/ o
H Q ‘/ triphenylpyrylium BF, BF,
O. N, N TEA (0}
CIH3N/\/ \/\o/\n/ . N ¢ /\/ \/\O/\n/
0 EtOH
Me Me 60 °C, 16 hours
412 Me OH

Scheme 4.2 synthesis of 4.28

1-(2-(2-(2-(((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-
yDbenzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-2-
oxoethoxy)ethoxy)ethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (4.28)
4.28 was prepared from the HCI salt of 4.12 on a 0.35 mmol scale via general procedure 4.1 to
give 217 mg (65.1%) of a white solid.
'"H NMR (500 MHz, CDCls) & 8.66 (s, 1H), 7.85 (s, 2H), 7.77 (m, ,5H), 7.61 — 7.44 (m, 10H),
7.35(d, J=38.0 Hz, 2H), 7.24 (d, /= 8.2 Hz, 2H), 7.00 (d, J=9.1 Hz, 1H), 5.03 (dt, J=14.8, 6.5
Hz, 1H), 4.83 (dt, J=14.9, 4.8 Hz, 1H), 4.75 (t, /= 8.3 Hz, 1H), 4.55 — 4.48 (m, 3H), 4.41 (dd, J
=154, 5.8 Hz, 1H), 3.92 (d, /= 11.1 Hz, 1H), 3.87 (d, J= 14.9 Hz, 1H), 3.67 (dd, J=11.1, 3.6
Hz, 1H), 3.55 (d, J = 14.9 Hz, 1H), 3.47 — 3.43 (m, 1H), 3.41 — 3.16 (m, 5H), 2.47 (s, 3H), 0.91
(s, 9H).
3C NMR (126 MHz, CDCls) § 171.8, 171.3, 170.4, 168.6, 157.6, 155.9, 150.3, 148.4, 138.9,
133.9,133.2, 132.4, 132.0, 131.2, 130.5, 129.9, 129.5, 129.4, 129.3, 128.2, 127.9, 126.6, 71.1,
70.5,70.5, 70.4, 68.8, 60.5, 59.2, 57.0, 56.8, 54.4, 43.0, 37.5, 36.6, 29.8, 26.6, 21.2, 16.2, 14.3

F NMR (470 MHz, CDCl3) § -151.7, -151.8.
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HRMS (ESI) Calculated CsiHssNsOsS"™ [M-BF4]": 866.3946, Found 866.3953.

Ph BF
o triphenylpyrylium BF 4 o
HQN/\/ \/\NHBOC TEA - | \N*/\/ \/\NHBOC
EtOH 4
60 °C, 16 hours Ph Ph
4.14 4.29

Scheme 4.3 synthesis 4.29.

1-(2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl)-2,4,6-triphenylpyridin-1-ium
tetrafluoroborate (4.29)

4.29 was prepared from tert-butyl (2-(2-aminoethoxy)ethyl)carbamate (4.14) on a 1.00 mmol
scale via general procedure 4.1 to give 420 mg (72.2%) of a white solid.
"H NMR (499 MHz, CDCl3) 6 7.90 (dd, J = 3.2, 1.6 Hz, 2H), 7.81 (ddt, ] = 9.9, 7.8, 1.9 Hz, 6H),
7.65 —7.52 (m, 9H), 4.86 (t, J = 5.8 Hz, 2H), 4.50 (s, 1H), 3.28 (t, ] =4.7 Hz, 2H), 3.10 (q, J =
5.4,4.6 Hz, 4H), 1.40 (s, 9H).
3C NMR (126 MHz, CDCls) § 157.6, 156.2, 134.0, 133.1, 132.4, 131.3, 129.9, 129.6, 129.6,
128.3, 126.7, 70.2, 67.8, 54.1, 40.0, 28.5.
YFNMR (470 MHz, CDCls) § -153.0, -153.1.

HRMS (ESI) Calculated C3,H35N>03" [M-BF4]": 495.2642, Found 495.2627.

Ph

AN
| .
NH, Ph N* Ph
triphenylpyrylium BF, BF,
TEA o
N EtOH N
Boc 60 °C, 16 hours Boc
4.15 4.30

Scheme 4.4 Synthesis of 4.30

1-(1-(tert-butoxycarbonyl)piperidin-4-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate

(4.30)
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4.30 was prepared on a 2.00 mmol scale from tert-butyl 4-aminopiperidine-1-carboxylate (4.15)
via general procedure 4.1 to give 613 mg (53%) of a white solid.

'"H NMR (500 MHz, CDCIs) & 7.82 (s, 2H), 7.74 (m, 6H), 7.65 — 7.44 (m, 9H), 3.92 (m, 2H),
2.07 (m, 4H), 1.58 (s, 1H), 1.31 (s, 9H).

3C NMR (126 MHz, CDCls) § 157.3, 155.6, 154.3, 134.1, 133.8, 132.2, 131.2, 129.8, 129.4,

129.1, 128.4, 28.4.

F NMR (470 MHz, CDCl3) § -152.8, -152.8.

The spectra are consistent with the literature.>”

Me

Me Me

R /\/O'i/?i)oj\ " 1 1 i
ca?r  1.05equiv HCI in dioxane 0 /\/l\/l\)J\
//N o\ ca s I~ o
NH 2,2-dimethoxypropane NH —
50 °C 14 hours
P, 2 &
F L)
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Scheme 4.5 synthesis of 4.17.

To an oven dried 100 mL round bottom flask charged with a Teflon coated stir bar was added
atorvastatin calcium (575 mg, 0.50 mmol, 0.5 equiv). A rubber septum was fitted, and the flask
evacuated and refilled under a nitrogen atmosphere 3x. To the flask was added 30.0 mL of 2,2-
dimethyoxypropane and 10.0 mL of acetone followed by HCI in dioxane (4 molar, 300 uL, 1.20
mmol, 1.20 equiv). The solution was stirred for 14 hours at 50 °C and 300 rpm. After cooling to
room temperature, the reaction was concentrated in vacuo and reconstituted in DCM. This was
purified by column chromatography 0a30% acetone in DCM to give 375 mg (62.9%) of 17 as a
white solid.

R 0.5 (streak, depends on concentration) in 85:15 DCM:acetone
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'H NMR (499 MHz, CDCl3) & 7.23 — 7.13 (m, 8H), 7.07 (d, J = 8.0 Hz, 2H), 6.99 (td, J= 8.5,
3.4 Hz, 3H), 6.87 (s, 1H), 4.20 (dtd, J= 13.1, 6.4, 2.3 Hz, 1H), 4.09 (ddd, J = 15.2, 10.0, 5.5 Hz,
1H), 3.84 (ddd, J = 14.5, 9.9, 6.3 Hz, 1H), 3.70 (d, J = 5.2 Hz, 1H), 3.57 (hept, J= 7.0 Hz, 1H),
2.53 (dd, J=15.9, 6.9 Hz, 1H), 2.39 (dd, J = 15.9, 5.8 Hz, 1H), 1.74 — 1.60 (m, 2H), 1.53 (d, J =
7.1 Hz, 6H), 1.35 (dt, J= 10.0, 2.4 Hz, 1H), 1.32 (s, 3H), 1.07 (q, /= 11.9 Hz, 1H).

13C NMR (126 MHz, CDCl3) § 175.2, 165.1, 162.4 (d, J = 247.8 Hz), 141.6, 138.4, 134.7, 133.3
(d,J=8.1 Hz), 130.6, 128.9, 128.8, 128.4 (d, J= 3.3 Hz), 128.4, 126.7, 123.7, 122.0, 119.8,
115.5 (d, J=21.5 Hz), 115.4,99.1, 67.2, 66.5, 65.6, 41.0, 40.9, 38.0, 35.9, 30.0, 26.2, 21.9, 21.7,

19.8.
FNMR (470 MHz, CDCl3) § -113.6.

The spectra are consistent with the literature.>*

4.2.4 Calibration curves of 4.3—-7

Amide (4.3)

100% y = 0.3414x (]
90% R?=0.9953
80%
70%

60%
50% ®
40%
30%

20%

10% d

0%

0 0.5 1 1.5 2 2.5 3
UV Product/Internal Standard

Percentage Yield

Figure 4.8 Calibration curve of UV integration of 4.3 relative to 0.70 mg/mL caffeine internal standard.
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Ester (4.4)

y = 0.616x
100% R2=0.9986 @
90%
80% =
70%
60%
50% =2
40%
30%
20%
10% v
0%
0 0.5 1 1.5 2
UV Product/Internal Standard

Percentage Yield

Figure 4.9: Calibration curve of UV integration of 4.4 relative to 0.70 mg/mL caffeine internal standard

Alkane (4.5)

50% y = 0.395x e
45% R2=0.9978

40%

0 35%
© 30%
& 25% R

20%

15%

10%
5% 4
0%

0 0.2 0.4 0.6 0.8 1 1.2 14
UV Product/Internal Standard

Yield

Percenta

Figure 4.10: Calibration curve of UV integration of 4.5 relative to 0.70 mg/mL caffeine internal standard
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Ketone (4.6)
50% )
45% y=02854x .
0% R?=09875 .~
35% L
30% .
25%
20% 0.
15%
10%
5%  ®.
0%

Percentage Yield

0 0.5 1 1.5 2
UV Product/Internal Standard

Figure 4.11: Calibration curve of UV integration of 4.6 relative to 0.70 mg/mL caffeine internal standard

Amine (4.7)

100% °

90%

80% y = 0.4624x

70% R2 = 0.9843 '

60% L

50% e

40%

30%

20% .
10% ®
0%

0 0.5 1 15 2 25
UV Product/Internal Standard

Percentage Yield

Figure S4.12: Calibration curve of UV integration of 4.7 relative to 0.70 mg/mL caffeine internal standard

4.2.5 Amide optimization screen 3 coupling agents, 4 bases, +/- DMAP:
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H o
N cl
o o}
Me O 3 couplingagents N
N 4 bases M
Me +/- DMAP e )
0 I o > e
N/ DMF, RT 14 hours 7NNy O ] o
N OH H s—{/ A~ j(\
o
\ /\/\/ Y\ \ N Ie)
N
L o )
Me N\
441 4.2 NN 4.3

Table 4.3 Recipe for amide optimization screen. HATU = 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxide hexafluorophosphate, HCTU = O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate, PyAOP = (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate, EDC = N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide, HOBt = hydroxybenzotriazole,
DMAP = N,N-Dimethylpyridin-4-amine. Reactions run at 0.1 M.

Reagents Solvent| Cstock (M) |Vdose (ML) Wells Order Added
JQ1 Acid (4.1) DMF 0.50 20 All 1
N,N-diisopropylethylamine| DMF 1.00 20 AB,CD, 1&2 2
1-methylimidazole DMF 1.00 20 AB.,CD, 3&4 2
2,6-lutidine DMF 1.00 20 AB.,CD, 5&6 2
HATU DMF 0.50 20 A, 1-6 3
HCTU DMF 0.50 20 B, 1-6 3
PyAOP DMF 0.50 20 C,1-6 3
EDC & HOBt DMF ]0.50/0.50 20 D, 1-6 3
DMAP DMF 0.10 20 AB,CD, 135 4
DMAP Blank DMF | solvent 20 ABCD, 246 4
Pom partial protac (4.2) | DMF 0.50 20 All 5
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DIPEA DIPEA  N-methylimidazoleN-methylimidazole 2,6-Lutidine 2,6-Lutidine
- DMAP + DMAP - DMAP + DMAP - DMAP

HATU

HCTU
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HOBt

0 20 40 60 80 100
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Figure 4.13 Results of amide optimization screen.

4.2.6 Ester Optimization Screen 6 promoters, 4 bases.

O, H (0] H
cl N N,
0 Cl
(0]
Me N 6 promoters
4 bases M
Me z (o) . e O
A o Dioxane
s / Ph H 10°C.22hours  ONF J 0 H
OH N o ’ NI/ N\“/\O
N /\/\/ /\/\/
SN' e} O o
Me’é\N,\N \ P N\\M
Ph Me— (\
P e N’N
4.1 4.10 4.4
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Table 4.4 Ester optimization screen recipe. Reactions run at 0.1 M.

Reagents Solvent| Csiock (M) |Vgose (HL) Wells Order Added
JQ1 Acid (4.1) dioxane| 0.40 25 All 1
N,N-diisopropylethylamine | dioxane| 0.40 25 A 1-6 2
triethylamine dioxane| 0.40 25 B, 1-6 2
2,6-lutidine dioxane| 0.40 25 C,1-6 2
potassium tert-butoxide | dioxane| 0.40 25 D, 1-6 2
potassium iodide 0.5 equiv| dioxane| 0.20 25 AB,CD, 1 3
potassium iodide 1.0 equiv| dioxane| 0.40 25 AB,CD,2 3
potassium iodide 2.0 equiv| dioxane| 0.80 25 AB.CD,3 3
sodium iodide dioxane| 0.40 25 AB,CD, 4 3
potassium bromide dioxane 0.4 25 AB,CD,5 3
2-bromo-2-methyl

diethylmalonate dioxane| 0.08 25 AB,CD, 6 3
Pom Katritzky Salt (4.10) | dioxane| 0.4 25 All 4

2-methyl-2-bromo

0.5 equiv KI 1.0 equiv Kl 2.0equivKl  1.0equivNal 1.0 equivKBr diethylmalonate

DIPEA

TEA

2,6
Lutidine

KOtBu

0 20

40

—u

60

Assay Yield (%)

80

100

Figure 4.14 Results of ester optimization screen for desired product (4.4).
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Figure 4.15 Product/internal standard results of ester optimization screen for isobaric byproduct.
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Figure 4.16 LC trace of esterification reaction using DIPEA. Two isobaric products.
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Figure 4.17 Mass spectra of ester (1.09 min) and isobar (0.85 min). The ester ionizes significantly as M+Na whereas
the isobar which presumably exists as a persistent cation does not.

4.2.7 Alkane Optimization screen 8 additives, 3 Lewis acids.

0, H 0O, H
Cl N, N
O cl o
(0] . (0]
Ni(Acac), (40 mol%)
Me N PyBCamCN (40 mol%) N
8 additves(0.40 equiv) Me
Me~_~ o 0 3 Lewis acids (1 equiv) o
—_—

N
L / N H Me 7

Ph Mn (4equiv) NN
Y F /\/\/N\‘(\O NMP 0.025M s/ \‘(\0
’< \ N* o} 80 °C, 20 hours N 0
Me N\ /N \
N Me’<\ N
Ph N

3 equiv 410 45

(in situ generatedfrom 4.1)
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Table 4.5 Recipe for a screen investigating the effect of imide and Lewis Acid additives on alkane product.
Reactions run at 0.025 M. PyBCamCN = (2Z,6Z)-N’2-N’6-dicyanopyridine-2,6-bis(carboximidamide).

Reagents Solvent Ciwek (M)  |Vuose (L)| Wells | Order Added|
Nickel(ll) Ac etylac etonate/PyBCamCN NMP 0.06/0.06 17 All 1
Additive Blank NMP N/A 17 A 135 2
Hydantoin NMP 0.06 17 A 246 2
Succinimide NMP 0.06 17 B.1.35 2
Hexahydrophthalimide NMP 0.06 17 B.2.46 2
Phthalimide NMP 0.06 17 C.1.35 2
3-methyl-3-phenylsuccinimide NMP 0.06 17 C.2.46 2
N-methylhydantoin NMP 0.06 17 D,1.35 2
Phenytoin NMP 0.06 17 D,2.46 2
JQ1 Acyl Fluoride (4.8) NMP 0.45 17 Al 3
Pom Katritzky Salt (4.10) NMP 0.15 17 Al 4
Manganese NMP 1.80 17 All 5
No Lewis Acid NMP N/A 17 |AB.C.D 1&2 6
Ruthenium () Chioride NMP 0.15 17 |AB.C.D 334 6
Gallium Chloride NMP 0.15 17 |AB.C.D5& 6

25

1,3,5: None
2,4,6: Hydantoin

20

1,3,5: Succinimide

2,4,6: hexahydropthalimide 15

1,3,5: pthalimide 10

4,6: 3-methyl,3—phenylsuccinimide

1,3,5: 3-methylhydantoin
2,4,6: 3,3-diphenylsuccinimide

0

None None RuCl; RuCl3 GaCl3 GaClz

Figure 4.18 Results of screen examining the effect of imide additives and Lewis Acids. Assay yields are scaled to
25% for clarity.

4.2.8 Additional alkane screen 2 Nickel Sources, 2 Ligands, 3 Bronsted acids, +/- Hydantoin

421



O, H 0O, H
cl N, N,
(o] cl (0]
o 2 Ni sources (40%) O

N 2 ligands (40%) N
3 Bronstead acids (2 equiv) Me
Me o +/- hydantoin(2 equiv) (¢}
[ ——.

N (0]
N Me
z
s—{/ Ph N Mn (4eq) NN b
N\MF /\/\/N\‘(\O NMP 0.025M /4 NY\O
Me/(\ \N N¥ 0 80 °C, 20 hours N o
N~ we—4 !
PH ° N’N

2 equiv 410 45

(in situ generatedfrom 4.1)

Table 4.6 Recipe for alkane optimization screen. PyBCamCN = (2Z,67)-N’2-N’6-dicyanopyridine-2,6-
bis(carboximidamide), Dtbpy = 4,4’-di-tert-butyl bipyridine. Reactions run at 0.025 M.

Reagents Solvent Cstock (M) pNMdose (uL Wells Order Added
Nickel(ll) Acetylacetonate NMP 0.06 17 AC1-6 1
Nickel(ll) bromide glyme NMP 0.06 17 B.D 1-6 2
PyBCamCN NMP 0.06 17 A.B1-6 2
dtbpy NMP 0.06 17 CD1-6 3
additive blank NMP blank 17 AB,CD1-3 3
Hydantoin NMP 0.18 17 AB,CD4-6 3
JQ1 acyl fluori (4.8) NMP 0.3 17 all 4
Pom Katritzky salt (4.10) Mn NMP 0.15/0.60 A7 all 5
acid blank NMP blank 17 AB,CD 184 5
ammonium hcloride NMP 0.24 17 AB,CD 2&5 5
triethyl amine hydrochloride NMP 0.24 14 AB,C,D 3&6 5
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no additive no additive no additive hydantoin hydantoin hydantoin
no acid NH4CI TEAeHCI no acid NH4CI TEAeHCI
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Figure 4.19 Results of Alkane optimization screen. Dtbpy = 4,4’-di-tert-butyl bipyridine, PyBCamCN = (2Z,62)-

N’2-N’6-dicyanopyridine-2,6-bis(carboximidamide).

4.2.9 Ketone optimization screen 2 Ligands 3 Additives, 4 Bronsted acids.

Me /N\ Q Cl o)
N
s N Y, HN Ni(acac), (40 mol%) NH
Me | —ert o 2 ligand (40 mol%) Me
\ N 3 additives (1.5 equiv) v
—_—

[0}
—N >—O - ) SN N o]
Me [e) }—OMe o) 4 bronstedacids 1.5 equiv / Sy o o)
4 Ph Mn NMP (0.025 M) S /U\/o (¢)
H 80°C, 16hours N
| SN \n/\o H
[0}
Z Ph

N
Me ——<\N ,‘N

4.10 4.6

c Ph

2eq
(in situfrom 4.1)
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Table 4.7 Ketone optimization screen recipe. All reactions run at 0.025 M. Dtbpy = 4,4’-di-tert-butyl bipyridine,
PyBCamCN = (2Z,62)-N’2-N’6-dicyanopyridine-2,6-bis(carboximidamide).

Reagents Solvent Cstock (M) [Vuose (ML)|  Wells | Order Added
Nickel(ll) Ac etylacetonate/dtbpy NMP 0.05/0.05 20 ABCD1-3 1
Nickel(ll) Acetylac etonate/PyBCamCN NMP 0.05/0.05 20 AB.CD46 1
Additive Blank NMP N/A 20 AB.C,D 1&4| 2
Hydantoin NMP 0.20 20 AB.C,D 2&5 2
Phthalimide NMP 0.20 20 AB.C,D 3&6 2
JQ1 Acyl cambonate (4.9) NMP 025 20 Al 3
Pom Katritzky Salt (4.10) Manganese NMP 0.125/0.50 20 All 4
Bronsted Acid Blank NMP 0.45 20 A 1-6 5
Ammonium Chloride NMP 0.06 20 B, 1-6 5
Triethylamine hydrochloride NMP 0.06 20 C.1-6 5
hydrogen chloride in dioxane 20:1 NMP:dioxane 0.20 20 D, 1-6 5

no acid A

NH4CI B

TEA*HCIC

4M HCl in dioxane D

1 2 3 4 5 6
no additive hydantoin phthalimide no additive Hydantoin phthalimide
dtbpy dtbpy dtbpy PyBCamCN PyBCamCN PyBCamCN

Figure 4.20 Results of ketone optimization screen investigating Bronsted Acids and imide additives. Assay yields
are scaled to 25% for clarity. Dtbpy = 4,4’-di-tert-butyl bipyridine, PyBCamCN = (2Z,62)-N’2-N’6-
dicyanopyridine-2,6-bis(carboximidamide).

4.2.10 Ketone optimization 2 Nickel sources, 6 ligands, 2 additives
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Table 4.8 Recipe for ketone optimization screen. Reactions run at 0.025 M.

Reagents Solvent [Csiock (M) Vaose (HL)| Wells | Order Added

Nickel(acac), NMP 0.06 20| AC1-6 1
NiBr,*dimethoxyethane NMP 0.06 20| B,D1-6 1
(2Z,6Z)-N"2,N'6-dicyanopyridine-2,6-bis(carboximidamide) |NMP 0.06 20]ABCD1 2
N-cyano-4-methoxy-picolinimidamide NMP 0.06 20|/ABCD2 2
(2)-N'-cyanopicolinimidamide NMP 0.06 20|AB.CD3 2

4,4' A"-tri-tert-butyl-2,2"6",2"terpyridine, 97% NMP 0.06 20|AB.CD4 2
4,4"-di-tert-butyl-2,2'-dipyridyl, 98% NMP 0.06 20|AB,C,D5 2
2-cyanopyridine NMP 0.12 20]AB,C,D6 2

JQ1  methyl carbonate (4.9) NMP 0.3 201 Al 3

Pom Katritzky salt (4.10) Mn NMP .15/0.60 201 Al 4

acid blank NMP blank 20| AB1-6 )

triethyl amine hydrochloride NMP 0.24 20| CD 1-6 5
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Figure 4.21 Results of ketone optimization screen. PyBCamCN = (2Z,6Z)-N"2,N'6-Dicyanopyridine-2,6-
bis(carboximidamide), MeOPyCamCN = 4-methoxy-N-cyanopicolinimidamide PyCamCN = N-
cyanopicolinimidamide, ttbtpy = 4,4',4"-Tri-tert-Butyl-2,2":6",2"-terpyridine, dtbpy = 4,4-di-tert-butylbipyridine,
2CNPyr = 2-cyanopyridine

4.2.11 Amine Product optimization screen: 3 catalysts, 4 ligands, 2 solvents.
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Table 4.9 Recipe of amine optimization screen. PtCj, = platinum II chloride, "Bu,O = di-n-butyl ether, DMSO =
dimethyl sulfoxide. Reactions run at 0.1 M.

Reagents Solvent|Cstock (M) |Vdose (ML) Wells Order Added
Karstedt's Catalyst DMSO 0.025 20 AB,CD, 1 1
Karstedt's Catalyst "Bu,0 0.025 20 AB,CD,?2 1

PtCl, DMSO | 0.025 20 AB,CD,3 1

PtCl, "Bu,O 0.025 20 AB,CD, 4 1
Trispentafluorophenylborane | DMSO 0.025 20 AB,CD,5 1
Trispentafluorophenylborane | " Bu,O 0.025 20 AB,CD,6 1
diphenylphosphinopropane | DMSO | 0.0125 20 A 13 2
diphenylphosphinopropane | "Bu,O | 0.0125 20 A 24 2
tert-butyl Brettphos DMSO 0.025 20 B, 1,3,5 2
tert-butyl Brettphos "Bu,O | 0.025 20 B,2,46 2
Brettphos DMSO | 0.025 20 C, 13,5 2
Brettphos "Bu,0 0.025 20 C,246 2
tert-butyl Xphos DMSO | 0.025 20 D, 13,5 2
tert-butyl Xphos "Bu,0 0.025 20 D,2,4,6 2
Ligand blank DMSO | solvent 20 A 5 2

Ligand blank "Bu,O | solvent 20 A 6 2
Phenylsilane DMSO 2.00 20 A B, C, D, 135 3
Phenylsilane "Bu,O 2.00 20 A B C,D, 246 3

JQ1 Acid (4.1) DMSO 0.75 20 A B, C, D, 135 4

JQ1 Acid (4.1) "Bu,0O 0.75 20 A B C,D, 24,6 4

Pom amine (4.2) DMSO 0.50 20 A B C,D 135 5

Pom amine (4.2) "Bu,O | 0.50 20 A B C,D,246 5
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Figure 4.22 Results of amine optimization screen.

4.2.12 Primary scope screen (6 amines x 4 acids).

Initial scope determination screens were performed on all five reactions reported in chapter 4.1.
Due to the success of the amination rection, an additional scope screen was performed to
evaluate its performance in other circumstances. Activation via acyl carbonate was found to only
be effective for 4., so optimization screens were performed for the ketone screens to provide a
more general method that worked on this library of compounds. An additional alkane scope
screen looking at other carboxylic acids was also performed due to its failure to perform on other

substrates in the initial screen.
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Table 4.10 Table of substrates used to investigate scope. 4.2, 4.11, 4.12, and 4.13 are partial PROTACs. 4.14 and
4.15 are representative linkers. 4.1 is a JQ1 derivative, 4.16 is indomethacin, 4.17 is an atorvastatin derivative, 4.18
is etodolac.

Amines

o &
LERRS &6
Me Ve
42 an 412 Me H

M‘:
B o (‘j
414 415
Aciss
Me  Me
Ve _Me Z
©\ 0 ° ) )
PO G ST W
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4.2.12.1 Primary amination scope screen

5 % PtCl,
10 % BrettPhos
o) 4 equivPhSiH;
R P
R\)J\ HNT R : o TR
OH 3:7DMSO:dioxane H

4.1,4.16-18

80°C 14 hours
4.2,4.1115
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Table 4.11 Primary amine scope screen recipe. Reactions run at 0.1 M.

41 4.1

412

413

4.14

Figure 4.23 Primary amine scope screen results.

4.2.12.2 Secondary amination scope screen

5 % PtCl,
10 % BrettPhos
4 ivPhSiH
i TSR eauv 'ls R~ Nk
R\)J\OH 2 3:7DMSO:dioxane H
80°C 14 hours
4.31-35 4.36-39
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4.15

Reagents Solvent Cstock (M) Vaose (HL)| Wells |Order Added
JQ1 Acid (4.1) 3:7 DMSO:dioxane 0.45 25 A 1-6 1
Indomethacin (4.16) 3:7 DMSO:dioxane 0.45 25 B, 1-6 1
Atorvastatin Acetonide (4.17) 3:7 DMSO:dioxane 0.45 25 C,1-6 1
Etodolac (4.18) 3:7 DMSO:dioxane 0.45 25 D, 1-6 1
Pom partial protac (4.2) 3:7 DMSO:dioxane 0.4 25 AB,C,D, 1 2
Dihydrouracil amine (4.11) 3:7 DMSO:dioxane 0.4 25 AB,C,D, 2 2
VHL amine 1 (4.12) 3:7 DMSO:dioxane 0.4 25 AB,CD,3 2
VHL amine 2 (4.13) 3:7 DMSO:dioxane 0.4 25 AB,CD,4 2
Primary Linker (4.14) 3:7 DMSO:dioxane 0.4 25 AB,C,D, 5 2
Secondary Linker (4.15) 3:7 DMSO:dioxane 0.4 25 AB,C,D, 6 2
PtCI2/BrettPhos/Phenylsilane mix 3:7 DMSO:dioxane | 0.015/0.030/1.20 25 All 3

0.40

0.35

0.30

0.25

0.20

Product/Internal Standard
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Table 4.12 Table of substrates used to investigate scope. 4.31 is guanosine, 4.34 is sulfadoxine, and 4.35 is an
atorvastatin precursor. 4.37 is levofloxacin, 4.38 is isoxepac, 4.39 is probenecid.

Amines
o
N
HN
)\\Jj[ \> NH, NH,
HoN N )
o | X
HO P
~,, ~OH N
HO Me
4.31 4.32 4.33
OMe
NE | OMe
N
kN ’I\‘i Me)iVle
N0 /©/s\\_o o700 Me
o AN K
H N 0”7 “Me
HoN
4.34 4.35 4.36
Acids
o o
Y l O O o N OH
cl & (\N N vort
Me/N\) o\)\Me 9 OH
OH Me
4.37 4.38 4.39 4.40
Table 4.13 secondary amination scope screen recipe. Reactions run at 0.1 M.
Reagents Solvent Cstock (M) Viose (ML)] Wells |Order Added
4.37 3:7 DMSO:dioxane 0.45 25 A, 1-6 1
levofloxacin (4.38) 3:7 DMSO:dioxane 0.45 25 B, 1-6 1
isoxepac(4.39) 3.7 DMSO:dioxane 0.45 25 C,1-6 i
probenecid (4.40) 3:7 DMSO:dioxane 0.45 25 D, 1-6 1
guanosine (4.31) 3.7 DMSO:dioxane 0.4 25 AB,CD, 1 2
4.32 3:7 DMSO:dioxane 0.4 25 AB,.CD,?2 2
4.33 3:7 DMSO:dioxane 0.4 25 ABCD,3 2
4.34 3:7 DMSO:dioxane 0.4 25 AB.CD,4 2
sulfadoxin (4.35) 3:7 DMSO:dioxane 0.4 25 AB,CD,5 2
atorvastatin intermediate (4.36) 3:7 DMSO:dioxane 0.4 25 AB.CD,6 2
PtCI2/BrettPhos/Phenylsilane mix 3:7 DMSO:dioxane | 0.015/0.030/1.20 25 All 3
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Figure 4.24 Result of secondary amination scope screen.

4.2.12.3 Primary amide scope screen.

PyAOP 9

o ; o
A~ N-methyl imidazole R\)L A~
R\)J\ H2N R —> N~ "R
OH DMF, RT, 14hours H

4.1,4.16-18 4.2,4.1115

Table 4.14 Recipe for primary amide scope screen. Reactions run at 0.1 M.

Reagents Solvent Cstock (M) |Vdose (ML)] Wells |Order Added
JQ1 Acid (4.1) DMF 0.4 25 A 1-6 1
Indomethacin (4.16) DMF 0.4 25 B, 1-6 1
Atorvastatin Acetonide (4.17) DMF 0.4 25 C,1-6 1
Etodolac (4.18) DMF 0.4 25 D, 1-6 1
1-methylimidazole DMF 0.4 25 All 2
PyAOP DMF 0.4 25 All 3
Pom partial protac (4.2) DMF 0.4 25 AB,CD, 1 4
Dihydrouracil amine (4.11) DMF 0.4 25 AB,CD, 2 4
VHL amine 1 (4.12) DMF 0.4 25 AB,C,D,3 4
VHL amine 2 (4.13) DMF 0.4 25 AB,C,D, 4 4
Primary Linker (4.14) DMF 0.4 25 AB,C,D, 5 4
Secondary Linker (4.15) DMF 0.4 25 AB,CD, 6 4
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Figure 4.25 Results of primary amide scope screen

4.2.12.4 Primary esterification scope screen

To account for the insolubility of many of the reagents in dioxane at room temperature,
potassium iodide and potassium zert-butoxide were suspended in diethyl ether and stirred at 1000
rpm until a suitable slurry was achieved. 5 mm of the end of a 300 pL pipette tip was cut off
using scissors and 50 pL of each reagent was dispensed into every well. The solvent was
evaporated by blowing a stream of nitrogen. The screen was then run according to general
procedure B.

o KOtBu,KI R\)J\
rR AL TR ——— o R
OH 9:1dioxane:DMA

110 °C, 22 hours
4.1,4.16-18 4.10,4.13a,4.27-30
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Table 4.15 Recipe for primary ester scope screen. Reactions run at 0.1 M. Negative signs in “Order Added” column
indicate the reagents were pre-dosed and the solvent was evaporated.

Reagents Solvent Cstock (M)|Vdose (pL) Wells Order Added
Potassium lodide Diethyl Ether 0.4 50 All -2
Potassium tert-butoxide Diethyl Ether 0.2 50 All -1
JQ1 Acid (4.1) 9:1 dioxane:DMA 0.2 50 A 1-6 1
Indomethacin (4.16) 9:1 dioxane:DMA 0.2 50 B, 1-6 1
Atorvastatin Acetonide (4.17) 9:1 dioxane:DMA 0.2 50 C,1-6 1
Etodolac (4.18) 9:1 dioxane:DMA 0.2 50 D, 1-6 1
Pom partial protac Kat Salt (4.10) 9:1 dioxane:DMA 0.2 50 A,B,CD, 1 2
Dihydrouracil Kat Salt (4.27) 9:1 dioxane:DMA 0.2 50 AB,CD, 2 2
VHL Kat Salt 1 (4.28) 9:1 dioxane:DMA 0.2 50 AB,CD,3 2
VHL Kat Salt 2 (4.13a) 9:1 dioxane:DMA 0.2 50 AB,CD, 4 2
Primary Linker Kat salt (4.29) 9:1 dioxane:DMA 0.2 50 AB,CD,5 2
Secondary Linker (4.30) 9:1 dioxane:DMA 0.2 50 AB,CD, 6 2
1.0
4.2
0.8
g~
16 ©
¢ 0.6 &
)
g
3
£
043
417 3
a
0.2
4.18
0.0
410 4.27 4.28 4.13a 4.29 4.30
Figure 4.26 Results of primary esterification scope.
4.2.12.5 Ketone scope expansion optimization screen.
NHBoc
o/

F
2eq R/\<

0]

in situ

o
PPT* N"~"NHBoc

40%Ni(Acac),, 40% ligand
additive (2 equiv)

NMP, Mn, 70 °C, 800RPM
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Table 4.16 Recipe for screen to determine conditions for ketone screen.

Reagents Solvent Cstock (M)|Vdose (pL) Wells Order Added
Nickel(ll) Acetylacetonate NMP 0.06 17 All 1
1,10-Phenanthroline-5,6-Dione NMP 0.06 17 AB,CD, 1-3 2
Bathophenanthroline NMP 0.06 17 AB,C,D, 4-6 2
Indomethacin (4.16) NMP 0.3 17 AB,CD 1,4 3
Etodolac (4.18) NMP 0.3 17 AB,CD25 3
Atorvastatin Acetonide (4.17) NMP 0.3 17 AB,C,D 3,6 3
Primary Linker Katritzky Salt (4.29)/Manganese NMP 0.15/0.60 17 All 4
Lithium Chloride NMP 0.6 17 A 1-6 5
Zinc Chloride NMP 0.3 17 B, 1-6 5
Magnesium Bromide NMP 0.3 17 C,1-6 5
Ruthenium (lll) Chloride NMP 0.3 17 D, 1-6 5

LiCI A

ZnCl B

MgBr; C

RuCl; D

416

phendione

418
phendicne

4.17

Figure 4.27 Results of ketone generality optimization screen.
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4.2.12.6 Primary Ketonylation scope screen
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Table 4.17 Recipe for primary ketone scope screen. JQ1 required different conditions than all other acids as

reflected by a unique catalyst/ligand/additive system. Ligand 1 = N-Z-Cyanopicolinimidamide.

Reagents Solvent Cstock (M) Ndose (uL] Wells |Order Added

Manganese NMP 0.5 20 All 1

Pom partial protac Kat Salt (4.10) NMP 0.125 20 AB,C,D 1 2

Dihydrouracil Kat Salt (4.27) NMP 0.125 20 AB,C,D2 2

VHL Kat Salt 1 (4.28) NMP 0.125 20 AB,C,D3 2

VHL Kat Salt 2 (4.13a) NMP 0.125 20 AB,C.D4 2

Primary Linker Kat salt(4.29) NMP 0.125 20 AB,C.D5 2

Secondary Linker (4.30) NMP 0.125 20 AB,C,.D6 2
JQ1 Acyl carbonate (4.9) NMP 0.25 20 A 1-6 3/4
Indomethacin acyl fluoride (4.16) NMP 0.25 20 B, 1-6 3/4
Atorvastatin Acetonide acyl fluoride (4.17) NMP 0.25 20 C,1-6 3/4
Etodolac acyl fluoride (4.18) NMP 0.25 20 D, 1-6 3/4
Triethylamine hydrochloride NMP 0.25 20 A 1-6 3/4
Magnesium Bromide NMP 0.25 20 B,C,D 1-6 3/4

Nickel(ll) Acetylacetonate/ligand 1 NMP 0.05/0.05 20 A 1-6 5

Nickel(ll) Acetylacetonate/bathophenanthroline NMP 0.05/0.05 20 B,C,D 1-6 5

4.2

416

417

418

(4.10) 4.27 4.28 4.13a 4.29

Figure 4.28 Primary Ketonylation scope results.

4.2.12.7 Primary alkylation scope screen

o Ph 40%NiBr; +DME, 40% dtbpy
hydantoin(2 equiv)
R\)L \N+/\R‘ —_— R/\/\R'
OH | P NMP, Mn, 80 °C 800 RPM
Ph Ph 16 hours
4.1,4.16-18 4.10,4.13a,4.27-30
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Table 4.18 Recipe for primary alkylation scope screen.

Reagents Solvent Cstock (M) pMdose (L] Wells |Order Added
Manganese NMP 0.5 20 All 1
Pom partial protac Kat Salt (4.10) NMP 0.125 20 AB,C,D 1 2
Dihydrouracil Kat Salt (4.27) NMP 0.125 20 AB,C.D2 2
VHL Kat Salt 1 (4.28) NMP 0.125 20 AB,C,.D3 2
VHL Kat Salt 2 (4.13a) NMP 0.125 20 AB,C.D4 2
Primary Linker Kat salt(4.29) NMP 0.125 20 AB,C,.D5 2
Secondary Linker (4.30) NMP 0.125 20 AB,C,.D6 2
JQ1 Acyl carbonate (4.9) NMP 0.25 20 A 1-6 3/4
Indomethacin acyl fluoride (4.16) NMP 0.25 20 B, 1-6 3/4
Atorvastatin Acetonide acyl fluoride (4.17) NMP 0.25 20 C,1-6 3/4
Etodolac acyl fluoride (4.18) NMP 0.25 20 D, 1-6 3/4
hydantoin NMP 0.25 20 All 3/4
Nickel(Il)bromide dimethoxyethane/dtbpy NMP 0.05/0.05 20 B,C,D 1-6 5

Product/Internal Standard

(4.10) 4.27 4.28 4.13a 4.29 4.30

Figure 4.29 Results of alkane scope screen. Because only 4.2 had any reactivity, a follow up screen was performed
to see if this reactivity could be seen in other classes of acid.

4.2.12.8 Secondary alkylation scope screen

o Ph 40% NiBr, *DME, 40% dtbpy
hydantoin(2 equiv)
R\)J\ ~ N/\R' —_— R/\/\R'
OH | NMP, Mn, 80 °C 800 RPM
Ph F Ph 16 hours
4.8,4.40-50 4.27,4.28
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Figure 4.30 Collection of in-situ generated acyl fluorides for secondary alkylation scope screen.

Table 4.19 Recipe for secondary alkylation scope screen

4.46

Reag_;ents Solvent Cstock (M)|Vdose (uL) Wells Order Added
Manganese NMP 0.5 20 All 1
Dihydrouracil Kat Salt (4.27) NMP 0.125 20 AB, 1-6 2
VHL Kat Salt 1 (4.28) NMP 0.125 20 C.D1-6 2
Levofloxacin acyl fluoride(4.41) NMP 0.25 20 AC1 3
Hippuric acyl fluoride (4.42) NMP 0.25 20 AC2 3
Theophylline Acetic acyl fluoride (4.43) NMP 0.25 20 AC3 3
boc-Proline acyl fluoride (4.44) NMP 0.25 20 AC4 3
Valsartan acyl fluoride (4.45) NMP 0.25 20 ACS 3
pyridine acetic acyl fluoride (4.46) NMP 0.25 20 AC6 3
floro-oxanilic acyl fluoride (4.47) NMP 0.25 20 BD1 3
JQ1 Acyl fluoride (4.8) NMP 0.25 20 B.D 2 3
JQ1-like acyl fluoride (4.48) NMP 0.25 20 B.D3 3
boc ampicillin acyl fluoride (4.49) NMP 0.25 20 B.D 4 3
CBz Histidine acyl fluoride (4.50) NMP 0.25 20 B.D5 3
Nitrobenzoic acyl fluoride (4.51) NMP 0.25 20 B,D6 3
Nickel(ll) bromide DME/bathophenanthroline NMP 0.05/0.05 20 AB,C,D 1-6 4
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Kat salt: 4.27
Acids: 4.41-46

Kat salt: 4.27
Acids: 4.47, 4.8, 4.4851
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Figure 4.31 Results of alkane secondary scope screen.

4.2.13 Extended alkylation/ketonylation optimization data
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Table 4.20 Optimization examining activation groups, ligands, and additives. a) THF instead of NMP, b) 0.05 M
instead of 0.025 M.

N
Cl o)
H cl 0
(0] (o)
Me (o] N
N NiBr,*DME Me
Me o ligand O
N —_—
N [0) e
N/ Mn, Additive ¢ J N y o
N X Ph H NMP 0.025 M S Y\
T NY\O temp, 800 RPM N 0
Me ’<\ N /\/\/ 16 hours
N7 \ =N ¢] Me’(\ ,\N
N
Z ~ph
Ph'

Entry eq1 X Ligand Ni loading Additive Temp Alkane Assay % Ketone Assay %
1 3 NHPI 1,10 phenanthroline 60% None 80°C ND ND
2 3 Boc 1,10 phenanthroline 60% None 80 °C ND ND
3 3 succinimide 1,10 phenanthroline 60% MgCl, 80°C ND ND
4 3 Cl bpy 60% None 80°C ND ND
52 3 O-pyridyl bathophenanthroline 60% None 30°C ND ND
6 3 F 1,10 phenanthroline 60% None 80°C 10 ND
7 3 F PyBcamCN 40% None 80°C 10 Trace
8 3 F PyBcamCN 40% NH,4CI 80 °C 13 3
9 2 F PyBCamCN 40 % None 70°C 10 Trace
10 2 OCO,Me PyBcamCN 40 % None 70°C 15 5
" 2 OCO,Me PyBcamCN 40 % NH4CI 70°C 23 12

12b 3 OCO,Me PyBcamCN 40 % NH4CI 70°C 22 12
13 2 OCO,Me dtbpy 40 % None 70°C 27 ND
14 2 F bathophenanthroline 40 % None 70°C 36 ND

4.2.14 Extended amination optimization data.
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Table 4.21 Optimization examining reductant, temperature, solvent, and reductant/acid premix time. DMF =
Dimethylformamide, DMAc = dimethylacetamide, MeCN = acetonitrile

H
Cl 0 H N
N cl
0}
Ve O 5 mol % PtCl, N
N 10 mol % Brettphos
Me o silane, Me 0
NN o Me
S / Premix time Z NN H o)
Y OH H temp s / /\/\/ Y\
N (¢} 16 hours N
Me _<\ \N N /\/\/ N \ N 0
- 2
N © o4 W
N
Entry Silane Temperature Solvent Premix time Assay Yield %
1 PhSiH3 80°C dioxane 15 min 5
2 Ph,;SiH 80°C dioxane 15 min ND
3 Et;SiH 80 °C dioxane 15 min ND
4 PhMe,SiH 80°C dioxane 15 min 1
5 PhSiH, 100 °C dioxane 15 min 4
6 PhSiH, 80°C dioxane + 1 equiv DMAc 15 min trace
7 PhSiH3 80 °C 80:20 dioxane:DMF 15 min ND
8 PhSiH3 80 °C sulfolane 15 min ND
9 PhSiH, 80°C 90:10 dioxane:MeCN 15 min 13
10 PhSiH, 80°C MeCN 15 min 13
1 PhSiH, 80°C 95:5 dioxane:DMSO 15 min 10
12 PhSiH, 80°C 90:10 dioxane:DMSO 15 min 17
13 PhSiH3 80°C 70:30 dioxane:DMSO 15 min 26
14 PhSiH3 80°C DMSO 15 min 26
15 PhSiH, 80°C 90:10 dioxane:DMSO 45 min 17
16 PhSiH3 80°C 90:10 dioxane:DMSO 5 min 18
17 PhSiH3 80°C DMSO 0 min 27
18 PhSiH, 80°C tetrahydropthiophene S-oxide 0 min 15
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Table 4.22 Optimization of amination starting from amine salt. a) the trifluoroethylated product was obtained
instead of the desired product®. b) Exclusively amide product was obtained. ¢) 7 equiv of PhSiH; were used instead
of 5. d) The amine and KOtBu were prestirred in dioxane, followed by removal of solvent

H
c O, H N
N cl ©
o o)
Me o 5 mol % PICI; N
N 10 mol % Brettphos
Me Z silane, Mo o
Xy © o _
/i o : Me_~ H
S 80°C Xy N o
" OH H 16 hours /] e~ {\
N Y\c N
H o)
ME,.’<\ /\N v 'Ham/\/\/ 1 N 1 -
N me—& W
N~
Entry X Base Scivent LC/MS Preduct/ IS
1 Triflucroacetate None ©0:10 DMSC.dicxane ND *
2 o DIPEA ©€0:10 DMSO.dicxane ND
3 C KO'Bu 60:10 DMSC.dioxane ND®
4 C Nene ©0:10 DMSO.dicxane 25¢
5 Cl None 10:90 DMSO.dicxane 3
8 C KC'Bu 10:90 DMSCO:dioxane 20d

4.2.15 Mechanistic evidence for an aldehyde intermediate in the reductive amination

In a nitrogen filled glovebox, an oven dried one-dram vial, equipped with a Teflon-coated stir
bar, was charged with Platinum (II) chloride (1.3 mg, 0.005 mmol, 0.05 equiv) and Brettphos
(5.3 mg, 0.01 mmol, 0.01 equiv). 100 pL of DMSO-d6 was added and the solution stirred for 20
minutes at 30 °C and 300 rpm. An additional oven dried one-dram vial, was charged with 1 (20.0
mg, 0.05 mmol, 1.0 equiv). 500 pL of solvent was added. The catalyst solution had phenylsilane
(30 uL, 0.25 mmol, 2.5 equiv) was added, and transferred to the vial containing 1. This was
transferred to an NMR tube and removed from the glovebox and an NMR taken after 5 minutes.
After this, the NMR tube was subjected to heating via a heat gun for 30 seconds and left to stand.
NMRs were taken at 45 min, 3 hours, and 24 hours. Signals grow at 9.90 corresponding to an
aldehyde, and 5.0-5.5 indicative of various silyl acetal species®®. These species are known to

undergo reductive amination™.
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Figure 4.32 Stacked NMR spectra of 1 subjected to amination conditions at t = 5 min, 45 min, 4 hour, 24 hour.

4.2.16 Labeled Kernel Density Estimate plots.
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Figure 4.33 CRBN series calculated properties (Fig 4.5b). Note structures had properties calculated in their
uncharged states.
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Figure 4.34 VHL series calculated properties (Fig 5d). Note structures had properties calculated in their uncharged
states.

4.2.17 Characterization of products

Me. N
=~ 0
s—f/ N 0

H
N/\/\/N\n/\o
H
Me—<\N’| o
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2-((:S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-
a][1,4]diazepin-6-yl)-N-(4-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yDoxy)acetamido)butyl)acetamide (dBetl) (4.3)
dBetl (compound 4.3) was prepared from 4.1 and 4.2 on a 0.1 mmol scale via general procedure
4.6. Upon completion of the reaction, it was quenched by the addition of 20 mL saturated
aqueous Na2S04 solution. The phases were then separated, and the aqueous phase was extracted
with EtOAc (3 * 20 mL). The combined organic fractions were then washed with brine then dried
over MgSO4, filtered, and concentrated in vacuo. The resulting residue was redissolved in
MeCN: H20 (3:1 mL, HPLC grade) and purified via preparative HPLC to give 57.5 mg (73%)
of desired amide as a white solid.
UPLC Retention time 2 min method: 0.97 min
"H NMR (500 MHz, CDs0OD) & 7.90 (s, 1H), 7.80 (t, J= 7.9 Hz, 1H), 7.52 (d, J = 7.3 Hz, 1H),
7.44 (td, J = 4.6, 2.2 Hz, 4H), 7.39 (dd, J = 8.7, 2.8 Hz, 2H), 5.10 (ddd, J = 12.2, 5.5, 3.1 Hz,
1H), 4.76 (s, 2H), 4.62 (dd, /= 8.9, 5.3 Hz, 1H), 3.45 - 3.31 (m, 9H), 3.31 — 3.24 (m, 2H), 2.87 —
2.75 (m, 1H), 2.75 — 2.62 (m, 6H), 2.43 (s, 3H), 2.10 (tp, J = 7.8, 3.8, 3.2 Hz, 1H), 1.75 — 1.55
(m, 7H).
3C NMR (126 MHz, CDs0D) § 173.1, 171.3, 169.9, 169.9, 168.5, 166.9, 166.4, 164.9, 164.8,
155.6, 154.9, 150.8, 136.8, 136.7, 136.6, 133.5, 132.1, 131.8, 130.7, 130.6, 130.6, 129.9, 128.4,
120.5, 120.5, 118.0, 116.6, 78.1, 68.2, 53.8, 38.7, 38.7, 38.4, 37.5, 30.7, 30.7, 26.4, 26.2, 22.2,
13.0, 11.5, 10.2.
HRMS (ESI) Calculated C3sH37CINsO7S™ [M+H]™: 785.2267, Found 785.2268.

The spectra match those in literature.?*
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4-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamido)butyl 2-((S)-4-(4-

chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-
ylacetate (4.4)

Compound 4.4 was prepared from 4.1 and 4.10 on a 0.1 mmol scale via general procedure 4.7.

Filtrate was reconstituted in acetonitrile and purified via preparative HPLC to give 42.5 mg

(54%) of desired ester as an off white solid.

Compound 4.4 was also prepared via general procedure 4.8 in a one pot fashion to give 21.8 mg

(28%) of desired ester.

UPLC Retention time 2 min method: 1.06 min

Rf93:7 DCM:MeOH:

'H NMR (600 MHz, DMSO) § 10.90 (s, 1H), 7.80 (dd, J = 8.5, 7.2 Hz, 2H), 7.51 — 7.41 (m, 6H),

5.08 (dd, J = 12.5, 5.5 Hz, 1H), 4.75 (s, 2H), 4.50 (dd, J = 8.0, 6.3 Hz, 1H), 4.12 (qt, J = 10.9,

6.4 Hz, 2H), 3.48 (dd, /= 16.4, 6.3 Hz, 1H), 3.42 (dd, J = 16.4, 8.0 Hz, 1H), 2.88 (ddd, J = 16.8,

13.5, 5.7 Hz, 1H), 2.65 — 2.54 (m, 2H), 2.60 (s, 3H), 2.41 (s, 3H), 2.06 (tq, J = 7.9, 2.9 Hz, 1H),

1.67 —1.59 (m, 2H ),1.64 (s, 3H), 1.52 (p, J = 6.9 Hz, 2H).

B3C NMR (151 MHz, DMSO) § 172.1, 170.1, 169.2, 166.4, 166.3, 165.2, 163.0, 154.9, 154.4,

149.5, 136.5, 136.4, 135.1, 132.8, 132.0, 130.5, 129.8, 129.6, 129.3, 128.2, 120.6, 116.9, 115.9,

67.9, 63.5,53.3,48.7,37.7, 36.3, 30.7, 25.3,25.2, 21.8, 13.5, 12.3, 10.8.

HRMS (ESI) Calculated C3sH37CIN7OsS™ [M+H]": 786.2107, Found 786.2098.
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N-(5-((S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-f][1,2,4]triazolo[4,3-
a|[1,4]diazepin-6-yl)pentyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yloxy)acetamide (4.5)

Compound 4.5 was prepared from 4.1 and 4.10 on a 0.10 mmol scale via general procedure 4.10.
The crude residue was passed through a plug of silica gel to remove the triphenylpyridine. The
plug was initially washed with 50 mL of DCM followed by 50 mL of 7% methanol in DCM. The
methanol/DCM fraction was evaporated, reconstituted in acetonitrile, and purified via

preparative HPLC to give 24.5 mg (33%) of desired alkane product as a white solid.

UPLC Retention time 4 min method: 1.77 min

Rf93:7 DCM:MeOH: 0.48

'H NMR (500 MHz, CDCl3) § 7.70 (m, 1H), 7.66 (dt, J = 8.1, 4.1 Hz, 1H), 7.47 (dd, J = 7.3, 1.8
Hz, 1H), 7.37 (dd, J = 8.6, 2.6 Hz, 2H), 7.26 (dd, J = 10.0, 8.5 Hz, 2H), 7.11 (dd, J = 8.4, 6.0 Hz,
1H), 4.86 (dt, J = 12.6, 4.6 Hz, 1H), 4.61 (dd, J = 13.9, 2.0 Hz, 1H), 4.53 (dd, J = 13.9, 11.3 Hz,
1H), 3.86 (td, J = 10.2, 4.4 Hz, 1H), 3.72-3.56 (m, 1H), 3.17 (q,J = 7.9, 7.0 Hz, 1H), 2.83 — 2.55
(m, 4H), 2.61 (d, J = 6.7 Hz, 3H), 2.46 (qt, ] = 12.4, 4.5 Hz, 1H), 2.34 (d, J = 3.8 Hz, 3H), 2.05
(dtd, J=10.4,5.2,2.8 Hz, 1H), 1.90 — 1.70 (m, 1H), 1.70-1.50 (m, 5H), 1.62 (s, 3H), 1.49 — 1.34
(m, 1H).

3C NMR (126 MHz, CDCls) § 171.8, 171.7, 168.6, 168.4, 166.9, 166.7, 166.6, 166.2, 163.8,

156.3, 154.6, 154.6, 149.9, 137.0, 137.0, 136.8, 133.8, 132.2, 130.9, 130.7, 130.0, 129.9, 128.9,
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128.8, 119.7, 119.6, 118.5, 117.5, 68.3, 68.2, 57.5, 57.3, 49.6, 49.5, 39.2, 39.0, 31.6, 31.4, 29.6,
29.4,273,27.2,27.0,26.9,23.0, 14.6, 14.6, 13.3, 12.0.

HRMS (ESI) Calculated C37H37CIN7O6S™ [M+H]": 742.2209, Found 742.2207.
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NH
Me </ E
Me Q
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a6
N-(6-((5)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-f][1,2,4]triazolo[4,3-
a|[1,4]diazepin-6-yl)-5-oxohexyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yloxy)acetamide (4.6)
Compound 4.6 was prepared from 4.1 and 4.10 on a 0.10 mmol scale following general
procedure 4.11. The crude residue was passed through a plug of silica gel to remove the
triphenylpyridine. The plug was initially washed with 50 mL of DCM followed by 50 mL of 7%
methanol in DCM. The methanol/DCM fraction was evaporated, reconstituted in acetonitrile,
and purified via preparative HPLC to give 21.3 mg (28%) of desired ketone as a white solid.
UPLC Retention time 4 min method: 1.71 min
Rf93:7 DCM:MeOH: 0.42
'H NMR (499 MHz, CDCl3) § 7.74 (ddd, J = 8.9, 7.4, 2.0 Hz, 1H), 7.60 (q, J = 5.8 Hz, 1H), 7.54
(dd, J=7.4, 2.2 Hz, 1H), 7.38 (dd, J = 8.4, 3.1 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.21 (dd, J =
8.4, 3.8 Hz, 1H), 4.97 (dd, J = 12.4, 5.4 Hz, 1H), 4.69 (dt, J = 6.7, 3.3 Hz, 1H), 4.66 (d, /= 4.8
Hz, 2H), 3.84 (ddd, J=17.3, 6.4, 4.9 Hz, 1H), 3.68 (ddd, J=17.4, 7.3, 4.5 Hz, 1H), 3.47 (dp, J =

12.4, 6.2 Hz, 1H), 3.38 (h, J = 6.9 Hz, 1H), 2.87 — 2.81 (m, 1H), 2.79 (dd, J= 9.2, 3.1 Hz, 1H),
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2.78 — 2.72 (m, 1H), 2.72 — 2.68 (m, 1H), 2.66 (d, J = 2.1 Hz, 3H), 2.41 (s, 3H), 2.14 (ddd, J =
16.5, 12.2, 8.4 Hz, 1H), 1.84 — 1.72 (m, 3H), 1.72 — 1.64 (m, SH).

13C NMR (126 MHz, CDCls) & 208.7, 208.6, 171.1, 171.0, 168.2, 168.1, 166.8, 166.7, 166.2,
166.1, 164.1, 163.9, 155.5, 154.6, 154.6, 149.9, 149.9, 137.0, 136.7, 133.6, 132.3, 132.2, 130.9,
130.8, 130.7, 130.4, 129.8, 128.7, 119.8, 118.4, 117.4, 68.3, 53.0, 49.4, 44.4, 44.3, 43.4, 43 4,
31.4,28.7,28.6,22.7,22.6,21.0,20.9, 14.4, 13.1, 11.8.

HRMS (ESI) Calculated C3sH37CIN7O7S™ [M+H]": 770.2158, Found 770.2147.
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a7
N-(4-((2-((S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-f][1,2,4]triazolo[4,3-
a][1,4]diazepin-6-yl)ethyl)amino)butyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-
4-yl)oxy)acetamide (4.7)

Compound 4.7 was prepared from 4.1 and 4.2 on a 0.1 mmol scale relative to 4.2 via general
procedure 4.9 where solvent = DMSO. Upon completion the reaction was quenched with 1 mL
of methanol, filtered through a syringe filter, and purified via preparative HPLC to give 18.1 mg
(23%) of desired amine as a white solid.

UPLC Retention time 2 min method: 0.82 min

'H NMR (500 MHz, DMSO) § 11.12 (s, 1H), 8.55 (s, 2H), 8.05 (t, ] = 5.7 Hz, 1H), 7.82 (dd, ] =
8.5, 7.3 Hz, 1H), 7.50 (d, J = 5.3 Hz, 5H), 7.40 (dd, J = 8.7, 3.4 Hz, 1H), 5.15 - 5.07 (m, 1H),
4.79 (s, 2H), 4.32 (dd, J = 7.6, 6.0 Hz, 1H), 3.42 —3.33 (m, 1H), 3.31 —3.23 (m, 1H), 3.20 (q, ] =

6.6 Hz, 2H), 3.03 (dt, J = 14.0, 7.1 Hz, 2H), 2.90 (ddd, J = 16.3, 14.0, 5.4 Hz, 2H), 2.77 — 2.63

449



(m, 3H), 2.61 (s, 3H), 2.46 — 2.35 (m, 3H), 2.08 — 1.99 (m, 1H), 1.71 — 1.58 (m, 5H), 1.53 (dq, J
=14.1, 6.9 Hz, 2H).

13C NMR (126 MHz, DMSO) & 172.8, 169.9, 166.9, 166.7, 165.5, 163.7, 158.2, 158.0, 155.1,
155.0, 149.9, 137.0, 136.8, 135.3, 133.1, 132.4, 130.6, 130.3, 130.0, 129.6, 128.5, 120.5, 117.5,
116.8, 116.1, 67.7, 53.9, 48.8, 46.6, 44.2, 37.8, 30.9, 28.1, 26.2, 23.1, 22.0, 14.1, 12.6, 11.3.

HRMS (ESI) Calculated C3sHs0CINsO7S™ [M+H]": 771.2475, Found 771.2469.
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(25,4R)-N-(2-(3-(2-((2-((:S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-
f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)ethyl)amino)ethoxy)propoxy)-4-(4-methylthiazol-5-
y)benzyl)-4-hydroxy-1-((5)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-
carboxamide (4.19)

Compound 4.19 was prepared from 4.1 and 4.13 on a 0.10 mmol scale relative to 4.13 via
general procedure 4.9 where solvent = 95:5 dioxane:DMSO. Upon completion, the reaction
mixture was concentrated in vacuo and redissolved in acetonitrile (3 mL, HPLC grade) then

purified via preparative HPLC to 23 mg (22%) of desired amine.

UPLC Retention time 2 min method: 0.93 min

'"H NMR (400 MHz, DMSO) § 8.27 (s, 1H), 8.07 (t, J = 5.6 Hz, 1H), 7.72 (d, J = 7.5 Hz, 1H),
7.64 —7.58 (m, 1H), 7.50 (dt, J=17.9, 4.0 Hz, 1H), 7.46 (s, 3H), 7.35 (d, /= 7.6 Hz, 1H), 7.00 (d,
J=28.3 Hz, 1H), 4.75 (d, J = 10.6 Hz, 1H), 4.57 (d, J = 18.0 Hz, 1H), 4.46 (q, J = 9.7, 8.4 Hz,

2H), 4.36 (d, J = 4.5 Hz, 1H), 4.31 (dd, J= 11.8, 5.8 Hz, 2H), 4.13 (ddt, /= 20.2, 13.7, 6.6 Hz,
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3H), 3.79 (dd, J = 10.5, 4.8 Hz, 1H), 3.68 (d, J = 10.3 Hz, 1H), 3.59 (¢, J = 6.3 Hz, 1H), 3.56 —
3.44 (m, 2H), 2.75 (t, J = 6.1 Hz, 1H), 2.59 (s, 3H), 2.56 — 2.42 (m, 9H), 2.41 — 2.32 (m, 3H),
2.24 (s, 1H), 2.08 — 1.91 (m, 4H), 1.64 (s, 3H), 0.97 (d, J= 6.5 Hz, 3H), 0.77 (d, J= 6.7 Hz, 3H).
13C NMR (151 MHz, DMSO) & 171.6, 168.1, 167.5, 163.2, 155.9, 155.4, 151.5, 149.7, 147.9,
142.2, 136.9, 135.2, 134.1, 132.3, 131.6, 131.4, 131.3, 131.0, 130.5, 130.2, 129.9, 129.6, 128.5,
127.9, 127.8, 127.2, 127.0, 123.6, 123.0, 120.9, 111.7, 79.2, 68.6, 66.9, 64.8, 58.7, 57.8, 55.4,
54.3,48.0, 46.8, 45.3,42.7, 38.1, 37.1, 29.0, 28.4, 18.9, 18.6, 16.0, 14.1, 14.0, 12.7, 11.3.

HRMS (ESI) Calculated Cs3Hg1CIN9OsS:" [M+H]™: 1018.3869, Found 1018.3862.
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tert-butyl 4-((2-((4S5,6R)-6-(2-(2-(4-fluorophenyl)-5-isopropyl-3-phenyl-4-

(phenylcarbamoyl)-1H-pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-
yl)ethyl)amino)piperidine-1-carboxylate (Amine Well C6, 4.20)
Compound 4.20 was prepared from 4.17 and 4.15 on a 0.100 mmol scale relative to 4.15 via
general via general procedure 4.9 on where solvent = 3:7 DMSO:dioxane. When the reaction was
complete after 5 hours, it was cooled to room temperature and diluted with 30 mL of saturated
sodium bicarbonate solution. This was extracted with DCM (3 x 25 mL). The organic layers
were combined, washed with 30 mL of saturated sodium sulfate, dried over sodium sulfate, and
concentrated. The residue was reconstituted in acetonitrile and purified via prep HPLC to give
28.4 mg (37%) of the desired amine as a white solid.

UPLC Retention time 2 min method: 1.12 min
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'H NMR (499 MHz, CDCl3) § 7.16 (dt, J = 12.3, 7.4 Hz, 9H), 7.06 (d, J = 8.0 Hz, 2H), 6.98 (td,
J=28.1,7.5, 4.7 Hz, 3H), 6.85 (s, 1H), 4.08 (m, 4H), 3.89 — 3.76 (m, 3H), 3.65 (dd, J = 7.8, 4.6
Hz, 1H), 3.56 (p, J = 7.1 Hz, 1H), 2.84 (dq, J = 6.8, 4.1, 2.9 Hz, 2H), 2.81 — 2.66 (m, 3H), 1.91
(d, J=12.7 Hz, 2H), 1.68 (q, J = 6.8 Hz, 3H), 1.52 (d, J= 7.1 Hz, 6H), 1.44 (s, 9H), 1.39 (d, J =
11.8 Hz, 2H), 1.33 (s, 3H), 1.29 (s, 3H), 1.22 (dt, J = 12.9, 2.5 Hz, 1H), 1.06 (q, J = 11.9 Hz,
1H).

13C NMR (126 MHz, CDCls) § 164.9, 162.4(d, J = 247.8 Hz), 154.8, 141.6, 138.5, 134.8, 133.3
(d, J= 8.0 Hz), 130.6, 128.9 (d, /= 10.4 Hz), 128.5, 126.7, 123.7, 119.7, 115.5 (d, J = 21.5 Hz),
98.7,79.9, 66.6, 55.0, 42.3, 41.0, 38.2, 36.4, 30.2, 28.6, 28.6, 28.5, 26.2, 21.9, 21.8, 20.0.

IF NMR (470 MHz, CDCl3) § -113.73.

HRMS (ESI) Calculated C46HoFN4Os" [M+H]": 767.4542, Found 767.4539

MeO

tert-butyl 4-((2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-
yl)ethyl)amino)piperidine-1-carboxylate (Amine Well B6, 21)
Compound 4.21 was prepared from 4.16 (indomethacin) and 4.15 via general procedure 4.9 on a
0.20 mmol scale where solvent = 3:7 DMSO:dioxane. When the reaction was complete after 3
hours, it was cooled to room temperature and diluted with 30 mL of saturated sodium
bicarbonate solution. This was extracted with DCM (3 x 25 mL). The organic layers were
combined, washed with 30 mL of saturated sodium sulfate, dried over sodium sulfate, and

concentrated. The resulting residue was purified by column chromatography using
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DCM/acetone/MeOH to give 35.0 mg (33%) of the desired amine as a yellow oil. The purified
material had 20 pL of trifluoroacetic acid added to the NMR sample.

UPLC Retention time 2 min method: 0.98 min

"H NMR (499 MHz, CD3CN) § 7.68 — 7.64 (m, 2H), 7.58 — 7.55 (m, 2H), 7.10 (d, J = 2.5 Hz,
1H), 6.99 (d, J=9.0 Hz, 1H), 6.71 (dd, J = 9.0, 2.5 Hz, 1H), 4.12 (d, J = 13.7 Hz, 2H), 3.84 (s,
3H), 3.38 — 3.29 (m, 1H), 3.28 — 3.19 (m, 2H), 3.11 — 3.04 (m, 2H), 2.73 (d, J = 11.2 Hz, 2H),
2.29 (s, 3H), 2.03 (d,J =11.9 Hz, 2H), 1.51 (qd, J = 12.3, 4.5 Hz, 2H), 1.43 (s, 9H).

3C NMR (126 MHz, CD3;CN) § 169.4, 158.7, 158.3, 157.2, 155.4, 139.7, 137.0, 135.3, 132.2,
132.1, 130.1, 117.0, 116.1, 114.7, 112.4, 102.2, 80.7, 57.5, 56.4, 45.5, 29.1, 28.5, 21.8, 13.7.
YFNMR (470 MHz, CD3CN) § -76.86.

HRMS (ESI) Calculated C20H37CIN3O4" [M+H]": 526.2467, Found 526.2469.

- H N/\/\/\H/O)k@w\j

422
1-(5-(4-(6-((2-(1,8-diethyl-1,3,4,9-tetrahydropyrano|[3,4-b]indol-1-
yDethyl)amino)hexanoyl)piperazine-1-carbonyl)-2-methylphenyl)dihydropyrimidine-
2,4(1H,3H)-dione (Amine Well D2, 4.22)

Compound 4.22 was prepared from 4.18 (etodolac) and 4.11 on a 0.100 mmol scale relative to
4.11 via general via general procedure 4.9 on where solvent = 3:7 DMSO:dioxane. When the
reaction was complete after 5 hours, it was cooled to room temperature and diluted with 30 mL
of saturated sodium bicarbonate solution. This was extracted with DCM (3 x 25mL). The organic

layers were combined, washed with 30 mL of saturated sodium sulfate, dried over sodium
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sulfate, and concentrated. The residue was reconstituted in acetonitrile and purified via prep
HPLC to give 15.3 mg (23%) of the desired amine as a white solid.

UPLC Retention time 2 min method: 0.85 min

"H NMR (499 MHz, CDCls) § 10.75 (s, 1H), 8.61 (s, 1H), 7.36 (d, ] = 7.9 Hz, 1H), 7.31 (d, ] =
8.9 Hz, 3H), 7.04 (t, J = 7.4 Hz, 1H), 6.99 (d, ] = 7.1 Hz, 1H), 4.09 —4.02 (m, 1H), 3.96 (td, J =
11.0, 3.8 Hz, 1H), 3.85 — 3.78 (m, 1H), 3.78 — 3.29 (m, 9H), 2.95 (td, J = 15.8, 15.2, 7.8 Hz, 2H),
2.85 (ddt, J = 15.6, 12.4, 7.9 Hz, 6H), 2.76 — 2.66 (m, 2H), 2.53 (dd, J = 12.7, 6.5 Hz, 1H), 2.31
(s, 3H), 2.27 — 2.21 (m, 1H), 2.17 (s, 1H), 2.13 (d, J = 7.3 Hz, 1H), 2.03 (dt, ] = 14.9, 7.5 Hz,
1H), 1.90 (dq, J = 14.8, 7.4 Hz, 1H), 1.39 (p, J = 7.3 Hz, 3H), 1.32 (d, J = 7.6 Hz, 3H), 0.97 (t,J
= 7.4 Hz, 4H).

3C NMR (126 MHz, CDCls) § 171.6, 169.7, 168.7, 139.9, 138.4, 136.6, 135.3, 133.5, 131.4,
128.2, 127.1, 126.6, 126.5, 121.8, 120.7, 119.4, 115.7, 108.5, 75.8, 60.5, 47.6, 45.21, 44.71, 33.5,
32.5,31.6,31.5,25.7,25.6,24.2,23.7,22.5, 18.1, 14.4, 8.0.

HRMS (ESI) Calculated C39Hs3NeOs" [M+H]": 685.4072, Found 685.4067.
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(28,4R)-N-(2-(3-(2-(2-((S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno|[3,2-
f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetamido)ethoxy)propoxy)-4-(4-methylthiazol-5-
yl)benzyl)-4-hydroxy-1-((S)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-

carboxamide (4.23)
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Compound 4.23 was prepared from 4.1 and 4.13 on a 0.10 mmol scale following general
procedure 4.6. Upon completion the reaction was quenched by the addition of 20 mL saturated
aqueous NaHCOj3 solution. The phases were then separated, and the aqueous phase was extracted
with EtOAc (3 x 20 mL). The combined organic fractions were then washed with brine then
dried over MgSOs, filtered, and concentrated in vacuo. The resulting residue was redissolved in
MeCN (3 mL, HPLC grade) and purified via preparative HPLC to give 48.5 mg (47%) of desired
amide as a white solid.

Rf=0.37 (10 % MeOH/DCM)

UPLC Retention time 2 min method: 1.13 min

'H NMR (500 MHz, CDCls) § 8.66 (s, 1H), 7.78 (s, 1H), 7.49 (t, J= 7.5 Hz, 1H), 7.41 — 7.33 (m,
5H), 7.30 (d, J = 7.9 Hz, 3H), 7.02 (m, 1H), 6.96 (d, J = 7.6 Hz, 1H), 6.92 (s, 1H), 4.79 (d, J =
10.8 Hz, 1H), 4.72 — 4.65 (m, 2H), 4.62 — 4.51 (m, 2H), 4.46 (dd, J = 14.7, 5.5 Hz, 1H), 4.37 (d,
J=17.5 Hz, 1H), 4.28 (d, /= 11.2 Hz, 1H), 4.14 (td, J = 11.7, 6.7 Hz, 2H), 3.72 (dh, J = 21.3,
6.1 Hz, 3H), 3.58 (d, J = 5.7 Hz, 2H), 3.47 (q, J = 5.5 Hz, 3H), 3.28 (dd, J = 14.6, 6.3 Hz, 1H),
2.56 (s, 4H), 2.52 — 2.43 (m, 8H), 2.39 (s, 4H), 2.14 (s, 1H), 1.65 (s, 3H), 1.30 — 1.22 (m, 1H),
0.92 (d, /= 6.5 Hz, 3H), 0.85 (d, J= 6.6 Hz, 3H).

3C NMR (126 MHz, CDCls) § 170.7, 170.2, 163.9, 156.9, 142.2, 136.9, 136.7, 131.8, 131.7,
131.0, 130.6, 129.9, 129.7, 128.8, 128.0, 126.5, 123.9, 122.9, 121.8, 112.4, 69.9, 69.5, 67.7, 65.2,
58.8,58.7,55.9,47.4, 39.6,39.2,39.1, 36.4, 29.8, 29.5, 29.0, 19.2, 19.0, 16.3, 14.5, 13.2, 11.8.

HRMS (ESI) Calculated Cs3HsoCIN9O7S2" [M+H]™: 1032.3662, Found 1032.3660.
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2-(3-(2-(((25,4R)-4-hydroxy-1-((S)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-
carboxamido)methyl)-5-(4-methylthiazol-5-yl)phenoxy)propoxy)ethyl 2-((5)-4-(4-
chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-

ylacetate (4.24)

Compound 4.24 was prepared from 4.1 and 4.13a on a 0.10 mmol scale via general procedure

4.7. Filtrate was purified by flash chromatography on silica gel using DCM/Acetone (50 %) to

MeOH/DCM (10 %) as eluent to 34.0 mg (36%) of desired ester as a white solid.

Compound 4.24 was also prepared from 4.1 and 4.13 on a 0.10 mmol scale via general procedure

4.8 to give 25.8 mg (25%).

Rf=10.50 (10 % MeOH/DCM)

UPLC Retention time 2 min method: 1.21 min

"H NMR (500 MHz, CDCls) & 8.68 (s, 1H), 7.75 — 7.71 (m, 1H), 7.48 (td, J = 7.4, 1.1 Hz, 1H),

7.42 —7.34 (m, 5H), 7.29 (dd, J = 8.3, 1.9 Hz, 3H), 6.93 (dd, J = 7.6, 1.6 Hz, 1H), 6.89 (d, J =

1.7 Hz, 1H), 4.76 (d, J = 10.9 Hz, 1H), 4.73 — 4.66 (m, 2H), 4.58 — 4.49 (m, 3H), 4.46 (dd, J =

15.0, 5.8 Hz, 1H), 4.40 — 4.32 (m, 3H), 4.26 (ddd, /=11.8, 6.0, 3.7 Hz, 1H), 4.14 (t, /= 6.0 Hz,

2H), 3.78 — 3.68 (m, 5H), 3.62 — 3.51 (m, 2H), 2.61 (s, 3H), 2.51 (s, 3H), 2.46 (m, 1H), 2.39 (s,

3H), 2.18 — 2.09 (m, 3H), 1.66 (s, 3H), 0.93 (d, J = 6.5 Hz, 3H), 0.85 (d, J = 6.5 Hz, 3H).
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3C NMR (126 MHz, CDCls) § 170.7, 170.2, 163.9, 156.9, 142.2, 136.9, 136.7, 131.8, 131.7,
131.0, 130.6, 129.9, 129.7, 128.8, 128.0, 126.5, 123.9, 122.9, 121.8, 112.4, 69.9, 69.5, 67.7, 65.2,
58.8,58.7,55.9,47.4, 39.6, 39.2, 39.1, 36.4, 29.8, 29.5, 29.0, 19.2, 19.0, 16.3, 14.5, 13.2, 1 1.8.

HRMS (ESI) Calculated Cs3HssCINgOsS," [M+H]"™: 1033.3502, Found 1033.3502.

Cl

(285,4R)-N-(2-(3-(4-((:S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno|3,2-
f][1,2,4]|triazolo[4,3-a][1,4]diazepin-6-yl)butoxy)propoxy)-4-(4-methylthiazol-5-yl)benzyl)-
4-hydroxy-1-((S)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamide
(4.25)

Compound 4.25 was prepared from 4.1 and 4.13a on a 0.10 mmol scale following general
procedure 4.10. The product was purified via preparative HPLC to 21 mg (20%) of desired

alkane product as a white solid.

UPLC Retention time 8 min method: 4.19 min

'H NMR (400 MHz, CDsCN) & 8.71 (s, 1H), 7.70 (d, J = 7.5 Hz, 1H), 7.61 — 7.40 (m, 6H), 7.38
—7.33 (m, 2H), 7.31 (d, J= 8.0 Hz, 1H), 7.25 (t, J= 6.1 Hz, 1H), 6.98 (d, /= 1.9 Hz, 1H), 4.74
(d,J=10.9 Hz, 1H), 4.57 (d, J=17.8 Hz, 1H), 4.48 — 4.41 (m, 2H), 4.39 — 4.34 (m, 4H), 4.11 (4,
J=6.1 Hz, 2H), 3.97 (dd, J = 8.4, 5.9 Hz, 1H), 3.86 (d, /= 10.9 Hz, 1H), 3.75 (dd, J=10.9, 4.3

Hz, 1H), 3.64 (t, J= 6.1 Hz, 2H), 3.58 (td, J = 6.4, 3.2 Hz, 2H), 3.37 (d, J = 4.1 Hz, 1H), 2.54 (s,
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2H), 2.45 (s, 3H), 2.40 (td, J= 7.8, 2.5 Hz, 1H), 2.35 (s, 3H), 2.15 (s, 3H), 2.06 (td, J= 12.6, 5.5
Hz, 4H), 1.86 — 1.73 (m, 1H), 1.62 (s, 3H), 0.92 (d, J = 6.5 Hz, 3H), 0.76 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDsCN) § 172.3, 170.2, 169.1, 164.4, 157.7, 157.0, 151.6, 150.8, 149.4,
143.5, 138.4, 136.7, 133.7, 132.9, 132.8, 132.5, 131.5, 131.4, 131.1, 129.7, 129.3, 128.8, 127.9,
124.3, 124.0, 122.0, 113.1, 79.2, 71.6, 70.5, 67.9, 66.3, 60.0, 59.3, 57.7, 56.4, 48.0, 39.0, 38.4,
30.4,29.7,27.3,21.1, 19.4, 19.0, 16.5, 14.6, 13.1

HRMS (ESI) Calculated Cs2HssCINgOsS2" [M+H]"™: 989.3604, Found 989.3594.
Cl

Me M
Me ©
=

s/\N o]

N=\
QS
NYWO/\/\O O:<<N i
Me—<\ |N o
NT 4.26 NH WMS
N
O)\L> Me
OH

(28,4R)-N-(2-(3-(4-((:S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno|3,2-
f111,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)-3-oxobutoxy)propoxy)-4-(4-methylthiazol-5-
yl)benzyl)-4-hydroxy-1-((S)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-
carboxamide (4.26)

Compound 4.26 was prepared from 4.1 and 4.13a on a 0.95 mmol scale following a modified
general procedure 4.11 where saturated sodium sulfate was replaced with saturated sodium
bicarbonate to remove residual 4.1. The crude residue was passed through a plug of silica gel to
remove the triphenylpyridine. The plug was initially washed with 50 mL of DCM followed by 50
mL of 10% methanol in DCM. The methanol/DCM fraction was evaporated, reconstituted in
acetonitrile, and purified via preparative HPLC to give 18.6 mg (19%) of desired ketone as a

white solid.
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UPLC Retention time 2 min method: 4.01 min

"H NMR (499 MHz, CDCl3) & 8.66 (s, 1H), 7.77 (d, J = 7.2 Hz, 1H), 7.50 (td, J = 7.3, 1.1 Hz,
1H), 7.42 (d, J = 8.0 Hz, 2H), 7.41 — 7.25 (m, 8H), 6.92 (dd, /="7.6, 1.6 Hz, 1H), 6.84 (d,J=1.6
Hz, 1H), 4.76 (d, J=10.9 Hz, 1H), 4.72 — 4.63 (m, 2H), 4.56 (t, J=7.5 Hz, 1H), 4.55 — 4.49 (m,
1H), 4.48 (dd, J=5.9, 4.0 Hz, 2H), 4.40 — 4.34 (m, 2H), 4.10 (t, J= 6.1 Hz, 2H), 3.84 (t, /= 6.4
Hz, 1H), 3.79 — 3.58 (m, 5SH), 3.48 (s, 1H), 2.99 (dt, /= 16.5, 6.2 Hz, 1H), 2.88 (dt, J=16.5, 6.5
Hz, 1H), 2.69 — 2.65 (m, 1H), 2.57 (s, 3H), 2.54 — 2.45 (m, 1H), 2.49 (s, 3H), 2.41 (td, J = 7.9,
7.1, 3.7 Hz, 2H), 2.38 (s, 3H), 2.17 — 2.05 (m, 3H), 1.72 — 1.65 (m, 1H), 1.64 (s, 3H), 0.91 (d, J =
6.5 Hz, 3H), 0.86 (d, /= 6.6 Hz, 3H).

3C NMR (126 MHz, CDCls) § 207.2, 170.8, 170.2, 169.4, 164.0, 156.9, 155.5, 150.3, 148.5,
142.3, 136.9, 136.8, 131.9, 131.8, 131.0, 130.9, 130.5, 129.9, 129.6, 128.8, 128.0, 126.5, 123.9,
123.0, 121.6, 112.1, 76.9, 70.2, 67.6, 65.8, 65.0, 58.7, 56.0, 52.8, 47.5, 44.8, 44.1, 39.1, 36.3,
29.7,28.9,19.2,19.1, 16.2, 14.5, 13.2, 11.8.

HRMS (ESI) Calculated Cs3HssCINgO7S>" [M+H]™: 1017.3553, Found 1017.3559

4.2.17.1 Characterization of screen scale ups

N,N-dipropyl-4-((p-tolylamino)methyl)benzenesulfonamide (Amine primary screen, Well
D3, 4.52)
Compound 4.52 was prepared from 4.40 and 4.33 on a 0.20 mmol via general via general
procedure 4.9 on where solvent = DMSO. When the reaction was complete after 5 hours, it was
cooled to room temperature and diluted with 30 mL of saturated sodium bicarbonate solution.

This was extracted with DCM (3 x 25mL). The organic layers were combined, washed with 30
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mL of saturated sodium sulfate, dried over sodium sulfate, and concentrated. The residue was
reconstituted with ethyl acetate and hexanes to give 47.3 mg (~66%) of impure desired amine as
a clear oil.

"H NMR (499 MHz, CDCl3) § 7.77 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.00 (d, J = 8.1
Hz, 2H), 6.54 (d, J = 8.4 Hz, 2H), 4.41 (s, 2H), 3.09 (t, /= 8.1 Hz, 4H), 2.25 (s, 3H), 1.56 (h, J =
6.9 Hz, 4H), 0.89 (t, J= 7.4 Hz, 6H).

3C NMR (126 MHz, CDCls) § 145.4, 144.7, 129.8, 127.61, 127.4, 127.2, 113.1, 50.1, 48.1,
22.07,20.4,11.2.

LRMS (UPLC) Calculated C20H20N20,S" [M+H]": 361, Found 361

Me, Me
7
Me

Me
(o] (0] (o] NBoc
<Y O
-t :
NH —
o O

483
tert-butyl 4-(2-((4R,6R)-6-(2-(2-(4-fluorophenyl)-5-isopropyl-3-phenyl-4-
(phenylcarbamoyl)-1H-pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-
ylacetamido)piperidine-1-carboxylate (Amide primary screen, Well CS, 4.53)
Compound 4.53 was prepared from 4.17 and 4.15 on a 0.10 mmol scale according to procedure
4.6. Upon completion the reaction was quenched by the addition of 20 mL saturated aqueous
NaHCOs solution. The phases were then separated, and the aqueous phase was extracted with
EtOAc (3 x 20 mL). The combined organic fractions were then washed with brine then dried
over MgSOQs, filtered, and concentrated in vacuo. The crude product was purified by
chromatography on silica gel using 70 % EtOAc in hexanes to give 60.0 mg (77%) of desired

amide as a white solid.

UPLC Retention time 2 min method: 1.45 min

460



'H NMR (400 MHz, CD:CN) § 7.78 (s, 1H), 7.25 (m, 6H), 7.16 — 7.05 (m, 7H), 7.01 (t, J = 6.8
Hz, 1H), 6.38 (d, J= 7.8 Hz, 1H), 4.12 (dd, J = 11.4, 7.2 Hz, 1{H), 3.99 (ddd, J = 15.2, 10.4, 5.2
Hz, 1H), 3.87 (m, 3H), 3.80 — 3.67 (m, 2H), 3.37 (p, J= 7.1 Hz, 1H), 2.84 (m, 2H), 2.22 — 2.07
(m, 4H), 1.77 — 1.70 (m, 2H), 1.59 (m, 2H), 1.48 — 1.37 (m, 15H), 1.33 (s, 3H), 1.21 (s, 3H), 0.94
(q,J=12.0 Hz, 1H).

13C NMR (126 MHz, CDsCN) & 170.0, 166.7, 163.3 (d, J = 245.5 Hz), 155.4, 140.0, 139.6,
136.2, 134.7 (d, J = 8.3 Hz), 131.1, 129.8 (d, J = 3.7 Hz), 129.2, 127.1, 124.5, 122.6, 120.5,
116.1 (d, J=21.6 Hz), 99.4, 79.8, 67.3, 67.1, 47.1, 43.8, 41.4, 38.8, 36.6, 32.5, 30.4, 28.6, 27.0,
22.4,22.3,20.2.

F NMR (470 MHz, CD;CN) & -72.21, -115.60.

HRMS (ESI) Calculated C46Hs7FN4Os" [M+H]": 781.4335, Found 781.4308.

0s N0
P N‘L@Tj
AAAN
QNH //N o/:\/\g/N\) Me
o
6-(4-(3-(2,4-dioxotetrahydropyrimidin-1(2 H)-yl)-4-methylbenzoyl)piperazin-1-yl)-6-
oxohexyl 2-((4R,6R)-6-(2-(2-(4-fluorophenyl)-5-isopropyl-3-phenyl-4-(phenylcarbamoyl)-
1H-pyrrol-1-yl)ethyl)-2,2-dimethyl-1,3-dioxan-4-yl)acetate (Ester primary screen, Well C2,
4.54)
Compound 4.54 was prepared on a 0.10 mmol scale from 4.17 and 4.27 following general
procedure 4.7. Purification was achieved via column chromatography using
chloroform/acetone/methanol to give 88.2 mg (88%) of desired ester as a yellow solid.

Rf 48:48:4 chloroform:acetone:methanol: 0.40

UPLC Retention time 2 min method: 1.32 min
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'H NMR (499 MHz, CDCl3) § 8.13 (s, 1H), 7.50 — 7.35 (m, 4H), 7.29 (dd, J = 10.0, 6.1 Hz, 8H),
7.19 (d, J = 8.0 Hz, 2H), 7.11 (t, J = 7.8 Hz, 3H), 7.01 (s, 1H), 4.32 (dt, J = 13.3, 7.1 Hz, 1H),
4.19 (t, J = 6.8 Hz, 3H), 3.94 (ddd, J = 15.7, 10.6, 6.4 Hz, 2H), 3.87 — 3.54 (m, 10H), 2.95 (q, J =
6.2 Hz, 2H), 2.60 (dd, J = 15.6, 7.0 Hz, 1H), 2.46 (d, J = 8.0 Hz, 2H), 2.43 (s, 3H), 1.78 (q, J =
7.6 Hz, 6H), 1.65 (d, J= 7.0 Hz, 6H), 1.56 — 1.45 (m, 3H), 1.48 (s, 3H), 1.41 (s, 3H), 1.38 (d, J =
43 Hz, 1H), 1.15 (dt, J= 25.7, 12.6 Hz, 1H).

13C NMR (126 MHz, CDCl3) § 171.5, 171.0, 169.5, 164.9, 162.4 (d, J = 247.8 Hz), 141.6, 140.1,
138.5, 138.1, 134.7, 134.2, 133.3 (d, J= 8.1 Hz), 131.6, 131.2, 130.6, 128.9, 128.8, 128.4 (d, J =
5.7 Hz), 127.0, 126.7, 126.6, 123.6, 121.9, 119.7, 119.2, 115.5 (d, J = 21.4 Hz), 115.5, 98.8,
66.5, 65.7, 64.4, 45.2, 41.3, 40.9, 38.1, 36.1, 33.1, 31.6, 30.0, 29.4, 28.6, 26.2, 25.8, 24.8, 21.9,
21.7,19.8, 19.7, 18.1.

IF NMR (470 MHz, CDCl3) § -113.74.

HRMS (ESI) Calculated CssHg7FNsNaOo" [M+Na]": 1033.4851, Found 1033.4834.

H 0 O
N

o [¢] NH, >—OH
OF Pyridine LiOH O e
t —_— _—
E‘O)Ka/\[f O O 120 °C 1:1 EtOH:H,0 =N
NH5Cl O 48 hours 65 °C 4 hours
O 4.48

Scheme 4.6 Synthesis of 4.4857

H 0 O

O N‘g >—0Et
—N
O 4.48-ester

ethyl ($)-2-(2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl)acetate (4.48-ester)
Following a reported procedure®’, to an oven dried 100 mL round bottom flask charged with a
Teflon coated stir bar was added 2-amino benzophenone (SI-17) (1200 mg, 6.1 mmol, 1.0 equiv)

and L-aspartic acid diethyl ester hydrochloride salt (2060 mg, 9.1 mmol, 1.5 equiv). A reflux
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condenser and rubber septum were fitted, and the flask evacuated and refilled under a nitrogen
atmosphere 3x. To the flask was added 40.0 mL of pyridine and the solution was stirred for 48
hours at 120 °C and 300 rpm. After cooling to room temperature, the reaction was concentrated
in vacuo and poured over 50 mL of ice water. This was extracted with DCM (3 * 75 mL). The
organic layers were combined and washed with 50 mL of 0.1 M HCI followed by drying with
sodium sulfate and concentration in vacuo. The residue was purified by column chromatography
0a50% Ethyl acetate in hexanes to give 500 mg (26%) of 4.48-ester as a tan solid.

Rr50:50 Ethyl acetate: hexanes: 0.50

"H NMR (499 MHz, CDCls) § 9.23 (s, 1H), 7.54 — 7.47 (m, 3H), 7.43 (t, J = 7.4 Hz, 1H), 7.41 (s,
OH), 7.36 (t,J=17.5 Hz, 2H), 7.32 (dd, /= 7.9, 1.5 Hz, 1H), 7.16 (dd, /= 16.6, 8.7 Hz, 2H), 4.24
—4.14 (m, 3H), 3.43 (dd, J = 16.7, 7.4 Hz, 1H), 3.22 (dd, J = 16.7, 6.7 Hz, 1H), 1.29 (dd, J =
14.3, 1.2 Hz, 3H).

3C NMR (126 MHz, CDCls) § 172.1, 171.6, 169.9, 149.9, 139.3, 138.4, 131.9, 131.4, 130.5,
129.9, 128.3, 127.7, 123.6, 121.4, 60.6, 60.4, 36.8, 14.4.

HRMS (ESI) Calculated C19Hi9N2O3" [M+H]": 323.1390, Found 323.1391

O H:§°°>_OH
(D) s

(5)-2-(2-ox0-5-phenyl-2,3-dihydro-1H-benzo|e][1,4]diazepin-3-yl)acetic acid (4.48)
to a two-dram vial charged with a Teflon coated stir bar was added 4.48-ester (200 mg, 0.62
mmol, 1.0 equiv). This was dissolved in 2.0 mL of ethanol followed by addition of 2.0 mL of 1M
aqueous LiOH. The vial was capped and stirred for 4 hours at 60 °C and 800 RPM. After cooling
to room temperature, the ethanol was removed in vacuo and the remaining water cooled in an ice

bath. The pH was adjusted to ~4 using 1M HCI and the solid precipitate was filtered and washed
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with water. This precipitate was dissolved in ethyl acetate, dried over sodium sulfate, filtered,
and concentrated in vacuo to give 100 mg (55%) of 4.48 as a white solid.

'"H NMR (400 MHz, CDsCN) § 8.80 (s, 1H), 7.65 — 7.56 (m, 1H), 7.54 — 7.48 (m, 2H), 7.48 —
7.39 (m, 2H), 7.35 - 7.18 (m, 3H), 4.01 (dd, /=7.0, 5.3 Hz, 1H), 3.13 (dd, J=16.6, 7.0 Hz, 1H),
2.99 (dd, J=16.6, 5.3 Hz, 1H).

3C NMR (101 MHz, CDsCN) & 173.08, 171.30, 139.71, 133.22, 132.09, 131.68, 130.65, 129.28,
127.89, 124.43, 122.21, 61.03, 36.22.

HRMS (ESI) Calculated C17HisN203" [M+H]™: 295.1077, Found 295.1070

4.2.18 Cell titer glow assay data.

CRBN Cell Titer Glo

® 4.3 (Amide)
® 4.4 (Ester)
® 4.5 (Alkane)
® 4.6 (Ketone)
4.7 (Amine)

100

(o]
o
1

D
o
1

Cell Toxicity (%)
S 3

Log [Compound] (M)

Figure 4.35 Results of Cell Titer Glo assay for compounds 4.3-7. Data are from N=4 replicates
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VHL Cell Titer Glo
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Figure 4.36 Results of Cell Titer Glo assay for compounds 4.19, 4.23-26. Data are from N=4 replicates.

4.2.19 BRD4-BDI1 binding data

CRBN cmpds
150
4.3 (Amide)

100
4.5 (Alkane)

4.6 (Ketone)

-
- 4.7 (Amine)
il
v

@

Activity [%]
3
1

P 4.4 (Ester)

= T T T 1
1 10 100 1000 10000 100000

Cmpd [nM]

50

Figure 4.37 Results of BRD4-BD1 binding assay for compounds 4.3-7. Data are from N=3 replicates.
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Figure 4.38 Results of BRD4-BD1 binding assay for compounds 4.19, 4.23-6. Data are from N=3 replicates.

4.2.20 Extended VHL permeability data

Table 4.23 Results of nanoBRET assay in permeabilized and live cells for compounds 4.19, 4.23-26 as well as
calculated RBA values. Data are from N=5 replicates.

nanoBRET nanoBRET nBREt

Linker Type (%) *| ive (nM) Permeabilized (n"M) RBA
amide (23) 2195+ 55 927 + 54 2.4
ester (24) 5989 + 145 2345 + 84 2.6
alkane (25) 3918 + 186 1870 £ 59 2.1
ketone (26) 15731 +520 2884 + 107 27
amine (19) 2498 + 46 618 + 56 4.0

4.2.21 Interaction Diagrams of Compounds in BRD4-BD1 Binding Pocket.
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Figure 4.39 Diagram of interactions of 4.3 in binding pocket of BRD4-BD1.

Figure 4.40 Diagram of interactions of 4.7 in binding pocket of BRD4-BD1. Note hydrogen bond between amine
and imine as well as amine and ASP 144.
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4.3 The influence of amine-acid couplings on cellular distribution.!’

4.3.1 Introduction

The ability for a drug molecule to exert its desired effect is dependent upon its ability to
bind to a target protein. In the context of a biochemical assay, this is a straightforward task.
However, in the context of a cell or organism, this can be much more complicated. The molecule
must traverse several membranes to reach the desired tissue without excessive trapping by
plasma proteins.’®* For intracellular targets, an additional layer of complexity is added,
particularly if the target is localized within a specific organelle. This results in only a small
fraction of the dosed drug reaching its site of action.®® This has important implications in the
context of toxicity and efficacy, particularly with cytotoxic agents.®' It has been demonstrated
that beyond tissue and cell type, where a small molecule localizes within a cell also has
important implications on both toxicity and mechanism of action.®*”%* Current strategies to target
small molecules to specific organelles include conjugation to other small molecules,>%
peptides®’, or nanoparticle encapsulation.®® Each of these methods have proven effective, but the
conjugation of another molecule may alter the efficacy or oral availability of the drug. As such it
would be ideal to incorporate organelle targeting properties into the structure of the drug itself. It
has been demonstrated that the properties of a small molecule can influence its subcellular
distribution profile.’%¢3¢
We have demonstrated amine acid couplings have a pronounced effect on the properties

of a molecule.'® Based upon this we would be able to influence the subcellular distribution of an

amine and carboxylic acid coupling pair by varying the reaction conditions used to unite them.

19 Compounds 4.59 and 4.60 were synthesized by Dr. Sam Zhang. Dr. Chris Audu assisted with developing imaging
protocols.
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By taking advantage of a naturally fluorescent carboxylic acid, fluorescein (4.55), we were able
to circumvent many of the challenges associated with determining the localization of the

molecules we synthesized. >%7%7!

4.3.2 Synthesis of fluorescent dyes from an amine—acid pair.

To begin our studies, we selected 4.55 and 4.33 as coupling partners. We selected four
reactions as a starting point for our chemistry: amidation, esterification, reductive amination, and
a-arylation. Amidation was accomplished wusing diisopropylcarbodiimide (DIC) and
dimethylamino pyridine (DMAP) in DMF at 80 °C. Initial attempts to use chemistry developed
in our lab to synthesize the ester from the diazonium salt of 4.33 produced complex mixtures that
were low yielding in the desired ester, and as such the ester was prepared from the acid chloride
of 4.55 and p-cresol. We encountered as similar issue for the a-arylation chemistry’? and instead
used chemistry developed by the Weix group using aryl iodide 4.56 (Figure 4.39, A). A 24 well
array examining two catalysts, six ligands, and two solvents was performed to optimize the
reductive amination reaction for fluorescein (see experimental section). The highest yielding hit

from the screen was scaled up to synthesize 4.58 (Figure 4.39, B).
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Figure 4.41 Synthesis of fluorescein derivatives. A) Synthesis of alpha arylated product 4.57. B) Synthesis of
aminated product 4.58.

4.3.3 Visualization of dye derivatives in cells.

With our dye derivatives in hand, we began exploring their distribution in NIH-3T3 cells. To
accomplish this, we incubated live cells with known organelle tracking dyes as well as our
derivatives and observed them with live cell imaging. While not absolute, we did observe bias in
the distribution of each derivative using Pearson’s correlation.”> We found amide 4.60, made
using, a carbodiimide catalyst, was only slightly permeable to the cell membrane and did not
selectively localize whereas ester 4.59, which can be made using a copper catalyst, was found
more in the lysosome then other organelles. Arylated product 4.57 made with a ruthenium
catalyst, generally localized to the mitochondria, and alkyl amine product 4.58, made with a

platinum catalyst, was preferentially found in the golgi.

O, 0. OH
i
Ar

(0] Me Me Me
Ar OH /©/ Ar O /©/ Ar O /@/
N o NH
SaWal @A @ ©)L
4.59 4.60

4.57 4.58
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Figure 4.42 Overlayed images of fluorescein derivatives with localization dyes. Red is lysosome, blue is nucleus,
magenta is mitochondria, green is fluorescein derivative. Yellow indicates overlap between lysosome and
fluorescein.

4.3.4 Visualization of PROTAC derivatives in cells

By taking advantage of the natural green fluorescence of pomalidomide’ we were able to image
the degraders synthesized in chapter 4.1 as well. In contrast to the fluorescein derivatives, we
observed that 4.4, 4.5, and 4.7 all localized in the lysosome. This is possibly attributed to the
much larger molecular weight (cf. 800 vs 400) or the dense functionalization present in these

derivatives causing trafficking to the lysosome.

Figure 4.43 Overlayed images of PROTACs with localization dyes. Red is lysosome, blue is nucleus, magenta is
mitochondria, green is PROTAC derivative. Yellow indicates overlap between lysosome and PROTAC.
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4.3.5 Conclusions

We have demonstrated that in small molecule fluorescent dyes, the choice of catalyst used to
couple two building blocks together can have a dramatic impact on where the molecule localizes
within mouse fibroblasts. This is likely due to the difference in properties imparted by the
change. Further studies into this effect are ongoing in our lab, and we will observe the impact of
other transformations on localization in the near future. We see as the molecules become larger,
single atom changes have a more nuanced effect on the overall properties of the molecule. This
may in part explain the differences observed between the fluorescein and dbetl derivatives.
These proof-of-concept studies serve to demonstrate that there is a direct connection between the

functional outcome of a molecule and the materials used to make it.

4.4 Experimental section for the influence of amine-acid couplings on cellular distribution.

Please see section 4.2.1 for general methods.

4.4.1 Cell growth for microscopy.

Immortalized murine embryonic fibroblast cells (NIH3T3) cells were grown in Complete Media
(10% Fetal Bovine serum + 100 ug/mL streptomycin + 100 U/mL Penicillin all dissolved in
Dulbelcco’s Modified Eagle’s medium - DMEM) and incubated at 37 °C with 5% CO». After 36
- 48hrs, cells were trypsin digested, and aliquoted into microscopy chamber slides at

approximately 1x10* cells/mL and incubated until near confluence.

4.4.2 Organelle staining and microscopy.

Into 1 mL aliquots of warm Complete Media was added 1 pL nuclear DAPI solution (Biotium,

Cat # 40011) along with standard stains for each organelle (Lysosome — Biotium LysoView 640
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#70085-T; Mitochondria — Biotium MitoViewTM 720 #70068-T; Golgi — Invitrogen BODIPY
TR Ceramide #D7540) according to manufacturer protocol. Each fluorescent compound 4.4, 4.5,
4.7, 4.57-60 was diluted to 1 mg/mL in DMSO. The compound was added to obtain a final
concentration of approximately 10 mM (and < 10% DMSO) in the complete media. Cells were
then incubated with this complete media containing the stains at 37 °C, 5% CO> for 15 min. The
cells were then washed with unstained Complete Media and incubated with 1mL of Live Cell
Imaging solution (Invitrogen; Cat #: A14291DJ).

Live cell images were then obtained on a confocal microscope (Nikon A1 Standard Sensitivity
Confocal). Cellular organelle co-localization was estimated using Pearson correlation
coefficients of each respective standard organelle dye colour with the fluorescent compound.

This was computed with FIJI (NIH ImageJ software).

4.4.3 Pearson’s R table.
4.57 4.58 4.59 4.60
0.26 0.74 0.14 0.31
0.78 0.56 0.63 0.29
0.15 0.33 0.75 0.11
-0.16 -0.27 0.02 -0.05

4.4.4 Synthesis of fluorescent dyes




3-(6-hydroxy-3-0x0-3H-xanthen-9-yl)-4'-methyl-[1,1'-biphenyl]-2-carboxylic acid (4.57)
According to a modified literature procedure’® in a nitrogen filled glovebox, an oven dried two-
dram vial charged with a stir bar was loaded with fluorescein (167 mg, 0.5 mmol, 1.0 equiv),
potassium carbonate (104 mg, 0.75 mmol, 1.5 equiv), Dichloro(p-cymene)ruthenium(Il) dimer
(45 mg, 0.075 mmol, 0.15 equiv), tricyclohexylphosphine (42.0 mg, 0.15 mmol, 0.3 equiv), and
4.56 (163 mg, 0.75 mmol, 1.5 equiv). 2.0 mL of NMP were added, the vial capped, removed
from the glovebox, and subsequently stirred at 1200 rpm and 110 °C for 24 hours. Upon
completion, the reaction was diluted with 50 mL of ethyl acetate and washed 3x with 25 mL of
IM HCI in water. The organic layer was dried, evaporated and the crude residue purified with
hexane, DCM, and acetone to give 126 mg (60%) of a yellow solid.

Rf=0.31in 1:1:1 DCM: acetone: hexanes

IH NMR (499 MHz, CD30D) 6 7.72 (t, J = 7.6 Hz, 1H), 7.56 — 7.50 (m, 3H), 7.29 (d,J =7.8
Hz, 2H), 7.08 (dd, J = 7.7, 0.9 Hz, 1H), 6.69 — 6.68 (m, 3H), 6.66 (s, 1H), 6.55 (dd, J =8.7,2.4
Hz, 2H), 2.42 (s, 3H).

13C NMR (126 MHz, CD30D) 6 169.2, 159.5, 152.5, 142.0, 138.0, 134.9, 133.7, 131.0, 129.31,
128.8, 128.3, 122.6, 122.1, 112.0, 110.2, 102.1, 19.9.

LRMS (UPLC) Calculated C27H1905" [M+H]": 423, Found 423

<
OH Me 2(PY
6 ligand
N £ “
—_—
HzN 4 equiv PhSiH3
HO 0 0

2 solvents, 80 °C 4 hours

2.5 equiv
4.55 4.33 4.58
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Table 4.24 Recipe for fluorescein reductive amination optimization screen.

Reagents Solvent Cstock (M) Viose (HL)| Wells |Order Added
Platinum (Il) Chloride Bu20 0.5 20 A 1-6 1
dimethyl cyclooctadiene platinum (0) Bu20 0.5 20 B, 1-6 1
BrettPhos Bu20 0.5 20 AB, 1 2
tBuXPhos Bu20 0.5 20 AB,2 2
diphenylphosphinoethane Bu20 0.5 20 AB,3 2
triphenylphosphine Bu20 0.5 20 AB, 4 2
Terpyridine Bu20 0.5 20 AB.5 2
di-tert-butylbipyridine Bu20 0.5 20 AB,6 2
Fluorescein Bu20 0.5 20 AB, 1-6 3
p-toluidine Bu20 0.75 20 AB, 1-6 4
Phenylsilane Bu20 2 20 AB, 1-6 5
Platinum (ll) Chloride DMSO 0.5 25 C,1-6 1
dimethyl cyclooctadiene platinum (0) DMSO 0.5 25 D, 1-6 1
BrettPhos DMSO 0.5 25 €D 2
tBuXPhos DMSO 0.5 25 CDh2 2
diphenylphosphinoethane DMSO 0.5 25 CD3 2
triphenylphosphine DMSO 0.5 25 CcD4 2
Terpyridine DMSO 0.5 25 CD5 2
di-tert-butylbipyridine DMSO 0.5 25 CD6 2
Fluorescein DMSO 0.5 25 C.D1-6 3
p-toluidine DMSO 0.75 20 CD1-6 =
Phenylsilane DMSO 2 25 CD1-6 5

6-hydroxy-9-(2-((p-tolylamino)methyl)phenyl)-3H-xanthen-3-one (4.58)
In a nitrogen filled glovebox, an oven dried two-dram vial, equipped with a Teflon-coated stir
bar, was charged with dimethyl cyclooctadiene platinum (0) (3.3 mg, 0.01 mmol, 0.05 equiv) and
tBuXphos (4.2 mg, 0.01 mmol, 0.01 equiv). 200 pL of Bu,O was added and the solution stirred
for 20 minutes at 30 °C and 300 rpm. Outside of the glovebox, an additional oven dried two-
dram vial, equipped with a Teflon-coated stir bar, was charged with 4.33 (0.30 mmol, 1.5 equiv)
and 4.55 (0.10 mmol, 1.0 equiv). 900 pL of solvent was added. The catalyst solution was
removed from the glovebox, cooled to room temperature, and phenylsilane (97 pL, 0.8 mmol,

4.0 equiv) added via syringe. Note the solution will bubble vigorously and generate hydrogen
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gas. The yellow solution was transferred via syringe to the amine/acid vial which was
subsequently heated at 80°C for 4 hours and a stir rate of 500 rpm. Upon completion, the
reaction was diluted with 25 mL ethyl acetate and washed with 25 mL of saturated sodium
sulfate. The organic layer was dried over sodium sulfate and purified by preparative LC to give
38.2 mg (47 %) of a yellow solid.

"H NMR (499 MHz, dmso) & 9.63 (s, 2H), 7.45 (dt, J = 7.6, 1.0 Hz, 1H), 7.22 (td, J = 7.5, 1.1
Hz, 1H), 7.12 (dd, J = 7.6, 1.2 Hz, 1H), 6.78 — 6.73 (m, 2H), 6.65 (dt, J= 7.7, 0.9 Hz, 1H), 6.61
(d, J=8.5 Hz, 2H), 6.56 (d, J = 2.4 Hz, 2H), 6.40 — 6.35 (m, 2H), 6.31 (dd, J = 8.6, 2.4 Hz, 2H),
2.03 (s, 3H).

13C NMR not performed.

LRMS (UPLC) Calculated C27H2NO3;" [M+H]": 408, Found 408

4.5 NMR spectra

4.5.1 NMRs from chapter 4.1
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Chapter 5 Summaries and Future Directions

In chapter one, we provided an overview of systems chemistry, and discussed how
molecular function is directly related to structure which is a function of the building blocks used
to construct a molecule as well as the transformations used to unite them. We can use this
knowledge coupled with machine learning to further our understanding of chemistry. We
examined alternatives to the amide coupling from amines and carboxylic acids as well as
overviewing methodologies to activate them. We further discussed applications of these methods
in drug discovery and finally examined High throughput experimentation methods and how they
can be used to train the next generation of scientists.

In chapter two, we focused on education incorporating new technologies that are
becoming ever more prevalent in drug discovery. In the first part, we discussed a lab section that
can be used to introduce undergraduates without a computer science background to python and
chemoinformatics. The first section lays the foundation for using python to generate graphics as
well as some of the language used in programming. The second section takes a more focused
approach and dives into the use of informatics to manage large datasets. Students manipulated
real world data from COVID molecules and used it to validate GSK’s solubility forecast index as
well as cluster molecules based on their properties using principal component analysis. These
results have been  published in the Journal of  Chemical  Education

(https://doi.org/10.1021/acs.jchemed.3¢00357). In the second part of chapter two, another lab

section was introduced where undergraduates performed a Parallel Artificial Membrane
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Permeability Assay using two colored drug molecules. In doing so they learned how the structure
of a molecule relates to its permeability. Furthermore, they were able to expand on their Python
knowledge by using an Opentrons robot to make a plate for calibration curves. These results are
being prepared for submission. In the final part of chapter two we developed a children’s toy that
was introduced to first graders and met with excitement.

In chapter three we developed new amine—acid couplings. In the first part we developed a
deaminative amine—acid esterification reaction via activation of the amine as its triphenyl
pyridinium salt. This reaction is mediated by either a bromomalonate catalyst or potassium
iodide. This strategy was used to prepare a library of esters including amide to ester substitutions
of moclobemide (3.32) and metoclopramide (3.33). We also used this methodology to develop an
automated platform for library synthesis. In doing so we made 96 derivatives of amlodipine.
With this platform we demonstrated the reaction can be applied to nucleophiles beyond
carboxylates as demonstrated by synthesis of thioether 3.42. These results are published in

Chemical Communications (https://doi.org/10.1039/D2CC05670D). This lead us to discover an

iodide intermediate in the reaction that could be prepared in a single pot from the free amine
which we explored further in the second part of chapter three. We exploited this strategy to make
chlorides, bromides, and iodides, of five drugs or drug intermediates. We further expanded the
one pot methodology to incorporate phenols as a nucleophile and used it to make a unique bond
between tyrosine and lysine (3.92) as well as a PROTAC of estradiol (3.93), though it would
likely be inactive. Finally, we expanded our deaminative esterification into a deaminative
etherification via an in-situ reduction of the intermediate ester. This is accomplished via a
combination of gallium, boron (3.68), and silicon (3.72). This reduction appears to be selective

for esters over amides. Preliminary mechanistic studies indicate gallium activates 3.72 to
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generate a potent electrophile that binds to the ester. 3.68 then activates diphenylsilane and
delivers a hydride to reduce the ester which collapses to an oxocarbenium and is reduced again.
These results are being prepared for submission.

In chapter four, we investigated the biological (functional) effects of alternative amine—
acid couplings. In the first part, we applied an esterification, amination, alkylation, and
ketonylation reaction to an amine and acid pair to synthesize matched molecular pair analogues
of the PROTAC dbetl. Each of these chemistries required development to work in the context of
these complex substrates, and HTE was used to solve this. The amination reaction was found to
be exquisitely selective over other carbonyls examined and was used to prepare a small library of
reductive amination products (4.19-23,4.52). All these reactions were also applied to a VHL
targeting partial PROTAC with similar efficiency. Each of these analogues had a unique set of
physicochemical properties that affected their function. The ester, alkane, and ketone were all
much more permeable than the amide while maintaining binding to the target, and had lower
DCso values, suggesting that the increase in permeability may increase potency. In addition to
being far less permeable, the amine products lost all degradation efficiency. Computational
studies investigating this effect revealed an important intramolecular hydrogen bond forming as
well as the basicity of the amine being responsible for loss of binding to BRD4. These results

have been posted to a preprint server (10.26434/chemrxiv-2023-bh0d1 ), and have been

submitted for publication. In the second part of chapter four, we explored the effects of amine—
acid couplings on cellular distribution. By synthesizing several different derivatives of
fluorescein and imaging them in cells we were able to see that that transformation had an impact

with the amide being impermeable, the ester localizing into the lysosome, the amine into the
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golgi, and the alpha arylated acid tracking to the mitochondria. These studies remain an ongoing
project in our lab.

The labs in chapter two could be expanded depending on the students taking the course.
The python lab could be extended or modified to be more research based. For example, after
introducing the techniques in lab, students could be given a dataset of toxic compounds and
asked to determine which properties correlate most with toxicity. The PAMPA lab could be
expanded to include a synthesis component, where students are given a set of building blocks to
choose from and they are asked to make the most permeable molecule possible. This could be
confirmed via PAMPA. The other opportunity would be to have the students write their own
Opentrons script to run the entire lab without using manual pipetting.

In chapter one we reported examples from other labs of amide to ester substitution as a
viable strategy to improve permeability while maintaining stability if the ester is sterically
hindered. Given this data, the esterification reaction may be worth exploring in this context,
though it would be ideal to explore other amine activation strategies that are more atom
economical. An obvious limitation of the halogenation reaction is that it does not currently
include fluorides, so expanding into this space would greatly increase the attractiveness of the
reaction. Other nucleophiles beyond thiophenols and phenols could be explored as well. The
incorporation of deuterium in the etherification may mitigate metabolic hotspots in some
molecules, and this effect would be worth investigating. Further, if the intermediate of the
reduction is indeed an oxocarbenium ion, it may be possible to trap it with a mild nucleophile
such as allyl-TMS to perform a three-component coupling.

There are opportunities to develop the PROTACs work further in several directions.

Firstly, mechanistic studies to understand what is unique about 4.1 that it readily decarbonylates
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under reductive nickel conditions could have important implications for decarboxylative
couplings in general. If it is an electronic effect of the substrate, substrate design could improve
the scope of the reactivity. However, if it is a different effect, perhaps an additional additive
could help facilitate the decarbonylation for a general solution. For the amination reaction, since
it is known that trifluoroacetic acid (TFA) will react spontaneously with phenylsilane and alkyl
amines to form trifluoroethylated amines, it may be possible that working the reaction up with
TFA generates a new, more lipophilic product. It would be interesting to see these analogues of
4.7 and 4.19 especially as it may rescue their activity by removing the intramolecular hydrogen-
bond and attenuating the basicity. Finally, there is room to investigate the effects these
transformations have on non-BRD4 based PROTACs. The cell imaging project could be
expanded to incorporate a direct to biology platform. This would greatly increase the throughput
of the study and would allow for a comparison of distribution effects mediated by building
blocks as well as transformations. This would generate a large data set that is ripe for machine
learning to examine the interplay between building block, transformation, and distribution and

could greatly speed up the understanding of these effects.
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