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Abstract

Pursuing Selectivity:
Data-Science Driven Reaction Development and Catalysis

By

Caroline Rouget-Virbel
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor F. Dean Toste, Chair

Throughout my doctoral studies, I have endeavored to address the questions and challenges
stemming from structure-activity relationships in catalysis. Mechanistic understanding is of central
importance in the reaction development and the design of novel catalyst classes to ensure control
over reactivity and selectivity. Physical organic chemistry methods and statistical analysis, in
particular, guide the rational and strategic construction of specific interactions between substrates
and catalysts to achieve the desired transformations. The work presented in the following chapters
encompasses collaborative efforts with the University of Utah, and Genentech, Inc., towards the
efficient design of catalytic and synthetic platforms.

Chapter 1: The first chapter presented herein offers a brief overview of the historical development
in organic synthesis and catalysis which have paved the way to the research work described
thereafter. Some principles of selectivity in synthesis are explored, alongside with an introduction
to physical organic tools such as linear-free energy relationships and statistical models. The
principles delineated in this chapter are meant to provide a frame of reference for the discussion
of rational catalyst design and reaction optimization outlined in the following chapters.

Chapter 2: The design of efficient catalysts for organic reactions often relies on understanding the
subtle relationship between structure and reactivity. Historically, this process has laid the
foundation for the development of catalysts heavily biased towards more rigid and sterically-
incumbered structures. Indeed, venturing outside of these steric repulsion models often



complicates the generation of accurate predictions for a potential catalyst class to offer selectivity,
due to the poorly understood nature of flexibility and its role in effecting attractive non-covalent
interactions between catalysts and substrates. Herein, we disclose a novel class of flexible chiral
phosphoric acid scaffold incorporating a single point of chirality. Data science techniques were
first used to select a diverse training set of catalysts. Using a univariate classification algorithm
and multivariate linear regression, key catalyst features necessary for high levels of selectivity
were deconvoluted for the transfer hydrogenation of 8-aminoquinolines. The resulting model was
found to accurately predict the selectivity of out-of-set catalysts. This workflow enabled
extrapolation to a new catalyst providing higher selectivity than both peptide-type and BINOL-
type catalysts (up to 95:5 er). These techniques were then successfully applied towards two
additional transformations to illustrate the power of combining rational design with data science
(ab initio) in the development of new catalysts.

Chapter 3: Even though substituted pyrazoles have been shown to possess beneficial
biological activity in a variety of medicinal chemistry fields, the challenges facing their efficient
synthesis have hindered their widespread application in hit-to-lead pharmaceutical pipelines. The
practical and regioselective introduction of substitution into pyrazole motifs remains elusive,
especially with regards to nitrogen substitution with electronically or sterically neutral moieties.
The work presented herein describes the optimization process for the regioselective cyclization of
N-methyl pyrazoles. Hoping to move away from substrate-driven selectivity, the small size of the
hydrazine partner, lack of significant electronic induction from either starting materials, as well as
the high variability of selectivity on multiple reaction parameters presented a challenge for
traditional optimization methods. We describe the iterative use of Bayesian statistics to obtain
catalyst-free yet selective reaction conditions for the synthesis of 3-(4-fluorophenyl)-1-methyl-1H-
pyrazole, as well as the progress made towards the selective synthesis of isomer 5-(4-
fluorophenyl)-1-methyl-1H-pyrazole
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Chapter 1

Introduction to Catalysis and Selectivity



. A Brief History of Synthetic Organic Chemistry

1.1.  Synthetic Organic Chemistry: an overview

Amongst the many subfields of molecular sciences, synthetic organic chemistry has come
to fill a particularly critical space in our society. From the agrochemical, food, and pharmaceutical
industries to novel materials or environmental safety and preservation, the synthetic chemistry
research of today aims to tackle a wide array of contemporary challenges. The discovery of novel
reactions and methods for the construction of new and complex molecular structures has been
central to health-related industries in the past two decades, and organic synthetic methods are
increasingly finding applications in material sciences, polymer chemistry, energy-related field, and
petroleum industries.

Organic chemistry, defined as the study of the structure and reactivity of carbon-based
molecules, became a prolific area of research in the 20™ century as breakthroughs in the discovery,
structural elucidation, and syntheses of complex natural products became unbound. Since the first
reported synthesis of urea in 1828 by Wohler marked one of the field’s initial landmarks (Figure
1, A),! synthetic organic chemistry has witnessed an ever-growing community of minds and
diversity of molecular targets. Even prior to Kekulé’s proposal of the tetravalent bonding structure
of carbon in 18572 chemists were making way in the discovery and development of synthetic
methods. The 1850 Strecker amino acid synthesis from aldehydes, ammonia, and potassium
cyanide remains a landmark for organic chemistry (Figure 1, B).3¢ The same could be said
regarding the aldol reaction, first observed by Kane as the self-condensation of acetone in 1838
and further developed independently by Borodin and Wurtz in the 1870s (Figure 1, C).>¢ The goal
of achieving the synthesis of terpenes,’® carbohydrates,” hormones,'” and other biologically
relevant molecular scaffolds provided a plethora of synthetic challenges and a wide platform for
the development of synthetic methodologies (Figure 1, D).!''2 The pioneering studies and
achievements of Woodward, Eschenmoser, Corey, Kishi, and many others have drastically
expanded the realm of synthetic possibilities and accessible complexity for target organic
molecules.!>1°

1.2.  The progress of Synthetic Methodology

Synthetic chemistry has come a long way from its early successes. With the increasing
structural complexity of molecular targets came an increased demand for new strategic synthetic
methods. A particularly notable shift in the field occurred in the 20" century when chemists began
to not only consider the synthesis of whole natural products to instead focus on “single-bond”
construction. This new focus on single steps marked the branching out of two distinct but
intertwined subfields of organic chemistry: total synthesis and methodology. With the impressive
advances of total synthesis by the end of the 20™ century, the question evolved from “can we make
it?” to “how efficiently can we make it?”. This different frame of thinking about chemical
synthesis set the stage for extensive work on the discovery and improvements of single bond-
forming reactions sometimes challenging or unknown in nature.'
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Figure 1 : A) Wohler’s synthesis of urea (1828). B) Strecker amino acid synthesis (1850). C)
Aldol reaction. D) Examples of complex natural product syntheses.

This shift in paradigm from target-oriented synthesis towards methodology development
placed new concepts such as atom economy and diversity-oriented synthesis front and center in
the chemical research space. A prime example of this shift in paradigm is EJ Corey’s development
of retrosynthetic logic, describing the fundamental ideas of multistep synthesis for complex



molecular structures (Figure 1, D).2 Complex structures were now broken down to singular,
stepwise challenges which could independently be optimized in both efficiency and selectivity.
The unprecedented level of efficiency, selectivity, and diversity of possible disconnections
strategies that can be achieved today offers a vast chemical space to meet the needs of the industries
relying on chemical synthesis, from the production of small molecule libraries of thousands of
compounds for drug candidate testing, to the building of large molecular scaffolds from cheap and
readily available building blocks 2!
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Figure 2 : General classes of objectives driving new synthetic methodologies

Synthetic methodology research can now be generally assigned to three main categories
(Figure 2): (a) motif-motivated, (b) bond-motivated, or (c) reactivity-motivated. Motif- and bond-
based research are relatively similar in that the objective of the reaction development is a specific
bond or functional group to be obtained in order to make known processes more efficient or to
attain bonds or substructures currently not achievable.?* The main objective remains to expand the
toolbox of chemists thinking about possible disconnections in the synthesis of complex, often
pharmaceutically relevant compounds. On the other hand, reactivity-based methodology is focused
on understanding the reactivity trends and features of a specific system to build the foundations
upon which to guide its use in synthetic applications. Reactivity-based endeavors have been at the
source of many prolific mechanistic investigations and the birth of physical organic chemistry — a
field without which chemists’ ability to reason, rationalize, and propose novel reactivity would be
drastically stifled.



Il Catalysis

2.1.  The Place of Catalysis in Synthetic Chemistry

Chemistry pioneers of the eighteenth century paved the way to the development of
chemical concepts by revolutionizing the framework in which chemical experimentation was
performed. Observations by Cavendish, Scheele, Lavoisier, and others laid the foundations for
modern chemistry.>* A particularly significant advance in synthetic organic chemistry was the
development of catalysis. Many chemists and philosophers attempted to understand and define
early experimental observations of catalytic processes, from the ancient process of sugar
fermentation to produce alcohols, or the first catalytic uses of Brgnsted acids towards the
production of ethylene from ethanol and ethers,” to the experimental observations of transition-
metal catalysis by Humphry Davy in the early nineteenth century.?® The term catalysis was coined
by Berzelius in 1835 to mean “the property of exerting on other bodies an action which is very
different from chemical affinity. By means of this action, they produce decomposition in bodies,
and form new compounds into the composition of which they do not enter”.?’?® Although this
description comes relatively close to the current explanation of chemical catalysis, the first modern
definition of the concept is, however, more often attributed to Wilhelm Ostwald.

Uncatalyzed reaction Uncatalyzed reaction

reaction coordinate reaction coordinate

Uncatalyzed reaction Uncatalyzed reaction

catalytic process

[R*cat]

reaction coordinate reaction coordinate

Figure 3 : Representative energy diagrams of catalytic processes

Ostwald defined “catalysis” in the late 1880s based upon the understanding of chemical
kinetics of the time, leading to a Nobel prize for his work as one of the founders of the field of



physical chemistry in 1909.2%*! Today, a chemical catalyst is understood to be a substance which
accelerates the rate a reaction while itself being unchanged by the reaction.’> Amongst the plethora
of important new concepts that evolved from the recognition of catalytic processes by the scientific
community, chemical kinetics - and physical organic chemistry - emerged as new sciences that led
the way to a much deeper understanding of the fundamental principles of chemical reactivity,
equilibria and rates, and the endless synthetic possibilities offered by the idea that sub-
stoichiometric additives could alter the rate and/or products formed in chemical reactions. In
today’s landscape of chemical synthesis, catalysis has become a crucial platform for the
development of new bond-forming methodologies, enabling the elaboration of complex molecular
architectures in a more time- and energy-efficient manner, often having profound impacts on the
growth and development of our society.?!-33 It is estimated that over 80% industrial chemical
processes involved catalysis at the dawn of the 21* century, a number which promises to only
increase in the future as sustainable practices and atom economy become vital to synthetic reaction
design.3>%7

The presence of a catalyst does not change the thermodynamics of a reaction. Catalysts can
instead affect the product distributions of chemical reactions by providing alternative mechanistic
pathways for the reactants with lower energies leading to the transition states relative to
uncatalyzed systems. The ways in which a catalyst can lead to faster reaction rates are manifold,
and some general representations of these processes are provided in Figure 3, but all rely on the
principle that the rate-determining step of the transformation must have a lower activation energy
(AG?) than that of the uncatalyzed process. Broadly speaking, this is usually achieved by a change
in mechanism, or by the stabilization of the transition state, destabilization of the reactant’s ground
state, or both.

Although catalysis has tremendously branched out from its early years, within organic
chemistry, it is usually divided between heterogeneous catalysis, homogeneous catalysis, and
biocatalysis. Each class of catalysis as witnessed incredible intellectual and industrial success and
recognition for their impact on synthetic chemistry. In 1912, Sabatier’s work on the catalysis of
hydrogenation by finely ground metals (nickel and ruthenium) was recognized with the Nobel
Prize in Chemistry.*® The Haber-Bosch process, one of the first industrial-scale heterogeneous
catalytic processes to generate ammonia, received the Nobel only a few years later in 1918, and is
generally credited with sparking a global population boom previously unseen.***! The following
years witnessed a rapid emergence of new industrial catalytic processes. Organometallic
polymerization was awarded yet another Nobel Prize for the work of Ziegler and Natta in 1963 ,#243
followed a short ten years later by the discoveries of Wilkinson and Fischer on organometallic
complexes and their catalytic activities.*#” Discoveries in the fields of catalysis have not slowed
down since then, and have become increasingly central to the efficient and safe production of
necessary pharmaceutical and agrochemical compounds in large scale processes. Asymmetric
homogeneous organometallic catalysis and asymmetric organocatalysis using small molecule
catalysts marked a particularly significant turn in the way chemists reason through selectivity
challenges in synthesis.**>! As environmental concerns grow and the scarcity of material resources
such as costly and rare transition metals intensifies, chemists have endeavors to use nature’s own
enzymes to address synthetic challenges of the 215 century.’* Creative multi-catalytic platforms
have been developed to harness reactive intermediates once thought to be too elusive for synthetic
methods.>¢! All of this work and progress has converged towards one goal: “how can we provide
efficient, safe, and environmentally conscious methods to synthesize the challenging molecular
structures needed to address the health, materials, and environmental challenges of our days?”



2.2. The Challenge of Selectivity in Synthesis and Catalysis

Synthetic methodology established in its framework a form of single-step reductionism
which enabled chemists to focus not only on the efficiency of a given reaction of interest, but also,
and importantly, on its selectivity. The applications of regio- and stereoselectivity were once
limited to a small fraction of synthetic transformations (Figure 4). The successes of homogeneous
catalysis had profound impacts on chemists’ ability to selectively synthesize small molecule
targets.52-63

Under uncatalyzed reaction conditions, the same starting material can generate multiple
different products, and will often yield mixtures of regioisomers difficult to sway without
significant steric influence from substituents or the use of directing auxiliaries. The classical
example of the Markovnikov rule for alkene additions is typically the first exposure to
regioselectivity covered in undergraduate organic chemistry courses.*® Although often simplified
depictions of the complex interactions at play in organic reactions, these rules and mnemonic are
commonly taught and used to rationalize or predict the general selectivity of transformations. The
Baldwin rules for ring closure,’”-% the Burgi-Bunitz trajectory” along with the Falkin-Anh’!7?
model for the addition of nucleophile to carbonyl compounds, or the Zimmerman-Traxler
transition state model for aldol condensations’?, to name a few, should sound familiar to seasoned
chemists, and provide generally reliable qualitative estimations for simple systems.

The Curtin-Hammett principle is a particularly helpful rationalization of selectivity in
transformations in which two or more competing pathways (Figure 4, A).*>7* The concept at the
center of the Curtin-Hammett principle is that reactions will progress through the lowest energy
surface available, independently of ground state thermodynamics of intermediates or products. In
the generic reaction depicted in Figure 4, the energy barrier for the interconversion of intermediates
I' and I?is lower than either energy barriers leading to products P! and P? (AG*so < AG'p1 ; (AG*i50
< AG'*p). It is the difference between the energies of transition states TS; and TS; that determine
the product distribution (AAG*). Here, AG*p1 < AG*p2. As such, I' will be consumed towards the
formation of P!. As this transformation is occurring, the rapid interconversion between I' and I?
ensures that they remain in equilibrium by forcing the interconversion to the right towards I'. The
Curtin-Hammett principle can be mathematically summarized by relating the product ratio to the
equilibrium constant Keq between I' and 12, as well as the respective rate constants of product
formations (eq. 1).

[P1] (eq. 1)

[P_Z] - Keq (k_z)

It is important to note that the Curtin-Hammett postulate is not applicable to all stereo-
divergent reactions, as some lack the prerequisite of the presence of rapidly interconverting
intermediates, each leading to one product. Other forms of kinetic or thermodynamic controls can
be in effect when reactions are not under Curtin-Hammett conditions (Figure 4, B).*? Generally,
the statement that the lower energy pathway will be preferred remains true. As such, in example
1, the thermodynamic and kinetic products are the same. In example 2, however, kinetic preference
would bias the product distribution towards product P2, despite being thermodynamically less
favorable than product P1.%
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Figure 4 : A) Curtin-Hammett principle. B) Representation of thermodynamic and kinetic

control.

The importance of selectivity in synthesis is not solely centered on sustainable practices
and atom economy. It has been long known that exact 3D structure of molecular scaffolds has
profound effects on their biological activities. The discovery of molecular chirality was made in
1848 by Louis Pasteur, with the observation that sodium ammonium para-tartrate crystallized in
arrays that mirrored each other and rotated light in equal amount but opposite directions.”>’” The
discovery of chirality not only impacted the way chemists thought about molecular structure and
synthesis. The understanding of handedness in biological systems — from small molecule
compounds showing biological activity to cellular machinery such as proteins and DNA, and the
resulting interactions — has deep implications in the way chemical synthesis and health sciences

intertwine.




A. Pasteur’s discovery of chirality (1848) B. Thalidomide Toxicity
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Figure 5 : A) Discovery of chirality by Paster in 1848. B) (R)- and (S)-thalidomide.

The notorious case of Thalidomide in the 1950s remains an unfortunate reminder and
classroom example of the importance of stereochemistry in biologically active compounds.’”
First marketed over-the-counter in Germany as a racemic mixture indicated for the management
of pregnancy symptoms such as morning sickness and insomnia, it’s use led to an estimated 10,000
affected infants, of which 40% did not survive, leaving the others with significant birth defects.%8!
The teratogenicity of racemic Thalidomide was shown to not be limited to its use during
pregnancy, and could affect both male and female reproductive health.®? Thousands of studies
aiming to understand the biological basis for the toxicity Thalidomide were published by the
2000s.%8* Although a conclusion has not yet been reached on the exact biological mechanism of
action, it was demonstrated early on that only one of the enantiomers, (S)-Thalidomide, is
teratogenic, while (R)-Thalidomide acts as a sedative without strong indications of adverse effects
on reproductive health %

The tragedy of Thalidomide, despite its unfortunate consequences, has one silver lining. It
led to the development of much stricter regulatory policies in many countries to ensure the safety
and efficacy of drug candidates through extensive preclinical and clinical trials from the early
stages of candidate compound discovery to synthetic route development and purity
assessments.®% The ability to selectively setting stereocenters in small molecules has become
particularly important for the pharmaceutical, agrochemical and fragrance industries, all of which
heavily rely on exact interactions and “fit” between compounds and biological targets such as
receptors, enzymes, and proteins in vivo. Asymmetric catalysis encompasses current methods to
do so and an ever more widening body of research targeting the development of new techniques
and the deepening of our understanding of the chemical principles and interactions governing
enantioselective reactions.

Although the initial formation of chiral molecules is still a mystery and source of debate in
the scientific community,*” the dependance of life on these chiral centers point to the first, original
enantioselective catalysts: enzymes. While biocatalysis is a relatively young field within synthetic
organic chemistry, the structure and reactivity of enzymes has been a rich source of inspiration to
chemists hoping to induce selectivity in chemical reactions. The ability of enzymes to catalyze
chemical transformations in a highly selective and efficient manner can be assigned to a multitude
of factors, notably the fit of the binding pockets around their active sites and the multiple



stabilizing interactions between amino acids in those active sites and the transition states. These
features allow enzymes to be incredibly specific with regards to the substrates that they bind, the
orientation in which they bind those substrates, the selectivity of the transformation they perform,
and the rapid rates at which they perform.3® Conceptually, the principles governing the selectivity
of enzymatic reactions is the same as those governing the designs of selective small-molecule
catalysts: lowering the energetic costs of a desired pathways, and raising that of undesired
pathways.
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Figure 6 : Reaction coordinate for an unselective reaction yielding racemic product. B)
Reaction coordinate for an enantioselective reaction.

Enantioselectivity, similarly to regioselectivity, can be understood from physical organic
chemistry as a competition between reaction rates.® Under uncatalyzed and unselective reaction
conditions, enantiomeric products have equal thermodynamic properties, and the activation
energies leading to the transition states of either product are equal. As such, no preference is shown
for one of the enantiomers and the product mixture would be a racemic, 50:50 ratio of both.
Asymmetric catalysis aims to bias this ratio towards a desired enantiomer. While the
thermodynamics of the enantiomeric products remains the same regardless of the reaction
conditions, inclusion of a catalyst can induce a change in the reaction rates of one or both pathways
leading to products: by lowering the AG* of one, raising the other, or a combination of the two.
This introduces asymmetry in the reaction’s potential energy surface and biases the product ratio
towards one enantiomer over the other correlated to the difference in activation energy between
the two pathways (AAG¥) (Figure 6)?

The first successful application of these principles in homogeneous catalysis are owed to
Knowles’s groundbreaking study of hydrogenation reactions catalyzed by transition-metals using
Mislow’s chiral phosphine ligands in combination with Wilkinson’s rhodium catalyst in 1968
(Figure 7, A).2%°! Although the enantioselectivity demonstrated in this initial report was modest
(57.5:42.5 er), it was a proof of concept which led to the launch of an entire area of chemical
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research. The landmark synthesis of L-DOPA by Monsanto in 1977 demonstrated the applicability
of this discovery and its importance in all branches of chemical research (Figure 7, B).”>%3
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Figure 7 : A) Initial proof of concept by Knowles. B) Monsanto synthesis of L-DOPA. C)
Sharpless epoxidation of allylic alcohols. D) Noyori’s asymmetric hydrogenation of 3-
ketoesters.

These initial developments of asymmetric catalysis were followed by an explosion of
innovation and mechanistic studies in the field. In 1980, Sharpless and co-workers disclosed a
method for asymmetric epoxidation of allylic alcohols using Ti(OiPr), and deriving chiral
information from the (R,R)-diethyl tartrate and (S,S)-diethyl tartrate (Figure 7, C).°* This was
followed shortly thereafter by Noyori’s syntheses of bidentate phosphine ligands such as BINAP
enabled the demonstration of asymmetric hydrogenations on [3-ketoesters to yield chiral alcohols
in 1987 (Figure 7, D).”> These landmark studies were awarded the Nobel Prize in Chemistry in
2001 for Knowles’s, Noyori’s, and Sharpless’s development of and contributions to asymmetric
catalysis.
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A. Some Privileged Catalysts and Ligand Structures
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Figure 8 : Examples of privileged catalysts and ligands used in asymmetric catalysis. B)
Common selectivity models for chiral induction.

Since the 1970s, chemists have endeavored to develop chiral ligands and catalysts for a
wide range of reactions. Large libraries of chiral phosphine ligands are now readily available for
efficient screening of chiral transition metal catalysts. Some ligands and catalysts have even
proved themselves to be competent in diverse reactions independent of modes of activations or
mechanism. These structures have been deemed “privileged” and are often the starting point of
catalyst optimization studies (Figure 8).°°” Of those privileged structures, many were originally
made or inspired by nature. Cinchona alkaloids, for examples, are naturally-occurring small
molecule organocatalysts which have shown great selectivity in a surprising number of
nantioselective transformations.”® Bis(oxazoline) and Salen-type ligands were designed to imitate
structural features from the active sites of vitamin B, and heme porphyrins of P-450 enzymes.”
TADDOL was synthesized from tartrate, one of the most readily available and affordable chiral
starting material.”® Even single amino acids such as proline and its derivatives have been reported
to efficiently induce enantioselectivity in a range of transformations.'®-1? In recent years, urea,
thiourea, and small peptides have also been exploited for their extensive hydrogen bonding
abilities enabling efficient chirality transfer.!°*1% Privileged BINOL and BINAP-based ligands and
catalysts, along with diphosphine (JosiPhos-type) ligands!%®!” are perhaps the exception in the fact
that they were entirely man-made and designed. However, their axial chirality — due to the hindered
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rotation about the aryl bond — has made those structures staples in asymmetric catalysis, leading
to the wide diversification of their structures by elaboration on the standard backbones.

Both qualitative and quantitative models have been generated to enable the rationalization,
and sometimes prediction, of enantioselectivity based on both chemical intuition and an
understanding of the underlying interactions driving the selectivity.!?81% For the most part, these
models rely on an understanding of steric and electronic features of the catalyst’s structures and
possible non-covalent interactions it can have with substrates to orient the transition state geometry
to favor one enantiomer over the other. In the case of the asymmetric hydrogenations developed
by Noyori, for example, selectivity was proposed to arise from an increase in steric repulsion
between the catalyst ligand and the substrate in the transition state leading to the minor enantiomer.
This rationalization can be visualized as the axial chirality of the catalyst generating quadrants
around the metal center, forcing the substrate to position itself in the open (sterically unhindered)
quadrants (Figure 8, B).!'"!!! This yields degenerate, diastereomeric transition states for the two
enantiomers, and therefore an kinetic preference for one over the other.

The arc of synthetic organic chemistry has thus far enabled the elaboration of more and more
complex structures, multi-component synthetic methods, and highly tailored catalyst structures to
address the ever-changing needs of the industries relying on more efficient, selective methods. As
the needs for efficiency and specificity increases, principles of physical organic chemistry and a
more detailed mechanistic understanding of interactions and mechanisms have become
increasingly necessary to guide chemists’ creativity for the development of novel transformations.
The drastic technological advancements of the 20" and 21* century — accompanied by a multitude
of new quantitative tools for chemistry — have supported these endeavors in situations where
reliance on qualitative chemical intuition alone is not sufficient to rationalize or predict selectivity.

2.3. Tools and Recent Innovations in Catalysis and Selectivity

Transition state analysis is nowadays one of the more popular ways to analyze potentially
significant interactions throughout reaction coordinates. Originating from seminal work by
Eyring,''?!!3 Transition State Theory (TST) aims to provide a straightforward method to formulate
reaction rates and provide mechanistic insights based on thermodynamic, kinetic, and statistical
mechanical concepts.!'* In Eyring’s Transition State Theory, the rate of a simple reaction can be
predicted from the energy barrier leading to the transition state, Gibbs Free Energy of Activation
(AGH).

kzT _AG .2
kZK%e_ﬁ (eq.2)

k: rate constant; k:transmission coef ficient; kg: Boltzmann constant; h: Planck constant

R: Gas constant; T: Temperature; AG :l:: Gibbs Free Energy of Activation

While the multidimensional potential energy surface describing chemical reactions can be
quite complex, TST enables the extrapolation of ground state characteristics such as electronic,
steric, and electrostatic features of a given chemical system to qualitatively assess the nature of
transition states along the reaction’s path by relying on key assumptions and statistical distributions
such as the Boltzmann distribution. Multiple theories building on and refining the concepts of TST
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have emerged since Eyring’s original reports, thereby expanding the field of modern quantum
chemistry, including but not limited to work from Marcus and Rice,'>!'® Magee,!'” and many
others.

Data-driven methods have emerged out of the field of physical organic chemistry as important
tools to understand and predict structure-reactivity relationships.3>!#120 The seminal publication
in 1935 by Hammett describing linear free energy relationships (LFERs) could be named as the
starting point for the development of modeling tools in organic chemistry.'?! The concept of LFERs
was first used to describe, using simple mathematical equations, the relationship between the
structure of substituted benzoic acids and their ionization in water, with the introduction of the
first molecular descriptor, o, denoting the structural characteristic of the aryl substituent (Figure
9, A)(eq 3). More specifically for the Hammett parameter, o represents the electronic contribution
of these substituents, with o values less than zero corresponding to substituents that are more
electron donating than a hydrogen while substituents with o values greater than zero are more
electron withdrawing.’

Kx) (eq.3)
log K. = Pox
H

One particularly significant aspect of the Hammett study is that it allowed the line between
thermodynamics and kinetics to be blurred. Intuitively falling out of the Hammond postulate!?? is
the idea that a reaction that is more exothermic (thermodynamically favorable) “should” proceed
faster (with a higher rate constant) due to the resemblance of the transition state to the intermediate
it is closest to energetically. The Hammett parametrization of benzoic acid ionization of water
provided backing for this intuition by mathematically relating the rate constants to the
thermodynamic parameter o with Q being the sensitivity factor for each reaction (Figure 9).

These two terms taken together provide meaningful mechanistic insight into the reaction
at hand. For negative @ values, the rate of the reaction increases with the electron donating ability
of the substituent. This suggests that positive charge is building up in the transition state. On the
other hand, positive @ values indicate that the transition state is stabilized in the presence of
electron withdrawing substituents, suggesting a build-up of negative charge. Breaks in
mechanisms or changes in the rate determining steps of the reaction are typically observed as
breaks or changes in the slope of the corresponding Hammett plot.

Numerous follow up studies over the course of the 20™ century since the first report of the
Hammett study of benzoic acid dissociation have shown the relationship between known,
established reaction parameters and the rates of reactions in new chemical systems.?>!2*12° In an
effort to describe both steric and electronic contributions from substituents, Taft and co-workers
released a series of reports describing new linear free energy relationships for steric parameters
based on the rate of hydrolysis of methyl esters.!?*!?5 Linear free-energy relationships for factors
such as solvent effects (Grunwald-Winstein),'*° nucleophilicity (Swain-Scott, Mayr),'!31132 and
basicity (Brensted),'3* amongst others, were developed thereafter, demonstrating the power of
LFER to provide mechanistic insights based on the thermodynamic features of the chemical system
athand. As more complex chemical reactions became of interest in parametrization, simple, single
parameter (univariate) models became inadequate to accurately capture the interactions at play,
which led to the emergence of multiparameter modeling approaches to the study of structure-
activity relationships.!**
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Figure 9 : A) Hammett Relationship for the ionization of benzoic acid. B) Some examples of
commonly used molecular descriptors.

For most reactions applicable to the current academic and industrial research landscape, it
can be challenging to deconvolute the contributions of various elements that can control catalytic
efficiency and simplify an equation to a single representative parameter. Swain and Lupon began
to address this limitation of univariate regression by decoupling two electronic parameters,
induction (F), and resonance (F) (eq. 4).!* This led them to propose a linear combination of terms
to describe electronic substituent effects on reaction rates. This approach was quickly adopted in
various mechanistic studies, combining established parameters for steric and electronic features,
but also describing new, updated parameters such as the use of carbonyl vibrational frequencies,'*
or C—H bond dissociation energies'*”!*° to provide in-depth mechanistic insight into established
and novel reactions.

log <l]§—;) = fF+7rR (ea-4)

Technological advances have aided the application of these methods to larger data sets and
increasingly more complex chemical systems. Supercomputing made its way into chemical
research in the 1980s, allowing the parallelization of computational tasks to rapidly obtain
computational results sometimes faster than experimental data.'**!*! The constant technological
advances of the past century have tremendously expanded the ability of chemists to understand,
predict, and customize catalyst structures and reactivity to their specific needs. In particular, non-
covalent interactions have been shown to significantly influence the transition state geometries
and energies and therefore catalytic efficacy.!*? These interactions are challenging to predict due
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to their dependence on multiple factors such as solvents, temperature, additives in the reaction
mixtures etc.!** Poor understanding of these subtle effects can be prohibitive for efficient reaction
and catalyst optimization, in which the traditional “single variable modification” experimental
methods can often overlook important cooperative effects.!44-146

Although modern quantum chemistry, boosted by the impressive technological advances
of the past century, has witnessed widespread success in organic synthesis and catalysis, its
applications have in majority been limited to rationalizing — posteriori — the efficiency and/or
selectivity of a given reaction, leaving the optimization of conditions and catalyst structure to be
addressed experimentally.'*” The main limiting factor for the application of transition state analysis
for predictive analysis and reaction optimization stems from the prohibitively high cost and effort
necessary to perform high level calculations on the large data sets required for these applications.
Indeed, these calculations are often complicated by the multitude of possible transition state
conformations for each mechanistic possibility for any given elementary step. In the context of
stereochemical selectivity, the process to obtain reliable stereochemical predictions would
involves extensive minimization of transition state geometries for each different combination of
substrate and catalyst. For systems containing more than a handful of catalysts or substrates, this
process quickly becomes time consuming and computationally costly. Aiming to address these
limitations, methods and softwares such as AFIR (artificial force induced reaction),148-151
AARON (An Automated Reaction Optimizer for New catalysts),'4” and automated high-
throughput transition state searching tools (AutoTST),152153 have been designed to facilitate
the determination of approximated transition state structures.’>*! While these methods are
showing much promise in the continued adoption of transition state analysis and quantum
chemistry to computationally guided optimization of reaction conditions and catalyst structure
optimization, they still often remain more costly and work intensive than established experimental
methods routinely used in industrial settings such as High Through-Put Experimentation (HTE) or
Design of Experiment (DOE).The adoption of high-throughput experimentation came relatively
late in the field of synthetic chemistry compared to other disciplines such as biology.!"”’ It has
however been broadly adopted today, especially in industry where it has proved itself an
indispensable asset to both medicinal and process chemistry.!315° In the context of data-science
driven approaches to solving chemical challenges, larger data sets and HTE enabled the
solidification of both qualitative and quantitative analytical methods and learning algorithms
facilitating the understanding of structural and mechanistic features in a wide variety of chemical
research endeavors.!57:160-165

Data science-driven workflows allow the interrogation of multiple reaction components
simultaneously to provide a more holistic understanding of the mechanistic and structural features
driving the efficiency of catalysis, especially subtle non-covalent interactions which might not
present themselves as noticeably to human cognitive recognition abilities.'* From the first
reported application of artificial intelligence and machine learning algorithms to chemical
challenges in the late 1960s by Lederberg, Jurs, and Kowalski, subdisciplines such have
chemometrics and cheminformatics have emerged to specialize in the refinement of computational
resources for chemical research.'%-172 Since then, tools such as multidimensional linear regressions
(MLR) and classifications (threshold analysis) and logistics regressions have been popularized in
chemistry research over the last few decades to address the high costs of performing either fully
experimentally guided or transition state analysis guided reaction optimizations by replacing them
with ground state calculations combined with smaller experimental data sets.!!8:10
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1. Conclusions

The prognostics made by Seebach in 1990 on the future of synthetic chemistry have so far
been spot on."* As new challenges present themselves to address the needs for more diverse drug
candidates, safer agrochemicals, and more efficient process designs, chemists have had to
constantly innovate on the fundamental principles of chemistry. Enlisting tools from neighboring
disciplines to answer the questions at hand and uncover the next ones, the chemical sciences are
now more interdisciplinary than ever, benefitting from expertise and creativity from mathematics,
data-science, biology, or physics to move the field up and forward every day.

The research work described herein aims to utilize the foundations of physical organic
chemistry and computational tools to address contemporary challenges in synthetic methodology.
Chapter 2 will focus on the development of a new class of phosphoric acid catalysts and the
application of statistical modeling to understanding the effects of flexibility and non-covalent
interactions on reaction efficiency and selectivity. Chapter 3 will present the use of machine
learning to solve complex challenges in the regioselective synthesis of N-methyl-pyrazoles. Lastly,
the fourth chapter will interrogate the implications of ligand and metal identity in homogeneous
bimetallic catalysis.

Flexible Asymmetric Phosphoric Acids: Regioselective Synthesis of Bimetallic [Au-M] Complexes:
Reactivity and Parametrization N-Methyl Pyrazoles Synthesis and Reactivity
Training Set Design
N H
N Reaction Profiling

(o] Me
7

Me
© ¢ !
0 N 0y
O Univariate Classification I = I / N | / N
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Figure 10 : Overview of the research projects covered in the following chapters.
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l. Introduction

1.1. A Primer on Asymmetric Catalysis

Despite the rapid development of catalysis since the early years of the 20" century, small
organic molecules in that context received only little attention until recently.' Early examples by
German chemists Marckwald, Bredig, and Fiske provided the first proofs of concept that small
molecules could be used to transfer chirality in asymmetric syntheses.?® In 1904, Marckwald
reported the synthesis of enantioentiched ethylmethylacetoc acid by thermal decarboxylation of
ethylmethylmalonic acid (Figure 1, A). In this example, the starting material was complexed by a
sub-stoichiometric amount of monobrucine. While the enantio-enrichment of the product was
modest (about 10%), this marked one of the very early and first examples of asymmetric
organocatalysis.* In 1912, Bredig and Fiske described the first use of cinchona alkaloids in the
synthesis of enantioenriched cyanohydrin, also obtaining a modest 10% enrichment (Figure 1,
B).? Despite their great conceptual significance, these reports did not lead to more than a handful
follow up reports of organic catalysts for asymmetric syntheses over the following fifty years.>8
The 1971 saw a brief revival of asymmetric organocatalysis with the discovery that L-Proline
could efficiently catalyzed asymmetric aldol cyclodehydrations. This reaction was coined the
Hajos-Parrish-Eder-Sauer-Wiechert reaction and has become a landmark for the field of
organocatalysis.” !

The Beginnings of Asymmetric Organocatalysis
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Figure 1: A) Early reports of asymmetric organocatalysis by Marckwald (1904). B) Bredig and
Fiske (1912). C) Hajos-Parrish-Sauer-Wiechert reaction.

At the dawn of the 21* century, the time of glory of organocatalysis had come. In 1998,
Sigman and Jacobsen demonstrated that the hydrogen bonding capacity of chiral Schiff bases could
lead to high levels of enantioselectivity in the Strecker reaction.!! In 2000, pioneering work by the
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List and MacMillan groups fueled a new, and this time long-lasting, interest in small organic
molecules’ capacity to catalyze enantioselective reactions (Figure 2).2!13 List’s publication of
proline-catalyzed asymmetric aldol reactions, followed only a few months later by MacMillan’s
enantioselective Diels-Alder, marked the beginning of extensive research efforts in the discovery
and development of highly selective organocatalysts. These efforts were well rewarded. In 2021,
the Nobel Prize in Chemistry was awarded to David MacMillan and Ben List for their development
of and contribution to the field of asymmetric organocatalysis.

Early Landmarks in Asymmetric Organocatalysis
@5 (Q

=)
PN AN =
5 H H

HO OMe

|
H—C=N FoC” SN 78% yield, 91% ee Jacobsen (1998)

ii. Trifluoroacetic Anhydride

o
N/\/ i. 2mol% tBu )\
H

R™ "CN

O
30 mol%
)OI\ OI %H mol (? OH 7 exaronplés
2 e S
= |/_R

Q
N—NH
N=Me
N” "Me R O
« Ph Hoe S 13 examples
¢ 7 \x RFY™Xq pra— “H v MacMillan (2000)
=

Figure 2: A) Jacobsen’s enantioselective Strecker reaction (1998). B) Asymmetric Aldol
reaction (List, 2000). C) Enantioselective Diels-Alder reaction (MacMillan, 2000).

1.2.  Chiral Phosphoric Acids: Privileged Structures for Asymmetric Catalysis

Although Brgnsted acids have been extensively studied for their structure and reactivity
since the independent reports by Brgnsted and Lowry on the nature of acid-base equilibria in 1923,
their use in asymmetric organocatalysis is relatively recent.!*!*> Classical Brgnsted acids used in
asymmetric catalysis generally contain moieties such as a phosphoric acid, a carboxylic acid, or s
sulfonamide, although recent research endeavors have led to the inclusion of a variety of Brgnsted-
acidic functional groups (Figure 3). Since the early 2000s, they have become a central pillar of
organocatalysis and continue to receive significant attention for their robustness in a multitude of
synthetic transformations.!®
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Figure 3: Common structures of Brgnsted acids.

BINOL-derived phosphoric acids witnessed a rather slow adoption into the field. The first
reported synthesis of BINOL phosphoric acid by Marschalk in 1928 was generally overlooked by
the scientific community until the 1970s when chiral phosphoric acid began to be used for the
chiral resolution of amines, as demonstrated by Jacques and Fouquey in 1971 (Figure 4).!718 A
series of publications of a handful of new and improved methods for the synthesis of BINOL-
phosphoric acid ensued in the following years.!® It is worth noting that the current state of the art
for chiral phosphoric acids does not differ greatly from the conditions reported in 1989. Changes
in solvents aside, the phosphorylation of BINOL is generally performed in pyridine using
phosphoryl chloride at refluxing temperatures, yielding the phosphoric acid chloride. The latter
can be reacted either with aqueous HCI or the addition of water under basic conditions. The final
acid is then purified by recrystallization. At the time of publication of these synthetic procedures,
the synthesis was usually performed on racemic BINOL. The enantioenriched phosphoric acid
products could be obtained by chiral resolution using cinchonine,*?? strychnine,” and other
naturally occurring chiral small molecules to form diastereomeric salts. With the development of
more accessible synthetic routes, chiral phosphoric acids became a popular auxiliary for the chiral
resolutions of pharmaceutically-relevant compounds, including Cephalosporin antibiotics in
1980,2* benzodiazepine derivatives in 1981, and barbituric derivatives in 1987.%
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020

0~ “OH
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Figure 4: Synthesis of BINOL phosphoric acid (Fouquey, 1971)

Concurrently, a 1978 publication from Cornforth planted the conceptual seed for chiral
phosphoric acids used as catalysts in organic transformations.?® Hoping to imitate the steric
confinement and stabilizing non-covalent interactions observed in enzyme-catalyzed mechanisms
to obtain stereoselectivity in the hydration of olefins, he began pioneering studies on the synthesis
and reactivity of phosphinic acids over the next decades of his career (Figure 5).26,27 The guiding
principles of Cornforth’s design of phosphinic acids greatly resembles the key features of chiral
phosphoric acid catalysts used in asymmetric catalysis today. Indeed, Cornforth envisioned that a
rigid backbone flanked by sterically and electronically tunable substituents on either side of the
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acid moiety would provide the steric confinement necessary to effect stereospecificity. A series of
phosphinic acids provided efficient catalysis in the hydration of alkenes, but enantioselectivity
results were unfortunately never published.”’! Nevertheless, the conceptual design of these
phosphinic acids provided a solid foundation for the design of modern chiral phosphoric acids.*

Enzyme-Inspired Bronsted Acids: Initial Proposal

electronically & sterically
tunable substituents

R

-

H Brensted Acid

Y
R

O /.

Lewis Base
backbone

o

modifiable -4
\,

narrow fit of the catalyst’s
active site

Figure 5: Cornforth’s design of phosphinic acid catalysts (1978)

In 2004, a seminal report by Akiyama®*® and coworkers of an enantioselective Mannich
reaction of ketene silyl radicals and aldimines provided the first modern example of chiral
Brgnsted acid catalysis (Figure 6, A). Therein, they described the synthesis and reactivity of 3,3’-
substituted (R)-BINOL-derived phosphoric acids, yielding the desired f-aminoester products in
great yields and up to 96% ee. A short month later, Terada and coworkers revealed another
Mannich-type reaction to enantioselectively synthesize p-aminoketones using similarly substituted
BINOL-based phosphoric acids as catalysts (Figure 6, B).>* Importantly, mechanistic studies
highlighted the importance of large substituents at the 3,3’-positions of the BINOL backbone for
both reactivity and selectivity. Since these independent reports in 2004, BINOL-derived, axially
chiral phosphoric acids have become a staple in asymmetric organocatalysis. A large variety of
3,3’-subsitution patterns have become synthetically accessible, and a significant number of these
scaffolds are even widely commercially available. Their reliable catalytic performances in an ever-
growing compendium of transformations including reductive aminations,*>*’ allylations,* Friedel-
Crafts alkylations,***! and asymmetric radical additions,* has earned them the title of “privileged”
structures in asymmetric organocatalysis.*

A handful of common privileged backbones are used as foundation for the development
chiral phosphoric acid (Figure 7), in particular BINOL, SPINOL, and octahydro-(H8)-BINOL
scaffolds have gained tremendous popularity for their axial chirality stemming from hindered
rotation. Elaboration of the backbone with substitution at the 6,6° or 7,7 is also possible to
generate further steric induction around the catalyst. Decoration of the 3,3’ positions not only
allows access to higher enantioselectivities due to steric confinement and preorganization of the
transition, but electronic tuning of the catalysts has been possible by the incorporation of more
imaginative fragments such as triazoles or simple electron-withdrawing substitutions around a 3,3’
phenyl ring.** Similarly, substitution around the backbone, as well as partial hydrogenation of the
BINOL backbone has also received some attention in the tuning of catalytic properties of these
scaffolds.*# The possible diversifications of the backbone along with the possibility to vary from
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phosphoric acids to other Brgnsted acidic moieties (phosphoramides, thiophosphoramides) have
made the general BINOL backbone a particularly prolific starting point for the development of
highly tailored organocatalysts.**-!

Seminal Contributions to the Chiral Phosphoric Acid Catalysis
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Figure 6: A) Akiyama’s enantioselective Mannich-type reaction (2004). B) Terada’s CPA-
catalyzed Mannich-type reaction (2004).

Much like the diversity in possible catalyst structures, the modes of activation of
phosphoric acid are manifold. Early reports on chiral phosphoric acid catalysis proposed
mechanisms going through the mono-activation of substrates via protonation followed by ion
pairing, or via single-point hydrogen bonding between the phosphoric acid moiety and the Lewis
basic site on the substrate (usually an imine nitrogen) (Figure 8). The phosphoric acid would in
that context provide LUMO-lowering catalysis, activating the imine (or iminium) substrate for
nucleophilic addition. Rueping and coworkers have dedicated significant research effort towards
deconvoluting the mechanisms and key interactions in phosphoric acid-catalyzed transformations,
and have demonstrated that these mechanisms are often more complex than simple the mono-
activations initially proposed.’ Three main classes of activations have emerged depending on the
reaction: mono-activation (including a spectrum of ion-paining and single-point hydrogen
bonding, dual activation (multi-point hydrogen bonding network), and bifunctional activation (in
which both reaction partners are independently getting activated at the phosphate) (Figure 8).
Bifunctional activation has become the more commonly invoked mechanism of activation for
chiral phosphoric acid catalyzed reactions.>3-*
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Figure 7: Privileged axially chiral backbones for phosphoric acid catalysis.

Independently of the mode of activation at play during catalysis, a significant emphasis has
generally been placed on the impact of large 3,3’-substituents on catalytic activity.’> By far one
of the most commonly used chiral phosphoric acid catalysts, (R)-TRIP and (S)-TRIP (Figure 7),
was developed by List and co-workers in 2010, features 2,4 ,6-triisopropylphenyl at the 3,3’
substitution.® Models to rationalize and predict the selectivity of CPAs based on computational
investigations of various transformations have been developed. Projection of the general catalyst
structure allows the visualization of filled and empty quadrants. For transformations in which
bifunctional is invoked, hydrogen bonding to the electrophile and the nucleophile is proposed to
pre-organize the reacting species within the two empty quadrants, leading to an efficient transfer
of chiral information from catalyst to product (Figure 8).

Key Structural Features
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Figure 8: Key features of BINOL-based chiral phosphoric acid catalysts.
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It is important to note that these simplified models generally rely heavily on steric repulsion
arguments from the 3,3’-substitution to rationalize chirality transfer. As a result, catalyst
development and optimization efforts over the past few years have also heavily relied on the
introduction of increasingly large and rigid groups to provide further steric confinement around
the catalytic active site.*>’ More recently, new classes of catalysts have emerged presenting
multiple axes of chirality. IDPi catalysts, developed by List and coworkers, have served as the
foundation for the growth of novel “superacids”, often boasting very low pKa’s and high molecular
weights (Figure 7).4951.58.5

Nevertheless, the efficiency of enzymes in asymmetric catalysis reminds us that non-steric,
non-covalent interactions are still quite essential in the rational design of new catalysts. Although
the energetic contributions of electrostatic, m—, t—cation, or sr—anion interactions are relatively
low (0.5-3 kcal.mol!), studies have shown that rationally designing 3,3’substituents to promote
multiple of these interactions in the transition state can be advantageous.®-% Deviating from the
rather hydrophobic nature of traditional substituents, the Toste group reported novel triazole-
bearing BINOL-phosphates competent in the catalysis of a previously inaccessible
enantioselective C-N bond formation for the synthesis of 1,2,3 4-tetrahydroisoquinoline
derivatives with good selectivities (Figure 9).** The authors noted that classical phosphoric acids
failed to provide adequate selectivity, and proposed a tight ion-paired transition state for the
triazole-bearing catalysts in which the Lewis basic sites on the 3,3’-substituents provide anchoring
for the coordination of the substrate, thereby improving the selectivity of the reaction.

Non-Covalent Interactions Possible with 3,3’-substitution

n-m interactions cation—r interactions anion—x interactions

substrate

BFy

f
Me, + Me
Me: N Me
CPA-Ad (20 mol%) (:Q\l
Toste (2013)
Na,PO, Ph N

o}

97% yield
83% ee

Figure 9: A) Significant non-covalent interactions. B) Triazole-bearing CPA (Toste, 2013).
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1.3. Harnessing Non-Covalent Interactions and Conformational Flexibility

Although phosphoric acid catalysis has been following a trend towards increasingly rigid and
bulky scaffolds, hydrogen-bonding-based organocatalytic platforms have witnessed an opposite
trajectory in which conformational flexibility is an advantage.®>% Small peptides, usually
containing more than one rotatable bond, can adopt multiple secondary structures in solution. Yet,
they have been demonstrated to yield exquisite selectivity in a wide range of transformations.*’
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Figure 10: A) Inoue, conjugate addition of thiols to enones. B) Julid-Colonna, epoxidation of
chalcones. C) Kinetic resolution and acylation catalyzed by small peptides (Miller, 1998). D)
pTh-catalyzed transfer hydrogenation of 8-aminoquinolines (Miller, 2015).

Some of the first examples of poly(amino acid) chains used as catalysts came from Inoue
and coworkers throughout the 1970s in a series of asymmetric addition reactions using small,
peptide-like amine polymers inspired by enzymatic catalysis (Figure 10, A).68-73 These reports
were followed shortly thereafter by the publication of the Julid-Colonna epoxidation of chalcones
by poly-(S)-alanine and poly-(S)-leucine in 1980 (Figure 10, B).”*7> Now at the forefront of this
catalytic platform, the Miller group reported a small peptide catalyzed enantioselective acyl
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transfer reaction in 1998 (Figure 10, C).” Despite their flexibility, some of the peptide catalysts
studied could provide the desired trans-2-amidocyclohexyl acetate product via kinetic resolution
and selective acylation of trans-2-acetamidocyclohexanol in up to 99% ee.

Observing the ubiquity of phosphorylated proteins in biological systems, the Miller group
envisioned to merge the flexibility of peptides with the catalytic activity of Brgnsted acids.””’® In
2015, a phosphothreonine-based (pThr) tetrapeptide catalyst was reported to selectively catalyze
the transfer hydrogenation of 8-aminoquinolines (Figure 10, D).” This publication highlighted
design elements strikingly different from the classical framework of chiral phosphoric acid
optimization. Namely, the lack of rigidity and C, axial chirality did not, in fact, hinder the ability
of the peptide catalysts to provide selectivity comparable to traditional TRIP phosphoric acid in
the transformation at hand. Additionally, the modular aspect of peptide synthesis opened an
immense and diverse chemical space for the design of similar catalysts for applications in different
reactions.® This modularity, in conjunction with the ease of synthesis of these catalysts (often via
well-established solid-phase peptide synthesis), and the high selectivities observed, have fueled
the development of this platform for the catalysis of a plethora of transformations including aldol
reactions, epoxidations, or halogenations, quite often bringing complementarity to more traditional
classes of organocatalysts.50¢78!

1.4. Data-driven tools to understand the role of NCls in asymmetric catalysis

Chemists have historically been driven to understand forces at play in reactivity and selectivity
in order to improve upon the known systems and developing better, or more situation-tailored
catalytic platforms. The case of peptide catalysis developed by the Miller group presents an
interesting conceptual challenge: understanding the interactions driving their selectivity in
catalysis. A broader overview of computational tools was presented in Chapter 1. Data-science
and computational methods have recently gained popularity to complement traditional physical
organic mechanistic studies in gaining a more holistic understanding of selectivity trends in
catalytic systems in which multiple subtle but cooperative interactions can convolute the
mechanism.® Mechanistic studies aiming to uncover and gauge the importance of NCIs in
asymmetric organocatalysis have been performed on a wide range of reaction and catalyst types.
Iminium catalysts developed by MacMillan and coworkers, for example, were found by Gilmour
and coworker to form highly preorganized intermediates due to non-obvious 57— and cation—7t
interactions. Importantly, some flexibility in the catalyst seems important to allow the folding of
the activated complex conformation leading to selectivity .32

Despite some challenges in deconvoluting selectivity-determining interactions, successful
models have developed various molecular descriptors to address the physical features of these
catalysts. Studies integrating NMR techniques, transitions state analysis, molecular dynamics, and
multivariate linear regressions, along with more classical physical organic chemistry tools such as
kinetic/Eyring studies, have come a long way in providing accurate rationalizations and predictions
of selectivity in various catalytic systems.®*-* Importantly, these methods taken together have
supported the rational design of catalysts so central to obtaining highly optimized, selective
conditions with lower experimental costs.?*°> Multivariate Linear Regression (MLR) and Machine
Learning (ML)-based algorithms developed to predict optimized structures for specific reactions
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have been demonstrated on chiral phosphoric acids by Denmark and coworkers.”® In their study of
enantioselective addition of thiols to N-acylimines, they developed a workflow starting with the
in silico design of a catalyst library, followed by a selection of a representative sample of those
catalysts to be screened against the reaction of choice. The results obtained from the training set,
along with a list of molecular descriptors extracted from the structures in the library, allowed the
visualization of catalyst performance in the “chemical space” represented by the library, and
thereby the prediction of highly optimized catalyst structures within that space. Importantly, the
chemical space here is defined by the molecular descriptors extracted computationally from the
catalysts’ structures. The latter can be sorted through Principal Component Analysis to reduce the
variables to three main axes which can be plotted to visualize the chemical space covered by the
library.”” These type of workflow has worked well in diverse areas of catalysis, including the
design of transition metal catalysts.”>*
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Figure 11: non-exhaustive examples of data-science methods used for the deconvolution of
structure-activity relationships in selectivity trends.

One caveat to be noted in the use of ML tools, however, is the relatively large number of
experimental data points (in the case of the Denmark’s study, over 2,000) necessary to confidently
assess the performance of the training set and validate the model generated. While the advent of
high-throughput experimentation has enabled easier and more reliable access to large data sets,
this scale of experimentation might still represent a challenge for a lot of academic groups working
on their own catalyst optimization projects. On the other hand, MLR methods usually rely on a
rather small selection of known molecular descriptors which can overlook complex interactions in
novel and less understood catalyst classes. Indeed, these computationally assisted optimization
workflows have thus far been generally limited to catalysts classes in which the structure-activity
and significant interactions are well known and understood.
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Il. Project Design

2.1. A Hybrid Catalyst Class

The foundations of the project described herein were born of long-standing collaborations
between the Toste group at UC Berkeley, the Miller group at Yale University, and the Sigman
group at the University of Utah. The trend towards rigidity in classical phosphoric catalysis, the
exquisite selectivities achievable in flexible, small peptide catalysis, and the overall need for
smaller scale, yet accurate, modeling and prediction methods on novel catalyst structures all led to
the questions asked at the dawn of this project:

e Can the privileged featured of phosphoric acid catalysts be minimized away from the trend
of increasing molecular weights and still retain selectivity in asymmetric transformations?

e Can elements of flexibility be integrated in a new catalyst scaffold to provide positive non-
covalent interactions in lieu of steric repulsion used in classical phosphoric acid catalysis?

e Can the design of these novel, highly selective catalyst structures be guided by
computational and data-science tools without reliance on large scale high-throughput
experimentation?

To address these questions, a hybrid catalyst class integrating fragments for both
phosphoric acid and peptide catalysis was envisioned (Figure 12). Truncating the backbone from
a traditional 1,1’-bi-2-naphtol and limiting the substitution from 3,3’ to the 3 position only, were
intended to boost the conformational flexibility of the catalysts. Taking inspiration from the Miller
group’s success using amino acid building blocks in asymmetric catalysis, we hoped that
substituting the 3-position of the backbone with a single amino acid fragment would offer
flexibility around the rotatable bonds of the fragment, a natural point of chirality, as well as two
points of diversification. Indeed, we envisioned that both the o-amine and the carboxylic acid
moieties could be diversely substituted, thereby offering modularity in the catalyst structures
necessary for the development of a library and the expansion of the chemical space covered by
these hybrid catalysts.

two easily modifiable
sites for tunabilty

(0]
O 0.0 Lewis Base

OH Bronsted Acid

achiral, flexible
backbone

Adaptive CPA
- point chirality

- flexible scaffold
- modular arm

Figure 12: Envisioned structure of hybrid flexible phosphoric acid catalysts.
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2.2. Training Set Design and Computational Workflow

The design of the training set began with the idea that more structural diversity in the
catalyst library would provide a more diverse set of results for the selected transformation, and
therefore better data for statistical modeling purposes. As such, a search for commercially available
fragments which could be used to diversify the amine and carboxylic acid moieties of the backbone
was performed. The latter resulted in over 300,000 possible fragment combinations, including a
variety of carboxylic acids, acyl chlorides, sulfonyl chlorides, and secondary amines. The process
of training set design and curation was iterative (Figure 13). First, the fragments were screened for
synthetic compatibility, and each fragment was analyzed a lower level of theory to obtain 2D and
3D molecular descriptors using Quantitative Structure Activity Relationship (QSAR).!® This
allowed a rapid and cost-efficient first clustering of the fragments to be performed by k-means
with a cluster number of 30, upon which the fragment selection was reduced to 10% of its original
sample size. The 55,000 remaining possible combinations were analyzed further to select a random
sample containing 2%, or 1,100 combinations.

Iterative Curation of the Training Set of Catalysts

Pre-Processing | Step | ' l Step Il l l Step Il l | Step IV
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b
Initial Curation of Fragments Keep 10% of Fragment Combinations Keep 2% of Remaining Combinations Construct & Compute Full Catalysts Plotting Chemical Space
547,617 combinations 54,735 combinations 1094 combinations (MM Lowest Energy Conformer) 5 PCs, 64.9% variance
DFT Single Point (M06-2X-def2-TZVP) K-Means Clustering
1094 Candidates k=30

Catalyst Descriptors

Fragment Descriptors Full Phosphate Parameters

- DFT only - Molecular QM Properties

- HOMO/LUMO - NBO Charges

- Polarizability - 3D QSAR (Surface Area)

- Quadropole - Steric Descriptors (Sterimol)
- Total = 12 per acid and 12 per amine - Total = 67 Descriptors

Figure 13: Training set design

The 1,100 combinations of fragments were then constructed as full catalyst structures to
build the final candidate library in silico. Optimization of the catalysts using molecular mechanics
and computational analysis at the DFT level (M06-2X/def2-TZVP) provided a new set of
molecular descriptors for each final catalyst structures.'®' The descriptors obtained were combined
for principal component analysis (PCA). PCA is a data reduction technique aiming to determine
which of the hundreds of parameters extracted from the structures might have the most impact on
the variance (which of the parameters differ the most across the catalyst library). Doing so, the
most significant parameters can be grouped as Principal Components. In this case, reduction to the
top five principal components was estimated to contribute to 65% of the variance of the library,
which was deemed suitable for the purpose of training set design. The PCA enabled the
representation of the library within chemical space (here represented as a 2D map).!%>1 Further
k-means clustering provided 30 areas of chemical space, and an arbitrary candidate was chosen
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from each cluster of chemical space, ensuring as little bias as possible would be introduced into

the training set (Figure 14).
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Figure 14 : Training set library and analytical workflow.

We hoped to gain insight into the performance of this new hybrid catalyst class and into any
potential selectivity-determining structural features, especially the effect flexibility and non-
covalent interactions might have on catalysis. A logical first step to do so was the benchmarking
of the catalysts’ performance in known organic transformations, which would provide a solid
foundation for a holistic mechanistic and structural understanding. Analysis of the reactivity data
by statistical modeling and multivariate linear regressions would hopefully enable the
rationalization of selectivity trends, and the extrapolation of the latter towards the rational design
of highly optimized catalyst structures for the desired transformations.

38



1. Results and Discussion

Portions of this section were co-authored with Jordan P. Liles at the University of Utah.

3.1.  Synthesis of the Catalyst Llbrary

The synthesis of the catalyst library was optimized to nine steps (Figure 15) and began
similarly to the synthesis of transitional phosphoric acids. Protection of 2,2’-biphenol (3) with
chloromethyl ethyl ether with sodium hydride proceeds nearly quantitatively (97%) on large scale.
The protected biphenol (4) is submitted to lithiation and iodination. This step provides a mixture
of mono- and bis-iodinated products, although conversion to the desired mono-iodinated product
(5) can still be obtained in 80 % yield. Separation of the two iodinated products was not deemed
necessary to proceed to the Negishi coupling of the mixture with a commercially available boc-
(8)-iodoalanine methyl ester partner (6).!°* Catalyst precursor (7) can therefore be obtained in 56%
yield on large scale across the first three steps of the synthesis. Deprotection of the boc group with
tert-butyldimethylsilyl trifluoromethanesulfonate and under basic conditions using 2,6-lutidine
followed by tetrabutylammonium fluoride provided the free amine backbone. The free amine
precursor could be stored for several months at -20 °C without decomposition or observable
racemization, although storage at room temperature did lead to partial racemization of the a-
stereocenter. Initial control experiments suggested that no racemization occurred during the cross-
coupling or the functionalization of the backbone (see supplementary information).

Synthetic Route to Adaptive Catalysts

OMey
OMEH o] N‘Boc
» O L, T
OH NaH, EOMCI OMOE n-BuLi, TMEDA, I, OMOE 6 Q OMOE
OH DMF, 0°C — rt. OMOE THF, 78 °C — rit. OMOE Zn, 1, DMF, rt. OMOE
O then Pdy(dba)z, SPhos
97 % yield
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3 4 5 across two steps 7
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O DIPEA, THF, rt. O DIPEA, THF, r.t. O then H,0 O
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) oo i
7 Sulfonyl chloride, Et;N s 41-96 % yield 9 P1-P20

44 - 98 % yield

Figure 15 : Synthetic route for the catalyst library

Diversification of the catalyst backbone was first done at the amine moiety with the
installation of either (a) carboxylic acid fragments or (b) sulfonyl chloride fragments. The
carboxylic fragments were installed via an amide coupling wusing 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and hydroxybenzotriazole as coupling agents under
basic conditions, providing the amide intermediates (8) in 44-98% yield. The sulfonyl chlorides
were installed directly under basic conditions to yield the corresponding intermediates in 57-97%
yield. Saponification of the methyl ester under basic aqueous conditions was followed by a second
amide coupling to install a symmetrical secondary amine at the second point of diversification

39



using 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEPBT) as coupling agent. The
MOE-protected, fully diversified precursors (9) to the catalysts were obtained upon purification in
41-96% yield.'” The MOE protecting group could be cleaved using HCI in dioxane (4 M), or
ZnBr, with n-PrSH when acid-sensitive functional groups were present.** Phosphorylation with
POCI; in anhydrous pyridine was performed as reported in the phosphoric acid literature, followed
by hydrolysis of the phosphoryl chloride intermediate with water under basic conditions.

3.2. Reaction Screening and data collection

In order to obtain meaningful and representative performance data for the training set, we
envisioned that known and well-studied organic transformations would be a good starting point
for data collection. A survey of the literature for chiral phosphoric acids provided an initial list of
a dozen transformations that we hoped would be viable systems to test the catalyst library. Of
those, initial screening on a small subset of catalyst allowed the filtering of those reactions which
did not provide high enough yields to gather reliable data, yielding three main transformations to
test our system (Figure 16): (i) The transfer hydrogenation of 8-aminoquinoline 1;” (ii) The
atroposelective cyclodehydration of 10;'% and (iii) A selective oxetane desymmetrization of 12.1%

X
N “Me Catalyst (10 mol %) N” “"Me
A. H Asymmetric Transfer Hydrogenation of 8-aminoquinolines

OYNH HEH (4.0 equiv) O NH

NH 1 CHCly, 1t NH 2

FON N
Y Fe~¢ T
0 Catalyst (10 mol %) N Bu
B. HN t-Bu Atroposelective Cyclodehydration
toluene, 60 °C

Catalyst (10 mol %) OH o
= - E ..... / Oxetane Desymmetrization

O i-Pr DCE, 1t
/" :
HO 12

Figure 16 : Transformations selected to test the training set of hybrid catalysts.

With the fully synthesized catalyst training set in hands, we began our investigation of their
reactivity and selectivity on the transfer hydrogenation of aminoquinoline 1, for which literature
precedents provide modest to good levels of enantioselectivity (up to 86:14 er).”” We were pleased
to observe a good range of selectivity across the training catalyst library, ranging from racemic to
93.5:6.5 e.r., which was consistent with the selection of a training set of catalyst covering diverse
areas of chemical space. Interestingly, the catalysts bearing sulfonamide moieties all seemed to
perform well relative to the amide-bearing candidates, providing selectivities greater or equal to
85:15 e.r. (Table 1). It was also observed that nine of amide-bearing catalysts did not provide any
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selectivity in the transformation. This apparent “selectivity cliff”” is a motif that data-science tools
could provide insight into.

Table 1: Transfer hydrogenation results

B
C 9 .
N/ Me atalyst (10 mol %) N”“Me
H

OYNH HEH (4.0 equiv) Os_NH
A" 1 CH,Cly, rt T )
Ph” Ph”
Catalyst % yield® e.r.

P1 39 50.5:495
P2 71 91.5:8.5
P3 73 50.5:495
P4 89 775:225
P5 76 49.5:50.5
P6 74 57 :43
P7 81 87.5:125
P8 71 77 : 23
P9 48 50:50
P10 71 50:50
P11 71 52:48
P12 58 85:15
P13 69 50:50
P14 63 50:50
P15 77 49.5:50.5
P16 77 59.5:40.5
P17 65 77 : 23
P18 54 525:475
P19 83 93.5:475
P20 75 68 :32

2Conditions: 1 (0.025 mmol), Hantzsch Ester Hydride (HEH, 0.1 mmol), catalyst (10 mol%), CH,Cl, (0.25
mL) for 18 h in a sealed half dram vial. Representative selection of catalysts from training set. Yields
determined using NMR. Selectivity analyzed using chiral SFC.
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3.3. Statistical Modeling and Structure-Activity Relationship Analysis

Aiming to gain an in-depth understanding of how the structural features of the catalysts
affected the selectivity trends observed in the transfer hydrogenation reaction, a more
comprehensive computational analysis was performed. Molecular mechanics search in
Macromodel allowed the acquisition of conformational ensembles for each of the catalysts, with
the optimal number of clusters determined using the minimum Kelley Penalty score (see
supplemental information for details).’” Each conformer was optimized at the DFT level
(PW6B95D3/6-31G+(d,p)) with single-point energy corrections (PW6B95D3/cc-PVTZ) and a
library of over 500 descriptors per catalyst was compiled. A nomenclature of the catalysts’ atomic
labelling is included in Figure 17 for clarity, and a summary of all values for the molecular
descriptors discussed in the following sections is provided in Table 2.

Amide or Sulfonamide Hydrogen Hg,,

Amide Nitrogen N, H Amide or Sulfonamide Nitrogen Niy

Phosphate Oxygen Oy; O 0.0 Amide or sulfonamide Oxygen Og,,

Phosphate Oxygen Op,,

Figure 17 : Catalyst nomenclature used in this section

The analysis of catalyst performance began with classifying the library into a set of selective
catalysts and a set of unselective catalysts. Upon removal of data points with yields of or under
10%, the transfer hydrogenation selectivities were processed using a classification algorithm
recently disclosed by the Doyle and Sigman groups.!® The basic principle of this classification
algorithm stems from the observation that some reaction profiles show non-linear dependence on
molecular descriptors, wherein a threshold value must be met to obtain selectivity. Graphically,
this corresponds to a binary response, with unselective catalysts aggregating under both the
selectivity threshold and the required value for the selected molecular descriptor. The
aforementioned algorithm uses a single node decision tree to classify catalysts into selective and
non-selective categories for each molecular descriptor. Accurate classification is obtained from
the parameter(s) providing the least number of catalysts assigned in the false negative or false
positive regions of the graph (Figure 18).
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Table 2: Summary of the molecular descriptors discussed in the modeling of the catalysts

Catalyst

P1

P3

BS

P6

P10

P11

Unselective Amides

P12

P14

P15

P4

P7

P9

P16

P17

Selective Amides

P18

P20

P2

P8

P13

Selective
Sulfonamides

P19

Al

V2

Validation
Sulfonamides

V3

ChelpG Or1y

-0.62

-0.59

-0.61

-0.63

-0.63

-0.60

-0.60

-0.62

-0.62

-0.55

-0.54

-0.57

-0.55

-0.54

-0.55

-0.56

-0.51

-0.48

-0.55

-0.53

-0.54

-0.50

-0.51

Hirsch N

-0.09

-0.08

-0.09

-0.09

-0.08

-0.09

-0.09

-0.08

-0.09

-0.08

-0.08

-0.08

-0.09

-0.08

-0.08

-0.08

-0.13

-0.13

-0.13

-0.14

-0.14

-0.13

-0.14

r) ChelpG Oy

-0.79

-0.73

-0.76

-0.77

-0.80

-0.75

-0.71

-0.68

-0.75

-0.72

-0.74

-0.70

-0.78

-0.74

-0.73

-0.76

-0.73

-0.77

-0.77

-0.72

0.69

0.67

0.70

Hirsch H

0.11

0.09

0.11

0.11

0.09

0.09

0.12

0.10

0.11

0.09

0.09

0.09

0.09

0.09

0.10

0.09

0.1

0.09

0.1

0.10

0.11

0.09

0.11

R1) NBO O(P;)

-0.77

-0.77

-0.77

-0.78

-0.78

-0.77

-0.79

-0.80

-0.78

-0.77

-0.80

-0.77

-0.77

-0.80

-0.77

-0.78

-0.80

-0.80

-0.81

-0.80

-0.81

-0.81

-0.81

NMR N

132.83

127.51

129.65

127.26

129.74

127.99

118.02

117.20

125.51

113.72

131.69

111.73

131.65

135.40

136.75

128.22

124.09

120.89

127.73

124.42

138.92

142.87

133.84

®2) Vbur R,
53.35
47.13
60.33
51.33
59.50
51.86
52.94
4775

59.72

46.98
68.26
48.11
41.81
44.08
33.61

44.70

50.11
53.19
51.97

52.61

48.32
48.92

43.19

6 Backbone

14.77

19.41

15.68

23.15

25.19

16.49

28.83

38.83

23.01

18.93

31.27

16.84

19.28

31.79

20.92

23.78

37.77

36.52

35.12

35.60

38.78

41.84

38.87

In the treatment of the transfer hydrogenation results, the selectivity threshold was set to
0.06 kcal/mol, corresponding to a selectivity of 5% ee or above, for which the best classification
was found to rely on the partial charge on the oxygen of the secondary amide substituent using the
parameter ChelpG Og). ChelpG charges (Charges from Electrostatic Potentials using a Grid-based
method) are a quantification method of atomic charges based on molecular electrostatic potential
maps calculated for the Boltzmann-weighted average of the conformational ensemble.!”
Gratifyingly, this partial charge term could classify the full catalyst training set without any falsely
assigned data points (Figure 19) for a threshold cutoff of ChelpG O, of -0.58.
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Parameter Threshold

Determined Computationally

False Negative Region
Catalysts perform above the desired
reactivity threshold despite not True Positive Region
Catalysts meet both the parameter
threshold and the desired reactivity
threshold

meeting the parameter threshold

Observable Threshold
False Positive Region Set manually
Catalysts meet the parameter
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Figure 18 : General representation of the classification method development by the Doyle and
Sigman groups.

The identification of the ChelpG O, parameter revealed that all catalysts classifying as
non-selective were amides with significant electron density build up at the secondary amide
oxygen. Alkyl substituent on the R; amide resulted in larger negative charges at O, and complete
lack of selectivity in the transformation. In contrast, amides bearing aromatic substituents on the
secondary amide provided modest to good selectivity (P9, P17). Despite the diversity of tertiary
amides across the training set, the nature of the R, substituents do not seem to significantly
influence selectivity cliff or the partial charge estimated for O,,. For example, P15 bears a partial
charge of -0.64, where P19 with the same tertiary amide results in a partial charge of -0.48, each
falling on opposite sides of the classification threshold (-0.58).
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Figure 19 : A) Univariate classification for the selectivity cliff observed in the transfer
hydrogenation of 8-aminoquinolines. B) Partial charge visualization for the classification terms.
C) MLR model for the transfer hydrogenation reaction.

Of particular interest in the initial design of these hybrid catalysts was the possibility of
intramolecular and intermolecular hydrogen bonding and their effect on catalytic efficiency. It is
worthy to note that the presence of distal hydrogen bond donors or acceptors on either arm led to
non-selective catalysts which were accurately classified out based on ChelpG O, charges. This
suggests that the O, electron density is responsive to the presence of these hydrogen bonds.
Multiple possible ways to rationalize this response could be speculated. It is possible that an
increased electron density on the secondary amide oxygen might encourage intramolecular
hydrogen bonding within the catalyst structure (see supplemental Figure S1). These intramolecular
hydrogen bonds between O;, might fold the catalysts in catalytically inactive conformations (for
example, unable to complex the starting material). Alternatively, the intramolecular hydrogen
bonds between O, and either side chains might compete with and prevent the hydrogen bonding
of Oy with the phosphate hydrogen and/or substrate throughout the reaction.

Turning our attention to the eleven catalysts providing some selectivity, we hoped to gain
further insight into the structure-activity relationships driving the selectivity trends observed in the
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transfer hydrogenation. Data analysis was performed using forward-stepwise linear regression.
This process begins with a null model (no selected parameters) and a manual input for the number
of parameters desired in the final modeling. The algorithm then works through variables one at a
time to determine the parameter with the best linear correlation to the data (has the smallest p-
value or leads to the highest increase in line fit R?). The latter is assigned the highest coefficient in
the final model equation. The process is repeated, adding terms, one at a time, until the initially set
number of terms is reached.!'” Due to relatively small data set (11 data points) and to ensure a
minimal inclusion of background variations, the maximum number of parameters was set to two.
A two-parameter linear regression model was generated, presenting good statistical fidelity with
R2=0.88 (Figure 19, C). The two parameters identified as critical for selectivity by this model
were two partial charges terms: the Hirshfeld charge of the secondary amide/sulfonamide nitrogen
Ny, (of the lowest energy conformer) with a larger coefficient, and the minimum ChelpG charge
on the negatively charged phosphate oxygen O, across all conformers, with a lower coefficient.
Hirshfeld charges analysis is a method to obtain an estimation of charge densities of atoms in a
molecule based on the charge density deformation relative to the free atoms.'"! These two terms
together largely describe the electron density distribution of the R, substituent of the chiral arm.

A negative correlation was observed between the N nitrogen Hirshfeld coefficient and
reaction selectivity, suggesting an increase in selectivity with increasing electron density at that
position in the catalyst structure. The amide catalysts were estimated to have partial charges
ranging from -0.07 to -0.09, while the sulfonamide catalysts span partial charges from -0.12 to -
0.15, suggesting that this term acts as a linear classifier between the sulfonamides and amides at
the secondary position with a cutoff of about -0.10. While negative charge build-up at the N;
position is inherently correlated to the identity of the functional group of the attached fragment,
additional analysis revealed multiple intramolecular hydrogen-bonding networks were responsible
for the observed differences in partial charge within each subclass of catalysts (Figure S2).

The opposite trend was observed for the ChelpG charge on phosphate oxygen Op,), for
which a higher negative charge was inversely correlated with selectivity. The presence of distal
hydrogen-bond donor sites on the secondary position was strongly associated with the lowest
values of ChelpG (P16), corroborating our earlier observation that distal H-bonding sites lead to
non-selective catalysts.
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An important objective of library generation and data-science based modeling is the ability
to use the structure-activity trends extracted from training set results to predict the selectivity of
other catalysts within the chemical space. Noting that the sulfonamide-bearing catalysts tended to
provide high selectivities in the transfer hydrogenation reaction, the initial chemical space was re-
inspected to select a set of validation candidates (Figure 20). The absence of parameters
representing the tertiary amide R, suggested that this position could be kept constant while
modulating the substitution on the secondary amide R;. Predictions for the chosen catalysts
interpolated V1 and V2 to 90:10 er. and 91:9 e.r., respectively, while V3 was extrapolated to
provide the best selectivity of the full catalyst set (94:6 e.r.). We were pleased to find that the
experimental selectivities by these catalysts fit the model quite accurately within 0.15 kcal/mol of
the predicted values. Although the selectivity provided by catalyst V1 was diminished, the
substitution of aryl substituents for a small alkyl (cyclopropyl) side chain did not inhibit selectivity.
Extending the steric bulk and mt-stacking opportunities in catalyst V2 did not provide an increase
in selectivity, consistent with the absence of any steric terms in the model. To our delight,
extrapolation to sulfonamide V3 was found to be accurate, providing a new best-in-class catalyst
for the transfer hydrogenation of 1 (95:5 er), outperforming previously reported BINOL-type and
phosphothreonine-type catalysts for this transformation.!'? Revisiting the model with our
validation catalysts, excellent statistics were noted, with a Test R? of 0.98 and MAE (mean absolute
error) of 0.08 kcal/mol (Figure 20).

Observing that each of the sulfonamide catalysts outperformed any of the amides, we
hoped to understand the structural features responsible for these disparities in catalyst
performance. Based on the statistical model, it was hypothesized that the minimum partial charge
ChelpG at O, would correlate with differences in selectivity among each catalyst subclass.
Indeed, plotting ChelpG O, against the experimental sulfonamide selectivities provided a strong
univariate correlation (R? = 0.89, Figure 20, B). We postulated this partial charge could relate to
the stabilization of the conjugate base through electron delocalization via intramolecular hydrogen-
bonding networks, which could enhance the acidity of the phosphoric acid moiety. To probe this,
we turned to DFT calculations to analyze the potential stabilizing interactions across the
sulfonamides.

Inspection of the sulfonamide catalyst structures revealed that all sulfonamide catalysts share
a common CH---O hydrogen-bonding interaction between the methine C—H and the upper P=0
bond.!”* The shortened bond length of these interactions (2.33 — 2.65 A) suggests a strong
hydrogen-bond.'"* More electron withdrawing groups in the vicinity would increase the propensity
of this proton to act as a hydrogen-bond donor. Accordingly, the least selective sulfonamide P13
demonstrates the longest observed H-bond length, at 2.65 A. However, DFT analysis also revealed
that the methine C—H can adopt an extended hydrogen-bonding network with the neighboring
N—H, resulting in a notably reduced CH:--O bond length (2.33 A, Figure S3). Notably, best in
class catalyst V3 demonstrates a single CH---O bond with pronounced mt-stacking between the aryl
sulfonamide and backbone, potentially reinforcing this interaction.

Despite the accuracy of the correlation between sulfonamide selectivity and the ChelpG
O, partial charge, the subset of selective amide catalysts did not provide significant correlation
to the same term in a univariate regression model. Instead, a strong univariate correlation between
partial charge on the secondary amide hydrogen (H,) and selectivity was observed (R? = 0.82,
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Figure 21, C). The importance of this term implied that amides may preferentially adopt
conformations possessing the N—H hydrogen bond over the CH---O interaction found for
sulfonamides. Indeed, DFT calculations on the selective amide catalysts displayed a globally
conserved N—H hydrogen-bonding network for which the length of the H-bond correlated to the
partial charge of the hydrogen with an R? of 0.77 (Figure S5). This is supportive of the earlier
observation that the Hirshfeld partial charge at N, was central to the amide selectivity trends.

3.4. Transferability of the model to other reaction types

Finally, we sought to assess whether the performance trends of the catalyst training set
observed in the transfer hydrogenation were transferable to other reaction types. To do so, we
examined the catalysts’ performance in the next two chosen reactions: an atroposelective
cyclodehydration and oxetane desymmetrization. Although the ranges in selectivities obtained
were more modest than in the transfer hydrogenation, similar trends could be observed.
Importantly, the same non-selective catalysts from the transfer hydrogenation once again provided
completely racemic product in both the atroposelective cyclodehydration and the oxetane
desymmetrization. Similarly, the sulfonamide-bearing catalysts seemed to provide superior
selectivities than the amide-bearing catalysts overall (Table 3, Table 4)

Observing the similarities in selectivity trends, we reasoned that the classification term
ChelpG Oy might once again be a meaningful predictive tool to determine if a catalyst would be
selective or not regardless of the reaction at hand. Satisfactorily, classification of all three reaction
data sets with this single partial charge provided high levels of accuracy (0.92, Figure 21).

Further statistical modeling revealed that the stereochemical outcome of all three
transformations could be rationalized with the same three catalyst parameters (Figure 21): a
Boltzmann-weighted NBO Og;) charge, the predicted NMR shift at the N, position (tertiary
amide) and the maximum buried volume at the R, (secondary amide) position (Figure 21, B). The
inclusion of the predicted NMR Ny, shift in the modeling terms departs from the single-reaction
model derived for the transfer hydrogeneration, which did not show dependence on the nature of
the tertiary amide substituents, suggesting that reactions with different activation modes might be
more significantly affected by the whole catalyst structure rather than an emphasis on the R, arm.
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Figure 21 : Data modeling and parameters for the three-reaction system.

Although the model fit to the transfer hydrogenation model did not contain steric terms,
the appearance of a steric parameter in the reaction-agnostic model suggests that the
cyclodehydration and oxetane desymmetrization both benefit from smaller substituents at the R,
position. Interestingly, the highest weighted term, NBO O;, was found to be co-linear with the
dihedral angle of the catalyst backbone (Figure S6). An increase in the dihedral angle — and as
such, a wider active site near the phosphoric acid moiety — was correlated to the increase in electron
density at the backbone phosphate oxygen O3, and to higher selectivities. In traditional BINOL
phosphoric acid scaffolds, the dihedral angle is generally enforced by the 3,3’ substitution. Despite
intentionally moving away from this steric-heavy di-substitution pattern in the design of these
hybrid catalysts, the terms extracted by the model still seem to suggest a dependence of the
chirality transfer on the steric features of the of scaffold.
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Table 3: Atroposelective Cyclodehydration® Table 4: Oxetane Desymmetrization?®

H
FSCIND\ Catalyst (10 mol %) F3C—(’NI>\ Soe Catalyst (10 mol %) [o OH
HN By ——————— N tBu 0 Vi-Pr : ol'."/
0 toluene, 60 °C wo—" i DCE, 25 °C ,.1p;
11
Catalyst % yieldP e.r.b Catalyst % yieldb erb

P1 78 48 :52 P1 98 50:50

P2 83 67 : 33 P2 96 71:28

P3 35 48.5:51.5 P3 20 51:49

P4 51 87.5:12.54 P4 4¢ -

P5 30 48.5:51.5 P5 24 50.5:49.5

P6 65 48.5:515 P6 27 50.5:49.5

P7 95 62.5:37.5 P7 23 49.5:50.5

P8 79 67 :33 P8 100 49.5:50.5

P9 83 62:38 P9 100 74 :26

P10 80 48 :52 P10 80 57.5:425

P11 80 48.5:51.5 P11 86 50:50

P12 66 50:50 P12 69 50:50

P13 5 57 :43 P13 0c 51:49

P14 8 50:50 P14 0c -

P15 50 48 :52 P15 12 -

P16 27 54:46 P16 18 50:50

P17 6 64:36 P17 0c -

P18 77 51.5:48.5 P18 33 50.5:49.5

P19 82 71:29 P19 100 73:27

P20 95 70:30 P20 34 67 :33
2Conditions: substrate (0.025 mmol), catalyst (10 2Conditions: substrate (0.025 mmol), catalyst (10

mol%), in toluene at 60 °C for 14 h in a sealed 4 mL mol%), DCE (0.25 mL) for 18 h in a sealed 4 mL vial.
vial. ®Yields determined by F NMR. Selectivity Yields determined using 'H NMR. Selectivity
analyzed using chiral HPLC. Selectivities for catalysts  analyzed using chiral SFC. ¢Selectivities for catalysts
with < 5% yield not obtained. ¢ Removed from with < 5% yield not obtained.
modeling.
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V. Analysis of the Low Performing Catalysts

Upon identifying important parameters influencing the performance of the catalysts, we turned
our attention back to the lower performing catalysts hoping to gain a better understanding of their
lack of selectivity. Although initial control experiments on the synthetic route suggested that no
racemization would occur during the synthesis, the building of larger libraries of catalysts creates
an analytical challenge when it comes to checking the enantiopurity of each catalyst within the
library. As such, the enantiopurity of the 9 lower performing catalysts which were classified out
was analyzed, revealing partial erosion of the chiral center (down to 68% ee). We were pleased to
find that the sulfonamide catalysts did not suffer any enantio-erosion, along with amide catalysts
bearing substituents which might hinder the rotation of the secondary amide arm. Attempting to
probe which of the synthetic steps lead to racemization of the stereocenter, HPLC analysis of all
intermediates along the route narrowed down the possibilities to the saponification of methyl ester
intermediate 8, or to the second amide coupling using DEBPT as coupling agent to 9. While these
steps had been assessed by HPLC prior to the generation of the catalyst library, we found that
some amide catalysts were more prone to undergoing erosion of the a-amino stereocenter via the
pathway proposed in Figure 22.

A. Problematic Synthhetic Step for the Amide Catalysts
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Figure 22 : Proposed racemization pathway and enantiopurity of the catalysts

Through this pathway, we envision that amide fragments with highly electron rich oxygen O,
could compete with the secondary amine coupling partner for the displacement of the activated
ester 15. In cases for which the amine is a poor nucleophile, or O, bears a large enough negative
charge as observed by the ChelpG O, data, the rate of intramolecular ring formation would
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outcompete the intermolecular nucleophilic addition of the amine partner. The resulting oxazole
17 can undergo deprotonation at the chiral stereocenter to planar intermediate 18. Unselective
tautomerization of the later to regenerates the activated ester 15 as a scalemic mixture. Given this
proposed pathway, the nucleophilicity of the O, oxygen would provide a basis for the propensity
of the intermediate to cyclize. As noted in the discussion of the ChelpG O, trends, the electron-
density on the sulfonamide oxygens appears to be lower than that of any of the amides. This can
be rationalized by the resonance delocalization of the negative charge of the conjugate base upon
deprotonation of the N—-H proton, expected to make either of those oxygens poor nucleophiles to
outcompete the amine coupling partners.

Interestingly, P11 and P20 experienced drastically different extents of racemization, with P11
dropping to 68% ee, while no erosion of enantiopurity was observed for P20. Considering the very
similar ChelpG O, and Hirshfeld charge on the secondary amide nitrogen Ny, this difference
in the racemization could be rationalized by a combination of factors. Firstly, the amine partner
used in the synthesis of P11 bears more steric bulk directly around the nucleophilic nitrogen from
the isobutyl substituent than the linear alkyl chains of the P20 amine partner. This increase in steric
congestion could decrease the rate of nucleophilic addition of the di-isobutyl amine relative to the
di-n-butylamine, offering more opportunities for cyclization. Additionally, the presence of the
gem-dimethyl groups alpha to the amide could hinder the deprotonation of the activated ester 15,
as planarization to 16 would generate a significant amount of allylic-1,3 strain. As a result, this
deprotonation might be kinetically sluggish, thereby lowering the nucleophilicity of O in P20.
Finally, it is likely that, even in the event of this deprotonation occurring, the steric congestion
provided by the gem-dimethyl substituent would make the cyclization to oxazole 17 unfavorable.

In the context of diversity-oriented synthesis and the generation of catalyst libraries
encompassing extended areas of chemical space, it can rapidly become impractical and costly to
obtain enantiopurity data for each catalyst candidate within the space once the synthetic route has
been validated on one or a handful of examples. A reliable classification model should — hopefully
— separate catalysts lacking selectivity, provide some insight into the features leading to their poor
performance, as well as highlighting any significant flaws or oversight in the library design.
Gratifyingly, the classification provided herein achieved all these goals.
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V. Conclusions and outlook

Seeking to understand the effect of non-covalent interactions and flexibility could play in
chiral phosphoric acid catalysis, we developed a new class of adaptative hybrid catalysts a
minimalist and conformationally flexible backbone bearing a single point of chirality. A reactivity-
based investigation of the selectivity profile of these catalysts was performed by incorporating
data-science tools, beginning with the design of a structurally diverse catalyst library training set.
A combination of classification and multivariate linear regression tools provided insight into the
key features for the selectivity trends observed in the enantioselective transfer hydrogenation of 8-
aminoquinolines, enabled the rapid identification of a new class of sulfonamide-bearing
phosphoric acid catalysts providing higher levels of selectivity (up to 95:5 er) than the current
state-of-the art for this reaction. Further structural analysis suggests that intramolecular hydrogen-
bonding networks are responsible for reinforcing the chiral environments present in each catalyst
subclass, providing additional evidence that elements of conformational flexibility should not be
ignored in favor of steric repulsion when developing chiral catalysts. Importantly, the application
of this workflow to an atroposelective cyclodehydration and an oxetane desymmetrization reaction
revealed that the selectivity-driving features were conserved across transformations, thereby
demonstrating the applicability of classification workflows as predictive tools in novel catalyst
design and optimization.

It is important to note that the modeling presented herein relates ground state structural
features of the catalysts to their selectivity. However, they do not provide direct evidence into the
nature of the transition states for the transformations or the interactions between catalyst and
substrate. As such, although important characteristics such as the presence of internal hydrogen
bonding networks were shown to be necessary to observe selectivity, it is not guaranteed that these
networks are conserved during catalysis, or how exactly they might affect the nature of the
activated complex or the transition state. Additional kinetic studies and transition state analysis
would be necessary to decipher these outstanding questions. These studies would be particularly
important in the development of novel transformations with unknown mechanisms in which
catalyst-substrate interactions might be complex or be susceptible to non-linear effects.

Diverse Bronsted Acids Higher Symmetry

Figure 23: Opportunities for future studies
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VII. Supplemental Information

7.1. General Information

Unless otherwise noted, all reactions were carried out under an ambient atmosphere using
oven-dried or flame-dried glassware equipped with a magnetic stir bar. Commercial reagents were
purified prior to use according to the procedures outlined by Perrin and Armarego unless otherwise
indicated.! Dry organic solvents (Tetrahydrofuran, Toluene, Acetonitrile, Dichloromethane,
Diethyl Ether, N,N-Dimethyl Formamide, Benzene, and Pentanes) were purified according to the
method of Grubbs et al. and used directly after withdrawal from dry Argon solvent stills after
passing through activated alumina.? Pyridine was dried over KOH followed by fractional
distillation and stored over 5A molecular sieves prior to use. Solutions in organic solvents were
concentrated in vacuo using a Biichi rotary evaporator equipped with a temperature-controlled
water bath and an isopropyl alcohol-dry ice bath to trap volatile compounds, and further dried on
Schlenk high-vacuum lines.

Chromatographic purification of products was accomplished using flash chromatography on silica
gel (Sigma-Aldrich, 60 A pore size, 230-400 mesh particle size, 40-63 um particle size) according
to the method of Still,> or by reverse-phased flash chromatography using a CombiFlash-Rf ®
(Teledyne ISCO) and Teledyne-ISCO RediSep-Rf C,s Silica Columns (60 A pore size, 230400
mesh particle size, 40-63 um particle size), or a Biotage Selekt equipped with a 12 g or 60 g Sfir
C18 HC D. Preparative TLC was conducted using glass backed Silicycle Silica Gel 60 F254 plates
(250 pm thickness). Analytical thin-layer chromatography (TLC) was performed on TLC plates
from Silicycle Siliaplate™ glass-backed TLC plates (250 pum thickness, 60 A porosity, F-254
indicator). Visualization of the developed plates was accomplished by fluorescence quenching
under a 254 nm UV lamp or staining with KMnO, or Cerium Ammonium Molybdate (CAM)
solutions.

'H NMR, C NMR, YF NMR, and 3'P NMR spectra were taken with Bruker spectrometers
operating at 300, 400, 500, or 600 MHz at the UC Berkeley NMR Facility in the College of
Chemistry,* or a Bruker Ascend 500 MHz equipped with a N, CryoProbe Prodigy at the University
of Utah.** The 'H and '*C NMR spectra were internally referenced to the residual protic CHCl;
(7.26 ppm (‘H), 77.16 ppm (**C), Cambridge Isotope Laboratories Inc.) signal, (CH;),SO (2.50
ppm (‘H), 39.52 ppm (*C), Cambridge Isotope Laboratories Inc.) signal, or CH;CN (1.94 ppm
('H), 118.26 ppm (**C), Cambridge Isotope Laboratories Inc.) unless otherwise indicated. 'H NMR
data reported in this work follow the format: chemical shift (& ppm), multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, br
= broad), coupling constant (Hz), integration.

Chiral separations and enantiomeric ratio (er) data were obtained using HPLC at UC Berkeley on
a Shimatzu VP Series Chiral HPLC and columns (chiral supports, 5 um particle size, 4.6 x 250
nm) from Daicel Chemical Industries, or by supercritical fluid chromatography (SFC) on a Waters
Acquity UPC? using Waters Trefoil CEL 1/CEL 2 columns at the University of Utah. Optical
rotations were recorded on a Perkin-Elmer Polarimeter 241 at the sodium D line (589 nm) using a
Type 40T TempTrolTM cell of 1.0 dm path length at UC Berkeley, or a Perkin-Elmer Polarimeter
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341 at the sodium D line (1.0 dm path length) at the University of Utah. Data is reported as follows:

[a]A®MP  concentration (c, in g/100 mL), and solvent.

IR spectra were recorded on a Bruker Vertex 80 FTIR spectrometer at the UC Berkeley Catalysis
Center and are reported in wavenumbers (cm™'). High-Resolution Mass Spectra were obtained
from the UC Berkeley QB3/Chemistry Mass Spectrometry Facility on a Waters Fourier Transform
Ion Cyclotron Resonance Mass Spectrometer with ESI/TOF, or a Waters LCP Premier XE
instrument by ESI/TOF at the University of Utah.

* We thank Dr. Hasan Celik and UC Berkeley’s NMR facility in the College of Chemistry
(CoC-NMR) for spectroscopic assistance. The instruments used in this work are supported
by the National Science Foundation under Grant No. 2019784.

** Construction of the D.M. Grant NMR facility was funded by the University of Utah and
NIH Awards 1C06RR017539-01A1 and 3R01GM063540-17W1. NMR instruments were
purchased with support of NIH Award 1S100D25241-01and the University of Utah.
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7.2. Catalyst Synthesis and Characterization

7.2.1. General Procedures

OMe H
OMe O “Boc
I N.
® ® @ o))' O
OH NaH, EOMCI 00" ¢H, n-BuLi, TMEDA, I, 00 ¢H, 6 OMOE
- . e e, -
OH 0._O._CH, 0. _O._CH, OMOE
O DMF, 0°C = rt. O THF, -78 °C — rt. O Zn, 1, DMF, rt. O
then Pd,(dba);, SPhos
3 4 5 7
OMe H OMe " OMe H N H
o Boc o 2 o Y [¢] g
o o
O TBSOTY, 2,6-lutidine O O O
OMOE then TBAF OMOE General Procedure 1a OMOE General Procedure 2 OMOE
- - - - .
O OMOE CH,Cl,, 0°C = rt. O OMOE or General Procedure 1b O OMOE O OMOE
7 s1 8 9

Y YT oYY
o (¢} O
@ General Procedure 3a O General Procedure 4a O o)
OMOE B —————————— OH B ——— O\P//
O OMOE General Procedure 3b O OH General Procedure 4b o~ \OH
9 S2 P1-20

Figure S 1 : Full synthetic route for the catalysts

A) Backbone Synthesis

O OH O oo™

NaH, EOMCI

oH _mETE 0_O_-
O DMF, 0 °C —» RT O

3 4
2,2'-bis(ethoxymethoxy)-1,1'-biphenyl (4).

NaH (60% in mineral oil, 36.1 g, 902 mmol, 2.4 equiv.) was added to a 3-necked, 2 L round
bottom flask under an atmosphere of N> and sequentially washed with hexanes (200 mL x 2) to
remove the mineral oil. Anhydrous DMF (500 mL) was added, and the flask was cooled to 0 °C
before the slow addition of 2,2’-biphenol (3), 70.0 g, 376 mmol, 1.0 equiv.) through a powder
funnel. Caution: H, gas is evolved in the process, 3 added slowly in batches. The reaction was
allowed to stir for 30 minutes, then chloromethyl ethyl ether (90.7 mL, 977 mmol, 2.6 equiv.) was
added dropwise via an addition funnel. Caution: HCI gas evolution occurs. The reaction was then
warmed to room temperature and stirred for 30 minutes, then sat. aq. NH4Cl (600 mL) was added
and vigorously stirred for 15 minutes to ensure quenching of excess EOMCI. The solution was
then poured into a 2 L separatory funnel and extracted with Et;O (800 mL x 3). The combined
organic layers were washed with brine and purified by column chromatography with a gradient of
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0-7% EtOAc/Hx to yield 110 g of the title compound (97% yield) as a white solid. Characterization
data matches reported literature.*

IH NMR (400 MHz, CDCI3)$ 7.31 (m, 2H), 7.26 — 7.20 (m, 4H), 7.06 (td, J = 7.3, 1.5 Hz, 2H),
5.11 (s, 4H), 3.58 (q, J = 7.1 Hz, 4H), 1.15 (t, J = 7.1 Hz, 6H).

13C NMR (101 MHz, CDCI3) § 155.2, 131.6, 129.3, 128.8, 121.8, 115.8, 94.1, 64.1, 15.2.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CisH22O4+Na]" calc. 325.1416; found
325.1386.

Safety Note: Precaution must be taken when handling sodium hydride in DMF to prevent thermal
decomposition.*

® CC
OMOE n-BuLi, TMEDA, |, OMOE

OMOE THF, -78 °C —» RT OMOE
O MOE = £_o_- O

5

4
2,2'-bis(ethoxymethoxy)-3-iodo-1,1'-biphenyl (5).
A 2 L round bottom flask was charged with 4 (68.6 g, 227 mmol, 1.0 equiv), then evacuated
and backfilled with No. TMEDA (37.5 mL, 250 mmol, 1.1 equiv) and anhydrous THF (650 mL)
were added. The flask was cooled to 0 °C and n-butyllithium (100 mL, 2.5 M in hexanes, 250
mmol, 1.1 equiv) was cannulated into the reaction dropwise. The reaction continued to stir for 90
minutes before being cooled to —78 °C. Iodine (63.5 g, 250 mmol, 1.1 equiv) was added neat, then
the reaction was warmed to room temperature and allowed to stir overnight. The reaction was
quenched with sat. aq. NaxSO3 (300 mL), then extracted with EtOAc (300 mL x 3). The combined
organic layers concentrated to provide the crude oil which was used in the next step without further
purification. The crude reaction mixture was analyzed via 'H NMR to obtain reaction conversion
(80%). A sample was also purified by column chromatography to provide analytically pure product
for characterization.

IH NMR (400 MHz, CDCL): 5 7.79 (dd, J = 7.9, 1.6 Hz, 1H), 7.36 — 7.19 (m, 4H), 7.05 (td, J =
7.4,1.2 Hz, 1H), 6.89 (t, J = 7.7 Hz, 1H), 5.16 (s, 2H), 4.74 (s, 2H), 3.62 (q, J =7.1Hz,2H),3.31
(q, J =7.0Hz,2H), 1.17 (t, J =7.1Hz, 3H), 0.99 (t, J =7.1Hz, 3H).

13C NMR (101 MHz,CDCls): § 154.8, 154.8, 138.9, 133.6, 132.4, 131.6, 129.3, 128.5, 125.7,
121.8,115.4,98.0, 93.7,93.0, 65.6, 64.4, 15.2, 15.0.

HRMS (ESI+) m/z: Exact mass calculated for [CigH21OsI+Na]" requires 451.0382; found
451.0402.
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OMe
H
OMeH N

O “Boc

I o)j' “Boc
OMOE I ¢ O
OMOE
OMOE Zn, l,, DMF, RT OMOE
O then Pdy(dba)s, SPhos O

5 7

Methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((zert-
butoxycarbonyl)amino)propanoate (7).

A 1 L round bottom flask was charged with a stir bar and zinc dust (37 g, 568 mmol, 2.5
equiv). The flask was flame-dried under vacuum and then backfilled with Nao. Upon complete
cooling, 50 mL of DMF was added and the flask was placed in a RT water bath. Then, iodine (8.7
g, 34 mmol, B0.15 equiv) was added to the flask and the mixture was stirred until the color
dissipated. The alkyl iodide 6 (78.5 g, 242 mmol, 1.05 equiv) was dissolved in 100 mL of DMF
and slowly added dropwise via cannula to the zinc. Following the complete addition of 6,
additional iodine (8.7 g, 34 mmol, 0.15 equiv) was added and the mixture was stirred at room
temperature for 1 hour. After 1 hour, full consumption of alkyl iodide was confirmed by TLC. The
Pdadbas (6.2 g, 6.8 mmol, 0.03 equiv) and SPhos (5.6 g, 6.8 mmol, 0.06 equiv) were then added,
followed by aryl iodide 5 dissolved in 80 mL of DMF. The reaction continued to stir under an N»
atmosphere for 16 hours and was then purified by column chromatography (silica, 10 to 30%
EtOAc/hexanes) to yield 60 g of 7 (52% yield over 2 steps) as a brown oil.

IH NMR (500 MHz, CDCLs) 5 7.33 — 7.26 (m, 2H), 7.26 — 7.23 (m, 1H), 7.18 (ddd, J= 9.5, 7.5,
1.9 Hz, 2H), 7.13 — 7.08 (m, 1H), 7.05 (td, J = 7.4, 1.3 Hz, 1H), 5.64 (d, J= 7.8 Hz, 1H), 5.16 (s,
2H), 4.60 — 4.51 (m, 3H), 3.74 (s, 3H), 3.64 — 3.56 (m, 2H), 3.55 — 3.41 (m, 2H), 3.22 — 3.11 (m,
2H), 1.39 (s, 9H), 1.16 (t, J= 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 173.1, 155.7, 154.9, 154.5, 132.2, 131.7, 131.2, 130.1, 130.0,
129.1, 128.9, 124.1, 121.9, 115.7,98.1, 93.8, 79.7, 65.5, 64.2, 54.9, 52.3, 32.7, 28.4, 15.2, 15.1.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C27H37NOg+Na]* calc. 526.2417; found
526.2417.
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OMeH OMe

o) N-goc o) NH,

TBSOTf, 2,6-lutidine
then TBAF
OMOE OMOE
OMOE CH,Cl,, 0 °C - RT OMOE

7 S1

Methyl (S)-2-amino-3-(2,2’-bis(ethoxymethoxy)-[1,1’-biphenyl]-3-yl)propanoate (S1).

To a 2 L round bottom flask containing 7 (102 mmol, 0.84 equiv.) was added CH>Cl, (240
mL). The flask was put under an atmosphere of N> and cooled to 0 °C and 2,6-lutidine (28 mL,
242 mmol, 2.0 equiv.) was added. The TBSOTTf (42 mL, 182 mmol, 1.5 equiv.) was added to an
addition funnel and added dropwise over the course of 30 minutes. Upon complete addition, the
reaction was warmed to room temperature and stirred for 3 hours. The flask was then cooled to 0
°C and TBAF (135 mL, 1 M in THF, 135 mmol, 1.1 equiv.) was added slowly with the use of an
addition funnel. Upon complete addition, the reaction was warmed to room temperature and stirred
for 1 hour, then was quenched with MeOH (250 mL). The reaction flask was connected directly
to the rotary evaporator to remove majority of the solvent and was then transferred to a high
vacuum setup and concentrated until a thick sludge was obtained. The crude mixture was dissolved
in CH2Cl; and stored at -20 °C to prevent racemization. The crude product was characterized with
Q-NMR and used as a solution in the next step without further purification. A sample was purified
by normal phase chromatography (EtOAc/Hexanes) for analytical characterization.

'H NMR (500 MHz, CDCL) §: 7.33 — 7.26 (m, 2H), 7.24 — 7.13 (m, 3H), 7.12 — 7.00 (m, 2H),
5.72 (d, J= 7.6 Hz, 1H), 5.14 (q, J = 6.9 Hz, 2H), 4.65 (td, J = 8.1, 5.1 Hz, 1H), 4.55 (dd, 2H),
3.71 (s, 3H), 3.66 — 3.51 (m, 3H), 3.48 — 3.40 (m, 1H), 3.21 (dd, /= 13.8, 8.6 Hz, 1H), 3.08 (dd, J
=13.7, 5.1 Hz, 1H), 1.15 (t, J= 7.1 Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H). Note: single amine N—H
observed.

13C NMR (126 MHz, CDCl3) 8 173.5, 157.0, 154.8, 154.7, 131.9, 131.7, 131.0, 130.3, 129.9,
129.1, 129.0, 123.9, 121.8, 115.6, 98.1, 93.7, 65.6, 64.3, 54.3, 52.1, 32.7, 15.1, 15.0. Note: O-Ar

rotamer present.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C22H2oNOgs+H]" calc. 404.2073; found
404.2079.
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B) General Procedures for Catalyst Diversification

OMeNH HO OMeH
Br F (0] F
O Acid A, EDC, HOBt, DIPEA O
OMOE OMOE

O OMOE CHoCl, RT O OMOE

S1 8a

General Procedure 1A: Representative First Amide Coupling (Carboxylic Acids)

To a 100 mL round bottom flask containing a solution of S1 (5 or 10 mmol, 1.0 equiv.) in
CH:Cl> (0.2 M), was added Acid A (1.2 equiv.), HOBt-H>O (0.6 equiv.), and DIPEA (3.0 equiv.),
followed by the addition of EDC-HCI (1.2 equiv.). The reaction was stirred overnight at room
temperature, and then quenched with 100 mL of H>O. The mixture was then diluted with 100 mL
CHxCl; and transferred to a separatory funnel. The layers were separated, and the organic layer
was washed sequentially with IM HCI (100 mL), water (100 mL), and aq. sat. NaHCO3 (100 mL).
The organics were dried with Na;SOs, filtered, and concentrated. The crude residue was purified
by column chromatography (silica, EtOAc/Hexanes) to afford the desired product.

OMe Me F OMe:\'Ae F
o~ NH2 N s:©/ o N;s\
A\ 4 \O
0’0 Me 0 O Me
O Acid B, (1.2 equiv.) Q
OMOE OMOE

O OMOE TEA, CH,Clp, RT O OMOE

S1 8b

General Procedure 1B: Representative First Fragment Coupling (Sulfonyl Chlorides)

To a 100 mL round bottom flask containing a solution of 7 (5 or 10 mmol, 1.0 equiv.) in
CH:ClI: (0.2 M), was added the sulfonyl chloride (1.1 equiv.) followed by NEt3 (3.0 equiv.). The
reaction was stirred overnight at room temperature, and then quenched with 100 mL of H2O. The
mixture was then diluted with 100 mL CH>Cl, and transferred to a separatory funnel. The layers
were separated, and the organic layer was washed sequentially with 1M HCI (100 mL), aq. sat.
NaHCO; (100 mL), and brine (100 mL). The organics ere dried with MgSQOs, filtered, and
concentrated. The crude residue was purified by column chromatography (silica, EtOAc/Hexanes)
to afford the desired product.
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OMeH C)"NCD

N._O N._O
o 9
0

1. LiOH

o)
O THF:H,0 (1:1) O
OMOE OMOE

2. Amine, DEPBT

O OMOE DIPEA, THF, RT O OMOE

8 9

General Procedure 2: Saponification of Methyl Esters 8 and Second Amidation using
DEPBT.

To a 100 mL round bottom flask containing 8 (1.0 equiv.) was added THF (25 mL), H,O
(25 mL), and LiOH (3.0 equiv.), sequentially. The reaction was stirred at overnight at room
temperature and monitored via TLC. Upon completion, the reaction was quenched with 1M HCI
until the pH = 1. The aqueous layer was extracted with EtOAc (3 x 50 mL), and the combined
organic layers were dried with Na;SOs, filtered, and concentrated to provide the crude acid. The
crude acid was taken up in dry THF (0.2 M) in a 100 mL round bottom flask equipped with a
magnetic stir bar. Amine was added, followed by DIPEA (3.0 equiv.) and DEPBT (2.0 equiv.) and
the reaction mixture was allowed to stir at room temperature overnight. The reaction was diluted
with 100 mL EtOAc and quenched with the addition of 100 mL H>O. The mixture was transferred
to a separatory funnel, the layers were separated, and the organic layer was washed sequentially
with 1M HCI (100 mL), HO (100 mL) aq. sat. NaHCO3 (100 mL), and brine (100 mL). The
organics were dried with NaxSOs, filtered, and concentrated. The crude residue was purified by
column chromatography (silica, EtOAc/Hexanes) to afford the desired product.

Q0 Q,0
H H
N N
0 )i C ¢ \n/O
O o 4M HCl/Dioxane O o)
OMOE rt, 24 hours OH
l OMOE O OH

9 - s2
not isolated

General Procedure 3A: MOE Deprotection with 4 M HCI in Dioxane

A 20 mL scintillation vial equipped with a magnetic stir bar was charged with catalyst
precursor 9a—w (0.3 mmol, 1.0 equiv.). A solution of HCI in dioxane (4 M) was cooled down to 0
°C, of which 1.5 mL was added to the reaction vial (6.0 mmol, 20 equiv.) for a final concentration
of 0.2 M. The reaction mixture was warmed to room temperature and monitored by TLC (20%
EtOAc/Hexanes or 5% MeOH/CH>Cl,). Upon full consumption of the starting material, the crude
mixture was concentrated in vacuo. The residue was re-dissolved in CH>Clz and concentrated once
more to provide a white or yellow foam which was carried over to the phosphorylation step
(procedure 4a or 4b) without further purification.
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0,0 0,0
H H
N N
o T C 9 \n/o
O 0 ZnBry, n-PrSH O 0
OMOE CH.Cl,, 0 °C - RT OH
O OMOE l OH

9 S2
not isolated
General Procedure 3B: MOE Deprotection with ZnBr; and n-PrSH?

A 20 mL scintillation vial equipped with a magnetic stir bar was charged with catalyst
precursor 9 (0.3 mmol, 1.0 equiv.) and anhydrous CH>Cl, (1.5 mL, 0.2 M). The reaction mixture
was cooled to 0 °C before ZnBr> (268 mg, 1.2 mmol, 4.0 equiv.) was added, followed by n-PrSH
(90.7 mg, 108 pL, 1.2 mmol, 4.0 equiv.). The reaction mixture was warmed to room temperature
and monitored by TLC. Upon full consumption of the starting material, saturated NaHCOs3 (agq.)
was added to quench the reaction. The biphasic solution was passed through a plug of celite and
rinsed with CH2Clz. The organic layer of the resulting filtrate was separated and dried over sodium
sulfate. Removal of solvent under reduced pressure resulted in a crude oil or foam which was
carried over to the phosphorylation step (General Procedure 4A or 4B) without further purification.

eNey eWey
oA oAy
O

1. POCl;3 (2.4 eq.), Pyr (0.2 M)

o}
O 55°C, 10 h
OH

o O
2.H,0O (20 eq.), 55 °C, 14 h SP
o o™
h S2 B P1-20

General Procedure 4A: Phosphorylation and Hydrolysis

A 20 mL scintillation vial equipped with a magnetic stir bar was charged with deprotected
catalyst precursor S2 (0.3 mmol, 1.0 equiv.) and anhydrous pyridine (1.5 mL). The reaction
mixture was cooled to 0 °C before POCl; (110 mg, 67 uL, 715 pumol, 2.4 equiv.) was added. The
reaction mixture was then heated to 55 °C for 4 hours, then cooled to 0 °C again. With vigorous
stirring, water (100 uL, 6.0 umol, 20 equiv.) was added dropwise. The reaction mixture was heated
to 55 °C once more and stirred overnight. After cooling to room temperature, the reaction mixture
was concentrated under reduced pressure to remove pyridine. The crude residue was then dissolved
in a 10% isopropanol/CH>Cl: solution and extracted with sat. aq. NH4Cl. The aqueous layer was
extracted three more times with 10% isopropanol/CH2Cl», and the organic layers were combined,
dried over sodium sulfate, and concentrated to yield a crude oil. The latter was purified by column
chromatography (see purification methods).
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o 1.POCI5 (2.4 €q.), Pyr (0.2 M) o)
O 0°C —rtord0°C, 410 h 0
(o]

OH O\ /I

2. LiOH (3 eq.), THF:H,0 (1:1) =4

O OH rtord0°C, 14 h O 0" “oH

S2 P1-20

General Procedure 4b: Phosphorylation and Hydrolysis

A 20 mL scintillation vial equipped with a magnetic stir bar was charged with freshly
deprotected catalyst precursor S2 (0.3 mmol, 1.0 equiv.) and anhydrous pyridine (1.5 mL). The
reaction mixture was cooled to 0 °C before POCl; (110 mg, 67 pL, 715 pmol, 2.4 equiv.) was
added. It was then warmed to room temperature or 40 °C and stirred overnight. After 10 — 14
hours, the crude reaction mixture was concentrated to half of its original volume. CH,Cl, was added
and the suspension was filtered through a plug of cotton and sand to remove any solids and salts.
The filtrate was further concentrated, and the resulting residue was dissolved in anhydrous toluene
and concentrated again. This process was repeated 3 — 5 times to remove as much pyridine and its
salts as possible.

The resulting phosphoryl chloride intermediate was then dissolved in THF (0.25 M). With
stirring, a 1 M aqueous solution of LiOH (3.0 equiv.) was added. The resulting reaction mixture
was left to stir at room temperature or heated to 40 °C until TLC monitoring showed the full
consumption of the intermediate (TLC solvents used: 10—15% MeOH/CH,Cl, on normal phase, or
15 % MeCN/H,0 for reverse phase). Upon completion, the THF was removed under reduced
pressure. The remaining solution was acidified to pH= 2 with 1 M HCI (aq.). The resulting
suspension was then extracted 3 — 5 times with CH,Cl,, 10% IPA/ CH,Cl, or EtOAc. This step
often resulted in thick emulsions challenging to separate. In those cases, addition of a small amount
of sat. aq. NH4Cl could usually break up the emulsion and simplify the separation. The combined
organic layers were dried over sodium sulfate and concentrated to yield a crude oil or thick foam.
The latter was purified by column chromatography (see purification method section).
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7.2.2. Catalyst Purification Procedures and Notes

The purification of the final catalysts required various methods depending on structure and
general procedures are individually noted by catalyst. We encourage the thoughtful selection of
purification technique when attempting to access similar structures and offer several potentially
useful insights.

Recrystallization from water by addition of HCI was generally found to be inefficient.
Certain catalysts (procedures noted) were tolerant of normal phase silica in high
MeOH/CH2Cl, gradient (above 10%) with a high flow rate to avoid long interactions of
the substrates with the silica gel

C18 reverse phase silica was found to be effective using acetonitrile/water as solvent
system. The addition of 0.1 - 1.0% formic acid was sometimes helpful to provide cleaner
product elution.

. Below is a representative list of mobile phase systems used in the separations. We

recommend using these conditions as a starting point for the purification of structurally
similar compounds.
o 10-40% MeOH in CH2Cl» (normal phase silica)

o 10-40% MeOH in CH:Clz, 1% formic acid (normal phase silica)
o 10-60% Acetonitrile in Water (C18)
o 10-50% Acetonitrile in Water, 0.1-1% formic acid (C18)

Note: it was sometimes necessary to perform an acid wash (with 4 M HCI aq.) to obtain the free
acid rather than a salt of the conjugate base after the column.

V.

Vi.

For normal phase purifications, the relevant fractions were concentrated to dryness. The
residue was re-dissolved in 10% isopropanol/CH2Cl,. Aq. HCI (4 M) was added, and the
layers were separated. The aqueous phase was extracted three more times with 10%
isopropanol/CH2Cl. Note: addition of a small amount of sat. ag. NH,Cl was helpful in
separating the phases when emulsions were formed. The organic layers were collected,
dried over Na;SOs, and concentrated in vacuo to afford the pure phosphoric acid.

For reverse phase columns, the relevant fractions were concentrated to a minimal volume
(residual water present). The remaining solution was transferred to a separatory funnel, aq.
HCI (4 M) was added. 10% isopropanol/CH2Cl> was subsequently added, and the aqueous
layer was extracted 3—5 times. The organic layers were collected, dried over Na>SQO4, and
concentrated in vacuo to afford the pure phosphoric acid.
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7.2.3. Fragments used for diversification

Table S1: Carboxylic acids and sulfonyl chlorides used for the diversification of secondary

amide R1.

Structure

RS\
OBr F
F
Me
Cl<
OI' \b Me

HO.
m@

CF3
Me Me/©/
Ho\n)QO
(@]

H
HO\[]/\/NY@MG"
O O
OMe
HOY\)@/
(e}

F
IS
HO. { N/>*Me
O

Name and Label

2-(2-bromo-4-fluorophenyl)acetic acid
Acid A

4-fluoro-2,6-dimethylbenzenesulfonyl chloride

Acid B

2-(4-cyclohexylphenyl)acetic acid
Acid C

2-methyl-2-(4-
(trifluoromethyl)phenoxy)propanoic acid
Acid D

3-(3-methylbenzamido)propanoic acid
Acid E

3-(4-methoxyphenyl)propanoic acid
Acid F

5-(3-fluorophenyl)-2-methylthiazole-4-
carboxylic acid
Acid G

Purchased
from/Synthetic Details

Purchased from AK
Scientific

Prepared according to
reported procedure (see
next section)®

Synthesis and
characterization
reported below.

Prepared according to
reported procedure (see
next section).”

Synthesis was adapted
from a reported
procedure (see next
section).® Full
characterization
provided below.

Purchased from
Synthonix

Prepared according to
reported procedure (see
next section).’
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Cl
3-bromo-5-chlorobenzenesulfonyl chloride

Cl .
5 Br Acid H
0y
Me‘N—l\{ 1-methyl-4-nitro- 1 H-pyrazole-5-carboxylic
HOW acid
O NO, Acid I
HO\H/\/S 3-(phenylthio)propanoic acid
o) Acid J
F
F 4,4-difluorocyclohexane-1-carboxylic acid
HO Acid K
O
o) 4-
HO P (((benzyloxy)carbonyl)(methyl)amino)butanoic
Acid L
OMe
Me 5-methoxy-2,4-dimethylbenzenesulfonyl
Cl chloride
/S\\ i
O/ o) Me Acid M
HO \'(\@ 2-(adamantan-2-yl)acetic acid
Acid O
(0]
i 3-(trifl hyl)b Dglyci
HO. CF3 -(trifluoromethyl)benzoyl)glycine
\!fHJ\@ Acid P
Cl
5-(2-chlorophenyl)isoxazole-3-carboxylic acid
HO. \N,O Acid R
O

Purchased from
Oakwood Chemical

Purchased from Combi
Blocks

Purchased from
Oakwood Chemical

Purchased from Combi
Blocks

Prepared according to
reported procedure (see
next section).'’

Synthesis and
characterization
reported below.

Prepared according to
reported procedure (see
next section).!!

Prepared according to
reported procedure (see
next section).'?

Prepared according to
reported procedure (see
next section).'
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2-(4-cyanophenoxy)-2-methylpropanoic acid
Acid T

cyclopropanesulfonyl chloride
Acid U

5-chloronaphtalene-2-sulfonyl chloride
Acid V

3-chloro-4-methoxybenzensulfonyl chloride
Acid W

Purchased from Combi
Blocks

Purchased from Combi
Blocks

Purchased from Combi
Blocks

Purchased from Combi
Blocks
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Table S2: Amine fragments used in the diversification of tertiary amide R,.

Structure

MeO\L J/OMe
N
H

H
Me A~ N~ Me

Iz

N
IO RS
MeO OMe

EtOI J/OEt
N
H

n-oct\N, n-oct
H

SRR

Iz

n-dec\N,n-dec
H

Name and Label

bis-(2-methoxyethyl)amine
Amine A

dibutylamine
Amine B

azacyclotridecane
Amine C

bis(4-fluorobenzyl)amine
Amine D

bis(4-methoxybenzyl)amine
Amine E

bis(2-ethoxyethyl)amine
Amine F

dioctylamine
Amine G

dibenzylamine
Amine H

2,3,4,5-tetrahydro-1H-
benzo[d]azepine
Amine I

didecylamine
Amine J

Purchased from/Synthetic
Details

Purchased from Oakwood
Chemical

Purchased from Oakwood
Chemical

Purchased from AA Blocks

Prepared according to reported
procedure (see next section)."

Purchased from Combi Blocks

Purchased from Combi Blocks

Purchased from TCI America

Purchased from Millipore
Sigma

Purchased from Matrix
Scientific

Purchased from TCI America
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Meﬁ/\N/\(Me diisobutylamine

Me N Me Amine K

F F
O O 4,4-(bis(4-

| fluorophenyl)methylene)piperidin-1-

)?\ ium trifluoroacetate
C)
%) 0" CFs Amine L
HH
N bis(naphthalen-2-ylmethyl)amine
H Amine N
R F . SNRET
4.4-Difluoropiperidine
hydrochloride
H *HCl Amine P
Me, Me
4,4-dimethylpiperidine
N Amine R
H

Purchased from Millipore
Sigma

Prepared according to reported
procedure (see next section)."

Prepared according to reported
procedure (see next section).'

Purchased from Oakwood
Chemical

Purchased from Enamine

79



7.2.2. Synthesis and Characterization of Non-Commercially Available

fragments

F  4-fluoro-2,6-dimethylbenzenesulfonyl chloride (Acid B)

Me The synthesis of Acid B was adapted from patent US2008/153843, 2008, Al,
Chig { column 63 (Gruenenthal Pharma GmbH &C0).% An oven-dried 50 mL round-bottom
oo Me

flask equipped with a magnetic stir bar was charged with I-fluoro-3,5-
dimethylbenzene (0.2 g, 1 equiv., 2 mmol) and CH2Cl> (20 mL, 0.2 M) and was cooled to 0 °C.
Chlorosulfonic acid (0.8 g, 0.4 mL, 4 equiv., 6 mmol) was then added dropwise with vigorous
stirring. The reaction mixture was allowed to warm to room temperature and stirred for 3 hours.
Upon full consumption of the starting material as monitored by TLC (20% EtOAc/Hexanes), the
reaction mixture was poured onto ice. The aqueous layer was extracted with CH2CI2 three times,
and the combined organic layers were combined, dried over sodium sulfate, and concentrated in
vacuo. Further purification by column chromatography using 0—10% EtOAc/Hexanes as eluent
provided 100 mg of the desired product (30 % yield) as a white solid.

IH NMR (500 MHz, CDCl3) § 6.93 (d, J = 8.9 Hz, 2H), 2.76 (d, J = 2.7 Hz, 6H).

13C NMR (126 MHz, CDCL3) 5 164.8 (d, J = 258.6 Hz), 143.8 (d, J = 9.9 Hz), 138.8 (d, J = 3.0
Hz), 118.5 (d,J=21.9 Hz), 23.5.

F NMR (471 MHz, CDCl;) § -103.12 (t, J = 8.7 Hz, 1F). GC-MS (EI, m/;): Exact mass
calculated for [CsHsCIFO.S] requires 221.2; found 221.2. Note: unable to ionize using ESI.

2-(4-cyclohexylphenyl)acetic acid (Acid C) was prepared in two steps

HO from iodocyclohexane and ethyl 2-(4-bromophenyl)acetate. To a flame-
m\o dried round bottom flask was added pyridine (10 mol%, 4 mmol, 0.34 mL),

Mn (4.4 equiv., 100 mmol, 5.5 g), and 4,4’-Di-tert-butyl-2,2’-dipyridyl (11

mol%, 4.3 mmol, 1.29 g). The flask was purged under vacuum and

backfilled with nitrogen three times. N-Methyl-2-Pyrrolidone (NMP) was added via cannula (0.25
M, 160 mL) followed by iodocyclohexane (1.1 equiv., 44 mmol, 5.69 mL). The reaction was stirred
for 5 minutes followed by the addition of ethyl 2-(4-bromophenyl)acetate (1 equiv., 40 mmol, 6.3
mL). The reaction mixture was heated to 80 °C and reacted overnight under a nitrogen atmosphere
(16 hours). The mixture was cooled to room temperature, quenched with 100 mL aqueous NaHSO4
(1M), and diluted with 150 mL Et;O. The biphasic mixture was filtered through celite, and the
organic layer was separated and dried over Na;SO4. The resulting crude product was passed
through a silica plug using 20% EtOAc/Hexanes and concentrated under reduced pressure to afford
crude ethyl 2-(4-cyclohexylphenyl)acetate (25% yield, 9.90 mmol, 2.3 g). The product was
dissolved in 20 mL of THF and 20 mL of H>O was added followed LiOH (3 equiv., 30 mmol, 0.72
g). The reaction was stirred at room temperature for 24 hours until full conversion of the ester
judged by TLC. The reaction was quenched by the slow addition of 1 M HCI to achieve a pH of
1-2 and extracted with EtOAc. The organics were separated, dried over MgSQy4, and concentrated

under reduced pressure to obtain pure 2-(4-cyclohexylphenyl)acetic acid as a waxy white solid
(69% yield, 6.87 mmol, 1.5 g).
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TH NMR (500 MHz, CDCL3) 5 7.19 (g, J = 8.2 Hz, 4H), 3.62 (s, 2H), 2.49 (brm, 1H), 1.86 (brt, J
= 12.2, 4.0 Hz, 4H), 1.75 (brd, 1H), 1.47 — 1.33 (m, 4H), 1.32 — 1.20 (m, 1H).

13C NMR (126 MHz, CDCL3) § 178.2, 147.3, 130.7, 129.4 (s, 2C), 127.3 (5, 2C), 44.3, 40.8, 34.6
(s, 2C), 27.0 (s, 2C), 26.3.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [Ci4H1702]" requires 217.1229; found
217.1232.

CF; 2-methyl-2-(4-(trifluoromethyl)phenoxy)propanoic acid (Acid D) was
Me_ Me . 7 - .
/©/ prepared on 20 mmol scale according to reported procedure’ yielding a
white solid (69% yield, 14 mmol, 3.44 g). Characterization data matches
reported literature.’

IH NMR (500 MHz, CDCl3) § 7.53 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 1.68 (s, 6H).

13C NMR (126 MHz, CDCl3) & 180.0, 157.9, 126.8 (q, J = 3.5 Hz, 2C), 124.7 (q, J = 33.3 Hz,
1C), 124.4 (q, J=271.0 Hz, 1C), 119.1 (5, 2C), 79.4, 25.4 (s, 2C).

19F NMR (471 MHz, CDCl3) 5 -61.82 (s, 3F).

HRMS (ESI-) m/z: Exact mass calculated for [C11H1oF303] requires 247.0582; found 247.0584.

3-(3-methylbenzamido)propanoic acid (Acid E) was prepared on 20

H mmol scale with a modified reported procedure® using B-alanine and m-

Ao ~N Me toluoyl chloride, yielding a white solid (73% yield, 14.6 mmol, 3.03 g).
0O o Full characterization provided.

IH NMR (500 MHz, CDCl3) & 10.28 (s, 1H), 7.49 (s, 1H), 7.43 (dq, J = 6.1, 4.0, 3.1 Hz, 1H),
7.23 — 7.15 (m, 2H), 6.97 (t, J = 6.1 Hz, 1H), 3.63 (q, J = 6.0 Hz, 2H), 2.61 (t, J = 5.9 Hz, 2H),
2.27 (s, 3H).

13C NMR (126 MHz, CDCl3) § 176.8, 168.5, 138.6, 134.0, 132.6, 128.6, 127.9, 124.1, 35.5, 33.9,
21.4.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [Ci1H12NOs] requires 206.0817; found
206.0818.
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5-(3-fluorophenyl)-2-methylthiazole-4-carboxylic acid (Acid G) was prepared

F
on 25 mmol scale in three steps according to literature,”!” yielding a white solid
(52% across three steps, 13 mmol, 3.08 g). Full characterization provided;
’ S characterization data matches available reported literature.!”
HO. N/>‘Me
O '"H NMR (500 MHz, Acetone) & 7.51 —7.43 (m, 1H), 7.45 — 7.34 (m, 2H), 7.25 —

7.17 (m, 1H), 2.71 (s, 3H).

13C NMR (126 MHz, Acetone)  165.7, 163.5 (d, J = 244.8 Hz, 1C), 163.1, 145.1 (d, J= 2.3 Hz,
1C), 141.9, 134.3 (d, J= 8.9 Hz, 1C), 131.5 (d, J = 8.4 Hz, 1C), 127.4 (d, J = 3.0 Hz, 1C), 117.8
(d, J=144.6 Hz, 1C) 117.6 (d, J = 143. Hz, 1C), 19.5.

1F NMR (471 MHz, Acetone) d -111.53 —-117.88 (m, 1F).

HRMS (ESI-/TOF, m/z): Exact mass calculated for [Ci1H7FNOS] requires 236.0182; found
236.0181.

4-(((benzyloxy)carbonyl)(methyl)amino)butanoic acid (Acid L) was
prepared on 16.2 mmol scale according to literature,'? yielding a thick,

0]
HO A
\([')I/\/\I\'}/II O/\© yellowish oil (85% yield, 13.8 mmol, 3.46 g). Characterization data
¢ matches reported literature.!”

IH NMR (500 MHz, CDCls) 6 9.51 (s, 1H), 7.38 — 7.27 (m, 5H), 5.13 (s, 2H), 3.35 (¢, J = 6.9
Hz, 2H), 2.93 (s, 3H), 2.35 (dt, J = 20.9, 7.2 Hz, 2H), 1.93 — 1.81 (m, 2H).

13C NMR (126 MHz, CDCl3) 6 178.2, 156.7, 156.5, 136.8, 128.5, 128.0, 127.9, 67.3, 48.3, 47.9,
34.7,34.1, 31.2, 31.0, 23.0, 22.7. Note: rotameric mixture.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [Ci3HisNO4] requires 250.1079; found
250.1080.

5-methoxy-2,4-dimethylbenzenesulfonyl chloride (Acid M). An oven-dried 100

OM
eMe mL round-bottom flask equipped with a magnetic stir bar was charged with 1-
cl, methoxy-2 ,4-dimethylbenzene (20 mmol, 1 equiv,2.72 g) and CH,Cl, (100 mL, 0.2
o”S‘b Ve M) and was cooled to O °C. Chlorosulfonic acid (4 equiv, 100 mmol) was then

added dropwise. The reaction mixture was allowed to warm to room temperature
and stirred for an addition 2 hours. The reaction was quenched by pouring onto ice. The organic
layer was separated and washed 1x with H,O and brine. The organic layer was separated, dried
over sodium sulfate, and concentrated in vacuo. Further purification by column chromatography
using 0-15% EtOAc/Hexanes as eluent provided 100 mg of the desired product (57% yield, 11.4
mmol, 2.67 g) as a pink solid.
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'H NMR (500 MHz, CDCl;) 8 7.44 (s, 1H), 7.15 (s, 1H), 3.89 (s, 3H), 2.66 (s, 3H), 2.27 (s, 3H).
3C NMR (126 MHz, CDCl;) 6 155.8, 140.6, 135.5,135.2,129.7,109.4,55.8,19.3, 16 4.

GC-MS (EI, m/z): Exact mass calculated for [CoH,;CIFO;S] requires 234.0; found 234.0. Note:
unable to ionize using ESI.

2-(adamantan-2-yl)acetic acid (Acid O) was prepared in three steps on 20 mmol
HO scale according to reported procedure (60% yield across three steps, 12 mmol, 2.33
O g).!! Characterization data matches reported literature.'8

'H NMR (500 MHz, DMSO) 6 12.09 (s, 1H), 2.33 (d,J = 7.5 Hz, 2H), 2.12 — 2.05 (m, 1H), 1.88
—1.61 (m, 12H), 1.48 (d, J = 12.6 Hz, 2H).

3C NMR (126 MHz, DMSO) & 174.2,40.5,38.4,37.7,37.6,31.2,31.0,27.3,27.3.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C,H;sO,]" requires 193.1229; found
193.1228.

o) (3-(trifluoromethyl)benzoyl)glycine (Acid P) was prepared on 15 mmol

HO. CF; scale according to reported procedure,!? yielding a white solid (90% yield,
\n/\N
o H 13.5 mmol, 3.34 g). Characterization data matches reported literature.!?

TH NMR (500 MHz, DMSO) § 12.67 (s, 1H), 9.14 (t, J= 5.9 Hz, 1H), 8.21 (s, 1H), 8.18 (d, J =
7.7 Hz, 1H), 7.93 (d, J= 7.8 Hz, 1H), 7.75 (t, J = 7.9 Hz, 1H), 3.96 (d, J = 5.8 Hz, 2H).

13C NMR (126 MHz, DMSO) & 171.1, 165.0, 134.6, 131.4, 129.8, 129.2 (q, J = 32.0 Hz, 1C),
128.0 (q, J = 3.5 Hz, 1C), 124.0 (q, J=272.1 Hz, 1C), 123.8 (q, /= 3.8 Hz, 1C), 41.2.

19F NMR (471 MHz, DMSO) § -61.20 (s, 3F).

HRMS (ESI-/TOF, m/z): Exact mass calculated for [CioH7F3NO3] requires 246.0378; found
246.0379.

5-(2-chlorophenyl)isoxazole-3-carboxylic acid (Acid R) was prepared on 25
mmol scale in three steps according to reported procedure,'*!? yielding a white solid
(54% yield across three steps, 13.4 mmol, 3.0 g). Characterization data matches
reported literature.!?

TH NMR (500 MHz, DMSO) 5 7.96 (d, J = 7.6, 2.0 Hz, 1H), 7.73 — 7.68 (m, 1H),
7.62 —7.52 (m, 2H), 7.33 (s, 1H).
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13C NMR (126 MHz, DMSO) § 167.7, 160.7, 157.6, 132.4, 131.0, 131.0, 130.0, 128.1, 124.9,
104.9.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C1o0HsCINO3+Na] requires 245.9934; found
245.9936.

bis(4-fluorobenzyl)amine (Amine D) was prepared on 20 mmol scale in

/@AH/\Q\ two steps according to reported procedure,'* yielding bis(4-

F F fluorobenzyl)amine as a yellowish oil (60% across two steps, 12 mmol,
2.8 g). Characterization data matches reported literature.!*

TH NMR (500 MHz, CDCl3) § 7.30 (dd, J = 8.4, 5.5 Hz, 4H), 7.01 (t, J = 8.7 Hz, 4H), 3.76 (s,
4H), 1.58 (s, 1H).

13C NMR (126 MHz, CDCl3) § 162.1 (d, J = 243.6 Hz, 2C), 136.0 (d, J = 3.0 Hz, 2C), 129.7 (d,
J=8.1 Hz, 4C), 115.3 (d, J = 21.0 Hz, 4C), 52.5 (2C).

F NMR (471 MHz, CDCl3) 6 -115.94 — -116.04 (m, 2F).

HRMS (ESI-/TOF, m/z): Exact mass calculated for [CisHi4F2N]™ requires 234.1094; found
234.1098.

F F 4-(bis(4-fluorophenyl)methylene)piperidin-1-ium trifluoroacetate
‘ O (Amine L). Prepared in two steps on 20 mmol scale according to reported
| o procedure, '’ yielding a white solid (60% across two steps, 12 mmol, 4.79

o J_ g). Full characterization provided.

ﬁ 0~ “CF,4

H H 'H NMR (500 MHz, DMSO) § 8.87 (s, 1H), 7.18 (d, J = 7.3 Hz, 4H),
3.37 (s, 2H), 3.15 (t, J = 5.9 Hz, 2H), 2.42 (t, J = 5.9 Hz, 2H).

13C NMR (126 MHz, DMSO) & 161.1 (d, J = 244.5 Hz, 2C), 158.2 (q, J =30.8 Hz, 1C), 137.4 (d,
J=3.4Hz, 2C), 135.7, 131.2 (d, ] = 8.3 Hz, 4C), 130.7, 117.3 (q, J = 299.5 Hz, 1C), 115.2 (d, J =
21.3 Hz, 4C), 44.2 (s, 2C), 27.8 (s, 2C).

19F NMR (471 MHz, DMSO) 5 -73.60 (s, 2F), -115.32 (p, J = 7.4 Hz, 2F).

HRMS (ESI-/TOF, m/z): Exact mass calculated for [CisHisFoN]™ requires 286.1407; found
286.1411.
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N bis(naphthalen-2-ylmethyl)amine (Amine N) was prepared on 20
H mmol scale according to reported procedure,'® yielding a white solid
(53% yield, 10.6 mmol, 3.15 g). Characterization data matches reported

literature.'®

'"H NMR (500 MHz, CDCl3) $ 7.88 — 7.77 (m, 8H), 7.55 — 7.41 (m, 6H), 4.02 (s, 4H).

13C NMR (126 MHz, CDCl3) & 137.9, 133.6, 132.8, 128.3, 127.8, 127.8, 126.8, 126.7, 126.2,
125.7, 53.4.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [CxH2oN] requires 298.1596; found
298.1602.
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7.2.3. Synthesis and Characterization of Intermediates 8a-w
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8a

methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(2-(2-bromo-4-
fluorophenyl)acetamido)propanoate (8a) was synthesized following General Procedure 1A
from 7 using Acid A. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-30%) to give 8a as a yellowish oil (68% yield).

TH NMR (500 MHz, CDCL3) & 7.35 — 7.29 (m, 1H), 7.26 — 7.13 (m, 6H), 7.12 — 7.04 (m, 2H),
7.02 (d, J=7.3 Hz, 1H), 6.93 (td, J = 8.3, 2.7 Hz, 1H), 5.12 (s, 2H), 4.82 (ddd, J = 10.2, 7.3, 4.6
Hz, 1H), 4.50 (s, 2H), 3.75 (s, 3H), 3.69 — 3.62 (m, 1H), 3.62 — 3.53 (m, 4H), 3.44 (dq, /= 9.6, 7.1
Hz, 1H), 3.30 — 3.22 (m, 1H), 3.13 (dd, J = 13.9, 4.7 Hz, 1H), 1.14 (dt, J= 9.9, 7.1 Hz, 6H).

13C NMR (126 MHz, CDCl3) § 172.4, 169.7, 161.6 (d, J = 250.4 Hz, 1C), 154.9, 154.8, 132.4 (d,
J=8.8Hz, 1C), 132.2, 131.7, 131.3,131.0 (d, /= 3.5 Hz, 1C), 129.83, 129.80, 129.2, 128.7, 125.0
(d,J=9.1Hz, 1C), 124.3, 121.9, 120.0 (d J= 24.6 Hz, 1C), 115.7, 114.9 (d J=21.3 Hz, 1C), 98.5,
93.7, 65.8, 64.3, 54.0, 52.4, 42.6, 31.6, 15.2, 15.0.

19F NMR (471 MHz, CDCLs) 5 -113.46 (g, J = 7.8 Hz, 1F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C30H33:BrFNO7+H]": 618.1503; found:
618.1509.
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8b

methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((4-fluoro-2,6-
dimethylphenyl)sulfonamido)propanoate (8b) was synthesized following General Procedure
1B from 7 using Acid B. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (10-30%) to give 8b as a yellow oil (87% yield).

'H NMR (500 MHz, CDCl3) § 7.34 — 7.29 (m, 1H), 7.25 (d, /= 10.4 Hz, 1H), 7.20 (d, J= 7.4 Hz,
1H), 7.17 (dd, J= 7.3, 2.0 Hz, 1H), 7.05 (t, /= 7.4 Hz, 1H), 7.00 — 6.92 (m, 2H), 6.75 (d, J=9.0
Hz, 2H), 6.24 (d, J=9.1 Hz, 1H), 5.16 (s, 2H), 4.56 (d, /= 6.5 Hz, 1H), 4.51 (d, /= 6.5 Hz, 1H),
4.10 (td, J=9.7,4.9 Hz, 1H), 3.74 — 3.65 (m, 1H), 3.65 —3.60 (m, 2H), 3.60 (s, 3H), 3.52 (dt, J =
9.7, 7.1 Hz, 1H), 3.27 (dd, J = 13.6, 10.1 Hz, 1H), 2.96 (dd, J = 13.8, 4.9 Hz, 1H), 2.50 (s, 6H),
1.18 (td, J="7.1, 4.7 Hz, 6H).

13C NMR (126 MHz, CDCls) § 172.3, 163.4 (d, J = 253.4, 1C), 154.9, 154.8, 143.31 (d, J=9.2
Hz, 2C), 132.62 (d, J=3.0 Hz, 1C), 132.3, 131.6, 131.4, 129.3, 129.2, 129.1, 128.5, 124.2, 1218,
117.5 (d, J=21.2 Hz, 2C), 115.4, 98.3, 93.6, 65.8, 64.3, 56.7, 52.4, 32.7, 23.2 (s, 2C), 15.2, 15.0.
19F NMR (471 MHz, CDCl3) 5 -109.0 (t, J = 9.1 Hz, 1F).

HRMS (ESI/TOF, m/z): Exact mass calculated for [C30H3sFNOgS+Na]" requires 612.2043;
found: 612.2047.
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methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(2-(4-
cyclohexylphenyl)acetamido)propanoate (8c) was synthesized following General Procedure 1A
from 7 using Acid C. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-30%) to give 8¢ as a yellowish oil (64% yield).

IH NMR (500 MHz, CDCl3) 5 7.33 (ddd, J = 8.9, 7.3, 1.8 Hz, 1H), 7.25 — 7.20 (m, 2H), 7.20 —
7.16 (m, 1H), 7.13 — 7.03 (m, 7H), 6.80 (d, J = 7.4 Hz, 1H), 5.11 (s, 2H), 4.81 (ddd, J= 9.2, 7.4,
4.9 Hz, 1H), 4.49 — 4.42 (m, 2H), 3.72 (s, 3H), 3.61 — 3.47 (m, 3H), 3.47 (s, 2H), 3.38 (dq, /= 9.6,
7.1 Hz, 1H), 3.19 (dd, J = 13.8, 9.4 Hz, 1H), 3.12 (dd, J = 13.8, 4.9 Hz, 1H), 2.44 (dd, J= 7.5, 4.5
Hz, 1H), 1.82 (d, J= 7.2 Hz, 4H), 1.77 — 1.71 (m, 1H), 1.44 — 1.31 (m, 4H), 1.29 — 1.20 (m, 1H),
1.14 (t, J= 7.1 Hz, 3H), 1.08 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 172.4, 171.3, 154.8, 154.6, 146.8, 132.2, 132.2, 131.7, 131.3,
130.0, 129.9, 129.3 (s, 2C), 129.1, 128.9, 127.3 (s, 2C), 124.1, 121.9, 115.8, 98.2, 93.8, 65.6, 64.3,
53.8,52.3,44.3,43.0, 34.6 (s, 2C), 32.1, 27.0 (s, 2C), 26.2, 15.2, 15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C3sHasNO7+H]" requires 604.3274; found:
604.3276.
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8d

Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(2-methyl-2-(4-
(trifluoromethyl)phenoxy)propanamido)propanoate (8d) was synthesized following General
Procedure 1A from 7 using Acid D. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (10-40%) to give 8d as a yellow oil (80% yield).

IH NMR (500 MHz, CDCl3) § 7.71 (d, J = 7.3 Hz, 1H), 7.46 (d,J = 8.5 Hz, 2H), 7.29 (td, J = 8.0,
7.3, 1.8 Hz, 1H), 7.22 (d, J = 8.2 Hz, 1H), 7.18 — 7.10 (m, 2H), 7.09 (dd, /= 7.5, 1.8 Hz, 1H), 7.04
(t,J=7.6 Hz, 1H), 6.97 (t, J= 7.4 Hz, 1H), 6.93 (d, J = 8.4 Hz, 2H), 5.11 (s, 2H), 4.89 — 4.80 (m,
1H), 4.47 (d, J = 6.4 Hz, 1H), 4.42 (brs, 1H), 3.75 (s, 3H), 3.56 (qd, J = 7.1, 2.2 Hz, 2H), 3.47 —
3.37 (m, 1H), 3.36 — 3.25 (m, 1H), 3.23 (brd, J = 9.5 Hz, 2H), 1.51 (s, 3H), 1.38 (s, 3H), 1.14 (¢, J
= 7.0 Hz, 3H), 0.97 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCL3) 5 174.6, 172.2, 157.7, 154.8, 154.5, 132.4, 131.6, 131.5, 129.9,
129.7, 129.1, 128.5, 126.62 (g, J= 3.8 Hz, 2C), 124.4 (q, J=271.8 Hz, 1C), 124.7 (q, J= 33.0 Hz,
1C), 124.2, 121.7, 120.4 (s, 2C), 115.6, 98.3, 93.7, 81.6, 65.5, 64.3, 53.8, 52.4, 31.9, 25.8, 24.5,
15.2, 14.9.

19F NMR (471 MHz, CDCl3) 5 -61.8 (s, 3F).

HRMS (ESI/TOF, m/z): Exact mass calculated for [C33H33F3NOg+H]" requires 634.2628; found
634.2634.
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8e

Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(3-(3-
methylbenzamido)propanamido)propanoate (8e) was synthesized following General
Procedure 1A from 7 using Acid E. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (50-80%) to give 8e as a white foam (79% yield).

IH NMR (500 MHz, CDCL3) 5 7.60 (s, 1H), 7.56 — 7.50 (m, 1H), 7.32 (ddd, J = 8.8, 7.4, 1.8 Hz,
1H), 7.25 (s, 2H), 7.25 — 7.19 (m, 2H), 7.18 (td, J = 7.1, 1.8 Hz, 2H), 7.15 — 7.08 (m, 2H), 7.10 —
7.02 (m, 2H), 5.14 — 5.07 (m, 2H), 4.81 — 4.72 (m, 1H), 4.58 — 4.48 (m, 2H), 3.80 — 3.69 (m, 4H),
3.68 — 3.48 (m, 4H), 3.45 (dq, J = 9.6, 7.0 Hz, 1H), 3.25 (dd, J = 13.8, 10.3 Hz, 1H), 3.14 (dd, J =
13.9, 4.4 Hz, 1H), 2.50 — 2.37 (m, 2H), 2.36 (s, 3H), 1.11 (dt, J = 12.6, 7.1 Hz, 6H).

13C NMR (126 MHz, CDCl3) § 172.5, 172.5, 167.5, 154.7, 154.7, 138.3, 134.6, 132.3, 132.2,
131.6,131.4,129.8,129.7,129.3, 128.7, 128.4, 127.9, 124.3,124.2, 122.1, 115.8, 98.4, 93.8, 65.9,
64.3, 54.4,52.5,35.9,35.2,31.6,21.4,15.2, 15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C33H4oN20s+H]" requires 593.2863; found
593.2864.
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8f

Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(3-(4-
methoxyphenyl)propanamido)propanoate (8f) was synthesized following General Procedure

1A from 7 using Acid F. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (20-40%) to give 8f as a colorless oil (72% yield).

IH NMR (500 MHz, CDCl3) § 7.12 — 7.08 (m, 1H), 7.00 (brd, 2H), 6.97 (dd, J = 7.3, 2.0 Hz, 1H),
6.95 — 6.87 (m, 2H), 6.86 — 6.79 (m, 3H), 6.72 (d, J = 7.4 Hz, 1H), 6.60 — 6.56 (m, 2H), 4.90 —
4.84 (m, 2H), 4.57 (ddd, J = 9.6, 7.3, 4.6 Hz, 1H), 4.38 — 4.31 (m, 2H), 3.56 (s, 3H), 3.54 (s, 3H),
3.48 — 3.38 (m, 1H), 3.37 — 3.21 (m, 3H), 3.06 (dd, J = 13.8, 9.7 Hz, 1H), 2.89 (dd, J = 13.8, 4.6
Hz, 1H), 2.61 (ddd, J = 8.8, 7.2, 2.1 Hz, 2H), 2.25 — 2.12 (m, 2H), 0.96 — 0.87 (m, 6H).

13C NMR (126 MHz, CDCl3) 8 172.6, 172.4, 158.1, 154.8, 154.6, 133.2, 132.2, 131.6, 131.3,
123.0,129.9, 129.3 (s, 2C), 129.2, 128.8, 124.3, 121.9, 115.8, 114.0 (s, 2C), 98.4, 93.7, 65.8, 64.3,
55.4,54.0,52.4,38.3,31.8,30.7, 15.2, 15.1.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C32H3oNOs+H]" requires 566.2754; found
566.2764.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(5-(3-fluorophenyl)-2-
methylthiazole-4-carboxamido)propanoate (8g) was synthesized following General Procedure
1A from 7 using Acid G. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (40-60%) to give 8g as an off-white foam (51% yield).

IH NMR (500 MHz, CDCLs) 5 8.27 (d, J = 7.8 Hz, 1H), 7.36 — 7.20 (m, 6H), 7.20 (dt, J = 7.7, 2.4
Hz, 2H), 7.08 (t, J = 7.6 Hz, 1H), 7.07 — 6.98 (m, 2H), 5.09 (g, J = 7.0 Hz, 2H), 4.96 (q, J = 7.3
Hz, 1H), 4.63 — 4.56 (m, 2H), 3.72 (s, 3H), 3.55 (g, J = 7.0 Hz, 2H), 3.49 (q, J = 7.0 Hz, 2H), 3.30
(d, J= 6.9 Hz, 2H), 2.69 (s, 3H), 1.13 (t, J = 7.1 Hz, 3H), 1.07 (t, /= 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) § 172.4, 163.4, 163.23 (d, J = 246.4 Hz, 1C), 161.3, 154.9, 154.4,
141.8 (d, J=2.4 Hz, 1C), 141.6, 132.55 (d, J= 8.8 Hz, 1C), 132.0, 131.9, 131.4, 130.1, 129.5 (d,
J=8.4Hz, 1C), 129.0, 129.0, 126.2, 126.2, 123.9, 121.7, 117.5 (d, J= 23.1 Hz, 1C), 115.78 (d, J
=21.0 Hz, 1C), 115.77, 97.9, 93.8, 65.4, 64.3, 53.4, 52.4, 33.1, 19.1, 15.2, 15.1.

19F NMR (471 MHz, CDCl3) 5 -113.27 — -113.38 (m, 1F).

HRMS (ESI/TOF, m/z): Exact mass calculated for [C33H3sFN>O7S+H]" requires 623.2227; found
623.2236.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((3-bromo-5-
chlorophenyl)sulfonamido)propanoate (8h) was synthesized following General Procedure 1B
from 7 using Acid H. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-25%) to give 8h as a yellow oil (69% yield).

TH NMR (500 MHz, CDCls) § 7.65 (s, 1H), 7.58 (s, 1H), 7.52 (s, 1H), 7.37 — 7.27 (m, 2H), 7.24
~7.17 (m, 2H), 7.07 (t, J = 7.7 Hz, 1H), 7.03 — 6.96 (m, 2H), 6.44 (s, 1H), 5.28 — 5.11 (m, 2H),
4.59 — 4.49 (m, 2H), 4.14 (s, 1H), 3.72 (s, 3H), 3.69 — 3.48 (m, 4H), 3.25 (dd, J = 13.7, 10.9 Hz,
1H), 2.99 (dd, J = 13.7, 4.6 Hz, 1H), 1.16 (t, J= 7.1 Hz, 6H).

13C NMR (126 MHz, CDCl3) 8 171.9, 155.0, 154.7, 135.9, 135.2, 132.5, 131.9, 131.6 (s, 2C),
129.4 (s, 2C), 128.5, 128.4, 128.2, 125.8, 124.4, 123.2, 121.9, 115.4, 98.4, 93.7, 65.9, 64.3, 57.6,
52.7,32.6,15.2,15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C2sH31BrCINOgS+Na]" requires 678.0540;
found 678.0541.
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Methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(1-methyl-4-nitro-1H-
pyrazole-5-carboxamido)propanoate (8i) was synthesized following General Procedure 1A

from 7 using Acid I. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (20-50%) to give 8i as an off-white foam (44% yield).

IH NMR (500 MHz, CDCl3) 5 8.53 (d, J = 7.3 Hz, 1H), 7.98 (s, 1H), 7.33 — 7.24 (m, 2H), 7.21
(dd, J=7.5, 1.8 Hz, 3H), 7.14 (t, J = 7.5 Hz, 1H), 7.04 (t, 1H), 5.09 (s, 2H), 5.08 — 5.00 (m, 1H),
4.47 —4.41 (m, 2H), 3.83 (s, 6H), 3.71 — 3.62 (m, 1H), 3.58 (dt, /= 21.8, 7.8 Hz, 2H), 3.39 — 3.26
(m, 3H), 1.15 (t, J= 7.1 Hz, 3H), 1.00 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) § 171.5, 157.7, 155.0, 154.7, 135.5, 134.0, 133.0, 132.3, 131.7 (s,
2C), 131.6,129.7,129.2 (s, 2C), 124.3, 122.0, 115.6, 98.6, 93.7, 65.9, 64.3, 54.6, 52.7, 39.7, 31.6,
15.2,14.7.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C27H32N4O9+Na]" requires 579.2067; found
579.2072.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(3-
(phenylthio)propanamido)propanoate (8j) was synthesized following General Procedure 1A

from 7 using Acid J. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-30%) to give 8j as a colorless oil (98% yield).

TH NMR (500 MHz, CDCl3) § 7.35 — 7.27 (m, 3H), 7.28 — 7.13 (m, 7H), 7.10 (t, J = 7.5 Hz, 1H),
7.04 (td, J= 7.5, 1.1 Hz, 1H), 7.00 (d, J = 7.4 Hz, 1H), 5.13 — 5.06 (m, 2H), 4.82 — 4.74 (m, 1H),
4.54 (q, J = 6.5 Hz, 2H), 3.75 (s, 3H), 3.68 — 3.46 (m, 3H), 3.44 (dt, J=9.5, 7.1 Hz, 1H), 3.31 —
3.23 (m, 1H), 3.18 — 3.04 (m, 3H), 2.52 — 2.35 (m, 2H), 1.12 (g, J = 7.0 Hz, 6H).

13C NMR (126 MHz, CDCl3) 8 172.5, 171.1, 154.8, 154.7, 135.8, 132.3, 131.6, 131.3, 130.0,
129.8,129.6 (s, 2C), 129.2, 129.1 (s, 2C), 128.9, 126.4, 124.3, 122.0, 115.8, 98.4, 93.8, 65.8, 64.3,
54.0,52.4,36.0,31.8,29.3, 15.2, 15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C31H37NO7S+Na]" requires 590.2188; found
590.2198.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(4,4-difluorocyclohexane-1-
carboxamido)propanoate (8k) was synthesized following General Procedure 1A from 7 using
Acid K. Crude material purified by normal-phase column chromatography using EtOAc/Hx (0-
20%) to give 8k as a yellow oil (95% yield).

TH NMR (500 MHz, CDCL3) & 7.36 — 7.29 (m, 1H), 7.25 — 7.15 (m, 4H), 7.14 — 7.02 (m, 2H),
6.96 (d, J=7.2 Hz, 1H), 5.12 (s, 2H), 4.83 — 4.75 (m, 1H), 4.57 (s, 2H), 3.75 (s, 3H), 3.67 — 3.51
(m, 3H), 3.51 — 3.42 (m, 1H), 3.27 (dd, J = 13.8, 9.8 Hz, 1H), 3.15 (dd, J = 13.9, 4.6 Hz, 1H), 2.17
— 1.98 (m, 3H), 1.93 — 1.84 (m, 1H), 1.82 — 1.58 (m, 5H), 1.14 (q, J = 7.0 Hz, 6H).

13C NMR (126 MHz, CDCls) § 174.3, 172.5, 154.8, 154.3, 132.3, 131.6, 131.4, 130.0, 129.3,
128.7, 124.4, 122.8 (t, J = 240.6 Hz, 1C), 122.0, 120.3, 115.9, 98.3, 93.8, 65.8, 64.4, 53.8, 52.4,
42.1,32.8 (t,J = 24.6 Hz, 2C), 31.8, 25.6 (t, J = 10.8 Hz, 2C), 15.2, 15.0.

19F NMR (471 MHz, CDCL) 5 -93.66 (d, J = 235.2 Hz, 1F), -99.81 (d, J = 238.2 Hz, IF).

HRMS (ESI/TOF, m/z): Exact mass calculated for [C20H37F2NO7+H]" requires 550.2616; found
550.2617.
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Methyl (S)-2-(4-(((benzyloxy)carbonyl)(methyl)amino)butanamido)-3-(2,2'-
bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)propanoate (71) was synthesized following General
Procedure 1A from 7 using Acid L. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (50-80%) to give 71 as an off-white foam (64% yield).

IH NMR (500 MHz, CDCl3) 5 7.37 — 7.28 (m, 6H), 7.25 — 7.20 (m, 2H), 7.18 (dd, J = 7.6, 1.6
Hz, 2H), 7.13 — 7.02 (m, 2H), 6.87 (s, 1H), 5.15 — 5.07 (m, 4H), 4.79 (brs, 1H), 4.60 — 4.53 (m,
2H), 3.74 (s, 3H), 3.69 — 3.42 (m, 4H), 3.30 — 3.09 (m, 4H), 2.87 (s, 3H), 2.18 — 2.02 (m, 2H), 1.85
~1.73 (m, 2H), 1.14 (td, J= 7.1, 4.6 Hz, 6H).

13C NMR (126 MHz, CDCLy) rotameric mixture: § 172.6, 172.3, 156.5, 156.3, 154.7, 154.6,
137.0, 132.2, 131.6, 131.2, 129.9, 129.8, 129.1, 128.8, 128.5, 128.0, 127.9, 124.2, 124.1, 121.9,
115.7, 98.3, 93.7, 67.1, 65.7, 65.7, 64.2, 53.8, 52.3, 48.3, 48.1, 34.8, 34.1, 33.0, 32.9, 32.0, 31.7,
23.7,23.5,15.1, 15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C3sH44N20o+H]" requires 637.3125; found
637.3121.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((5-methoxy-2,4-
dimethylphenyl)sulfonamido)propanoate (8m) was synthesized following General Procedure
1B from 7 using Acid M. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-30%) to give 8m as a yellowish oil (91% yield).

IH NMR (500 MHz, CDCls) 5 7.36 — 7.29 (m, 2H), 7.29 — 7.22 (m, 1H), 7.19 (ddd, J = 13.4, 6.6,
2.7 Hz, 2H), 7.09 — 7.02 (m, 1H), 7.01 (g, J = 3.1, 2.2 Hz, 2H), 6.93 (s, 1H), 6.06 (d, J = 9.0 Hz,
1H), 5.16 (s, 2H), 4.57 (d, J = 6.4 Hz, 1H), 4.52 (d, J = 6.4 Hz, 1H), 4.18 (td, J= 9.4, 5.1 Hz, 1H),
3.83 (s, 3H), 3.69 — 3.55 (m, 6H), 3.57 — 3.48 (m, 1H), 3.31 —3.21 (m, 1H), 2.99 (dd, J= 13.8, 5.1
Hz, 1H), 2.29 (s, 3H), 2.21 (s, 3H), 1.17 (t, J = 7.0 Hz, 6H).

13C NMR (126 MHz, CDCl3) 8 172.3, 155.4, 154.9, 154.8, 135.4, 134.7, 132.3, 131.8, 131.6,
131.3, 129.6, 129.2, 129.1, 129.1, 128.7, 124.1, 121.8, 115.5, 111.0, 98.3, 93.6, 65.7, 64.3, 56.8,
55.8,52.4,33.1, 18.9, 16.1, 15.2, 15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C31H39NO9S+Na]" requires 624.2243; found
624.2250.
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Methyl (S)-2-(2-(adamantan-2-yl)acetamido)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-
yl)propanoate (80) was synthesized following General Procedure 1A from 7 using Acid O. Crude
material purified by normal-phase column chromatography using EtOAc/Hx (0-20%) to give 80
as a colorless oil (51% yield).

TH NMR (500 MHz, CDCls) § 7.33 (td, J= 7.9, 7.4, 1.8 Hz, 1H), 7.29 — 7.23 (m, 2H), 7.20 (d, J
= 7.5 Hz, 2H), 7.12 (t, J = 7.6 Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.86 (d, J= 7.4 Hz, 1H), 5.18 —
5.11 (m, 2H), 4.83 (ddd, J=9.9, 7.4, 4.7 Hz, 1H), 4.59 (s, 2H), 3.76 (s, 3H), 3.69 (dq, J=9.7, 7.1
Hz, 1H), 3.66 — 3.55 (m, 2H), 3.51 (dq, J = 9.6, 7.1 Hz, 1H), 3.33 — 3.24 (m, 1H), 3.14 (dd, J =
13.8, 4.7 Hz, 1H), 2.33 — 2.21 (m, 2H), 2.17 (brt, J= 7.3 Hz, 1H), 1.90 — 1.66 (m, 12H), 1.53 (s,
1H), 1.47 (d, J= 12.9 Hz, 1H), 1.17 (t, J = 7.0 Hz, 6H).

13C NMR (126 MHz, CDCl3) 8 173.0, 172.7, 154.8, 154.6, 132.2, 131.6, 131.2, 130.0, 129.8,
129.1, 128.9, 124.2, 121.9, 115.8, 98.4, 93.8, 65.7, 64.3, 53.7, 52.3, 41.6, 40.0, 39.0, 38.4, 31.9,
31.9,31.8,31.8,31.7,31.7, 28.1, 28.0, 15.2, 15.0.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C34H4sNO7+H]" requires 580.3274; found
580.3272.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(2-(3-
(trifluoromethyl)benzamido)acetamido)propanoate (8p) was synthesized following General
Procedure 1A from 7 using Acid P. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (40-70%) to give 8p as a colorless oil (51% yield).

IH NMR (500 MHz, CDCl3): & 8.09 (s, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H),
7.53(d,J=7.2 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.35 (ddd, J = 8.7, 7.5, 1.8 Hz, 1H), 7.26 — 7.15
(m, 5H), 7.14 — 7.05 (m, 2H), 5.09 (s, 2H), 4.76 (ddd, J = 10.7, 7.0, 4.2 Hz, 1H), 4.50 (s, 2H), 4.11
(t,J=7.0 Hz, 2H), 3.77 (s, 3H), 3.64 — 3.41 (m, 4H), 3.30 (dd, J= 13.8, 10.1 Hz, 1H), 3.17 (dd, J
—13.8,4.2 Hz, 1H), 1.13 (td, J= 7.1, 4.6 Hz, 6H).

13C NMR (126 MHz, CDCly): 5 171.8, 168.7, 165.7, 154.6, 154.5, 134.6, 132.3, 131.4, 131.3,
131.2 (q, J = 32.8 Hz, 1C), 130.2, 129.9, 129.5, 129.2, 129.1, 129.0, 128.2 (q, J = 3.6 Hz, 1C),
124.5,124.4 (q, J = 3.8 Hz, 1C), 123.9 (q, J = 272.3 Hz, 1C), 122.3, 116.2, 98.4, 94.2, 65.8, 64.3,
54.6,52.4,42.9,31.6, 15.0, 14.9.

19F NMR (471 MHz, CDCls) § -62.77 (s, 3F).

HRMS (ESI/TOF, m/z): Exact mass calculated for [C32H35F3N2Og+H]* requires 633.2424; found
633.2429.
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methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(5-(2-chlorophenyl)isoazole-3-
carboxamido)propanoate (8r) was synthesized following General Procedure 1A from 7 using

Acid R. Crude material purified by normal-phase column chromatography using EtOAc/Hx (20-
50%) to give 8r as a white foam (66% yield).

IH NMR (500 MHz, CDCL3) 5 8.03 (brs, 1H), 7.96 — 7.88 (m, 1H), 7.56 — 7.49 (m, 1H), 7.44 —
7.37 (m, 2H), 7.33 — 7.27 (m, 3H), 7.25 — 7.18 (m, 3H), 7.10 (t, J = 7.5 Hz, 1H), 7.04 (brt, J = 7.4,
1.2 Hz, 1H), 5.14 — 5.06 (m, 2H), 5.02 (g, J = 7.5 Hz, 1H), 4.66 — 4.60 (m, 2H), 3.77 (s, 3H), 3.62
—3.49 (m, 4H), 3.42 — 3.29 (m, 2H), 1.11 (td, J = 7.1, 2.1 Hz, 6H).

13C NMR (126 MHz, CDCl3) 8 171.7, 167.9, 159.1, 158.8, 154.9, 154.4, 132.4, 132.2, 131.8,
131.6, 131.4, 131.1, 130.1, 129.7, 129.5, 129.1, 128.8, 127.4, 125.9, 124.2, 121.9, 115.6, 104.1,
98.1, 93.8, 65.6, 64.2, 54.1, 52.6, 32.7, 15.2, 15.1.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C32H33CIN2Og+H]" requires 609.2004; found
609.2013.
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Methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(2-(4-cyanophenoxy)-2-
methylpropanamido)propanoate (8t) was synthesized following General Procedure 1A from 7
using Acid T. Crude material purified by normal-phase column chromatography using EtOAc/Hx
(0-30%) to give 8t as a yellowish oil (91% yield).

IH NMR (500 MHz, CDCls) & 7.60 (d, J = 7.4 Hz, 1H), 7.48 (d, J = 8.8 Hz, 2H), 7.31 (ddd, J =
8.8,7.3, 1.8 Hz, 1H), 7.25 —7.21 (m, 1H), 7.16 (dd, J= 7.5, 1.8 Hz, 1H), 7.14 — 7.07 (m, 2H), 7.07
— 6.97 (m, 2H), 6.89 (d, J = 8.4 Hz, 2H), 5.15 — 5.08 (m, 2H), 4.86 (q, J = 7.5 Hz, 1H), 4.47 (d, J
= 6.4 Hz, 1H), 4.40 (brs, 1H), 3.75 (s, 3H), 3.57 (qd, J = 7.1, 3.5 Hz, 2H), 3.49 — 3.41 (m, 1H),
3.33 (dq, J= 9.4, 7.0 Hz, 1H), 3.22 (d, J = 9.2 Hz, 2H), 1.52 (s, 3H), 1.38 (s, 3H), 1.15 (t, /= 7.1
Hz, 3H), 0.98 (t, J = 7.1 Hz, 3H.

13C NMR (126 MHz, CDCl3) 8 174.1, 172.1, 158.7, 154.8, 154.5, 133.6, 132.4, 131.5, 131.5,
129.8, 129.6, 129.2, 128.4, 124.3, 121.8, 120.5, 119.0, 115.6, 105.8, 98.3, 93.7, 81.9, 65.5, 64.3,
53.7,52.4,31.8,25.8,24.5,15.2, 14.9.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C33H3sN20g+H]" requires 591.2706; found
591.2720.
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Methyl (5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-
(cyclopropanesulfonamido)propanoate (8u) was synthesized following General Procedure 2a

from 7 using Acid U. Crude material purified by normal-phase column chromatography using
EtOAc/Hx(0-20%) to give 8u as a colorless oil (57% yield).

H NMR (500 MHz, CDCL) 6 7.32 (td, J= 7.8, 7.2, 1.7 Hz, 1H), 7.28 — 7.22 (m, 3H), 7.20 (dd,
J=1.6, 1.8 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 7.05 (td, J = 7.4, 1.2 Hz, 1H), 5.67 (brs, 1H), 5.18
(s, 2H), 4.61 — 4.53 (m, 2H), 4.45 — 4.34 (m, 1H), 3.78 (s, 3H), 3.66 — 3.56 (m, 3H), 3.53 — 3.47
(m, 1H), 3.23 — 3.12 (m, 2H), 2.05 (tt, J = 8.0, 4.8 Hz, 1H), 1.15 (dt, J= 17.4, 7.0 Hz, 6H), 1.06 —
0.98 (m, 1H), 0.97 — 0.89 (m, 1H), 0.77 — 0.62 (m, 2H).

13C NMR (126 MHz, CDCl3) 5 172.6, 154.8, 154.7, 132.3, 131.32, 131.29, 130.3, 129.6, 129.1,
128.4,124.0,121.7, 115.2,98.0, 93.4, 65.4, 64.1, 57.2, 52.5, 33.8, 30.5, 15.1, 14.9, 5.4, 5.0.

HRMS (ESI/TOF, m/z): calc’d for [C2sH33NOsS+Na]" requires 530.1825; found 530.1827.
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Methyl(S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((5-chloronaphthalene)-2-
sulfonamido)propanoate (8v) was synthesized following General Procedure 1b from 7 using

Acid V. Crude material purified by normal-phase column chromatography using EtOAc/Hx(0-
20%) to give 8v as a yellowish oil (66% yield).

IH NMR (500 MHz, CDCls) & 8.23 (s, 1H), 8.11 (d, J = 9.0 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H),
7.63 (m, 2H), 7.41 (t, J = 7.9 Hz, 1H), 7.33 — 7.23 (m, 2H), 7.09 (m, 2H), 7.01 (m, 1H), 6.84 (brs,
1H), 6.71 (t, J = 7.5 Hz, 1H), 6.55 (d, J = 8.4 Hz, 1H), 5.20 (s, 2H), 4.60 — 4.48 (m, 2H), 4.21 (brs,
1H), 3.64 — 3.51 (m, 7H), 3.22 (dd, J = 13.7, 10.7 Hz, 1H), 3.00 (dd, J = 13.9, 4.7 Hz, 1H), 1.14
(q,J = 7.5 Hz, 6H).

13C NMR (126 MHz, CDCl3) 5 172.0, 154.7, 154.5, 137.8, 133.0, 132.0, 131.72, 131.70, 131.2,
131.1, 129.4, 129.0, 128.7, 128.6, 128.3, 128.1 (brs, 2C), 127.1, 125.7, 124.0, 123.1, 121.5, 115.0,
98.0,93.3, 65.5, 64.0, 57.1, 52.3, 32.7, 15.0, 14.8.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C32H34CINOg+Na]* requires 650.1591; found
650.1597.
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Methyl (S)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((3-chloro-4-
methoxyphenyl)sulfonamido)propanoate (8w) was synthesized following General Procedure 1b

from 7 using Acid W. Crude material purified by normal-phase column chromatography using
EtOAc/Hx(0-20%) to give 8w as a yellowish oil (97% yield).

IH NMR (500 MHz, CDCl3) 5 7.60 (d, J = 2.3 Hz, 1H), 7.49 (brd, J = 8.7 Hz, 1H), 7.35 — 7.25
(m, 2H), 7.21 — 7.15 (m, 2H), 7.04 (td, J = 7.3, 1.4 Hz, 1H), 6.97 (m, 2H), 6.79 (brd, J = 8.7 Hz,
1H), 6.15 (d, J = 8.5 Hz, 1H), 5.19 (brs, 2H), 4.58 — 4.47 (m, 2H), 4.14 — 4.06 (m, 1H), 3.88 (s,
3H), 3.71 — 3.47 (m, 7H), 3.20 (dd, J = 13.6, 10.5 Hz, 1H), 2.97 (dd, J = 13.7, 4.8 Hz, 1H), 1.14
(dt, J=9.8, 7.0 Hz, 6H).

13C NMR (126 MHz, CDCls) 5 172.1, 158.0, 154.9, 154.6, 132.3 (brs, 2C), 131.4 (brs, 2C), 129.6,
129.2, 129.0, 128.8, 128.4, 127.4, 124.1, 122.9, 121.7, 115.3, 111.4, 98.2, 93.5, 65.6, 64.2, 57.1,
56.5,52.5,32.9, 15.1, 14.9.

HRMS (ESI/TOF, m/z): Exact mass calculated for [C29H34CINO9S+Na]" requires 630.1540;
found 630.1551.
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7.2.4. Synthesis and Characterization of Intermediates 9a-w

MeO\I\ J/OMe
N

N
SRSO!
O 8 F
o/\o/\

O 0. 0O~

9a

(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-(2-(2-bromo-4-
fluorophenyl)acetamido)-N,N-bis(2-methoxyethyl)propenamide (9a) was synthesized
following General Procedure 2 from 8a using Amine A. Crude material purified by normal-phase
column chromatography using EtOAc/Hx (10-40%) to give 9a as a yellowish oil (96% yield).

'H NMR (500 MHz, CDCl;) & 731 (ddd, J = 8.8,7.3, 1.7 Hz, 1H), 7.25 — 7.19 (m, 4H), 7.19 —
7.13 (m, 2H), 7.11 - 6.99 (m, 3H), 6.91 (td, J = 8.3,2.7 Hz, 1H), 5.27 (ddd, J = 10.1, 8.1, 5.0 Hz,
1H), 5.17 — 5.10 (m, 2H), 4.56 (s, 2H), 4.08 (dgq, J = 16.5, 8.3, 7.0 Hz, 1H), 3.84 — 3.74 (m, 1H),
3.67 — 3.45 (m, 12H), 3.36 (s, 3H), 3.35 — 3.31 (m, 1H), 3.30 (s, 3H), 2.90 (dd, J = 13.7, 4.9 Hz,
1H), 1.15 (td, J = 7.0, 5.0 Hz, 6H).

3C NMR (126 MHz, CDCL;) 6 172.7,169.2,161.6 (d,J = 250.0 Hz, 1C), 155.2, 154.8, 132.3 (d,
J=89Hz,1C), 132.1,131.7,131.3 (d,/=3.6 Hz, 1C), 131.0, 130.7, 130.0, 129.1, 128.8, 1250
(d,J =9.7Hz, 1C), 124.1, 121.8, 120.0 (d, J = 244 Hz, 1C), 1154, 114.8 (d, J =21.1 Hz, 1C),
98.3,934,71.1,71.0,65.8,64.3,59.1,59.0,50.7,49.0,47.2,42.6,32.7,15.2, 15.1.

YF NMR (471 MHz, CDCL;) 6 -113.73 (q,J = 7.5 Hz, 1F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C;sH4BrFN,Og+H]* requires 719.2343;
found 719.2349.
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(5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-N ,N-dibutyl-2-((4-fluoro-2,6-
dimethylphenyl)sulfonamido)propenamide (9b) was synthesized following General Procedure
2 from 8b using Amine B. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (10-40%) to give 9b as a yellow oil (77% yield).

'H NMR (500 MHz, CDCLy) & 731 (td, J = 7.8,7.2, 1.7 Hz, 1H), 7.25 (dd, J = 9.8, 2.0 Hz, 1H),
722 (dd,J=17.5,1.7 Hz, 1H),7.16 (dd, J = 7.6, 1.8 Hz, 1H), 7.09 — 6.99 (m, 2H), 6.98 (t,J = 7.5
Hz, 1H), 6.75 (d,J = 9.0 Hz, 2H), 6.06 (d, J = 9.0 Hz, 1H), 5.16 (s, 2H), 4.57 (s, 2H), 4.48 (q,J =
8.0 Hz, 1H),3.62 (q,J = 7.1 Hz, 2H), 3.44 — 3.32 (m, 2H), 3.32 - 3.21 (m, 2H), 3.02 (dt, J = 14.0,
7.5 Hz, 2H), 2.96 (brs, 1H), 2.85 (brs, 1H), 2.64 (s, 6H), 1.39 — 1.24 (m, 3H), 1.24 — 1.18 (m, 4H),
1.17 (t,J = 7.1 Hz, 4H), 1.03 (t, J = 7.0 Hz, 3H), 0.90 (dt, J = 9.0, 7.0 Hz, 6H). !

3C NMR (126 MHz, CDCl;) 6 170.7, 163.4 (d, J = 253.6 Hz, 1C), 154.8, 154.1, 142.75 (d, J =
8.9 Hz, 2C), 1339 (d,J = 3.2 Hz, 1C), 131.75, 131.72, 131.5, 130.7, 129.9, 129.0, 128.6, 123.7,
121.6,117.6 (d,J =213 Hz, 2C), 115.5,97.7,93.5,65.6,64.3,53.1,47.3,46.3,36.4,31.0,29.7,
233 (s,2C),20.3,20.2,15.2,15.1,13.9, 13.8.

YF NMR (471 MHz, CDCl;) 6 -109.34 (t,J = 9.2 Hz, 1F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C;;HsFN,O,S+Na]* requires 709.3299;
found 709.3301.
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(8)-N-(3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-(azacyclotridecan-1-yl)-1-
oxopropan-2-yl)-2-(4-cyclohexylphenyl)acetamide (9c¢) was synthesized following General
Procedure 2 from 8c¢ using Amine C. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (0-20%) to give 9c¢ as a yellow oil (59% yield).

'H NMR (500 MHz, CDCl5) & 7.30 (ddd, J = 8.7,7.2, 1.8 Hz, 1H), 7.26 — 7.21 (m, 2H), 7.17 (dd,
J=72,2.1Hz,1H),7.11 (d,J = 8.1 Hz, 2H), 7.07 — 6.96 (m, 5H), 6.72 (brd, J = 8.4 Hz, 1H), 5.20
(td, J = 8.5, 6.2 Hz, 1H), 5.12 (s, 2H), 4.55 (q, J = 6.3 Hz, 2H), 3.59 (q, J = 7.1 Hz, 2H), 3.54 —
3.46 (m, 1H), 3.42 (s, 4H), 3.38 — 3.23 (m, 3H), 3.16 (t,J = 11.3 Hz, 1H), 2.91 (dd, J = 13.7, 6.1
Hz, 1H), 2.46 (tq,J = 11.3, 3.2 Hz, 1H), 1.89 — 1.50 (m, 10H), 1.44 — 1.19 (m, 20H), 1.15 (t,J =
7.1 Hz, 3H), 1.05 (t,J = 7.1 Hz, 3H).

3C NMR (126 MHz, CDCl;) 6 171.8, 170.6, 154.8, 154.6, 146.7, 1324, 132.0, 131.8, 131.1,
1304, 130.3, 129.2, 129.0, 1289, 127.3, 123.7, 121.7, 115.5, 98.0, 93.6, 65.5, 64.3, 50.1, 490,
477,44 .3,43.1,34.6,34.6,342,27.1,270,263,25.7,25.6,254,252,252,24.8,24.5,15.2,
15.1.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C4;HsN,Os+H]* requires 755.4999; found
755.5004.
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(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-N ,N-bis(4-fluorobenzyl)-2-(2-methyl-2-
(4-(trifluoromethyl)phenoxy)propanamido)propenamide (9d) was synthesized following
General Procedure 2 from 8d using Amine D. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (0-30%) to give 9d as a white foam (80% yield).

'H NMR (500 MHz, CDCl;) 6 7.62 (s, 1H), 7.45 (d,J = 8.5 Hz, 2H), 7.35 — 7.26 (m, 1H), 7.25 —
7.19 (m, 3H), 7.18 — 7.03 (m, 6H), 7.01 — 6.89 (m, 6H), 6.85 (d, J = 7.6 Hz, 1H), 5.35 (brs, 1H),
5.04 (s, 2H),4.76 — 4.67 (m, 2H), 4.59 — 4.16 (m, 4H), 3.52 (q, J/ = 7.2 Hz, 2H), 3.43 — 3.29 (m,
2H), 3.25 (dd, J = 13.5,9.6 Hz, 1H), 2.96 (brdd, 1H), 1.54 (s, 3H), 1.43 (s,3H), 1.11 (t,J=7.1
Hz,3H),0.96 (t,/J=7.1 Hz, 3H).

3C NMR (126 MHz, CDCl;) 6 174.2,172.4,162.5 (d,J =246.2 Hz, 1C), 162.3 (d,J =246.2 Hz,
1C), 157.5,154.8,154.4,132.6 (d,J=3.2 Hz, 1C), 132.3,132.3, 131.5, 131.5, 130.1, 130.0 (d, J
=8.0 Hz,2C), 129.9 (d,J = 8.0 Hz, 2C, note: overlapping with doublet at 130 ppm), 129.2,129.1,
128.3,126.7 (q,J = 3.8 Hz, 2C), 1249 (q, J = 33.0 Hz, 1C), 1244 (q, J = 271.6 Hz, 1C), 124.0,
121.7,120.6 (s,2C),116.0 (d,J=21.5Hz,2C), 1150 (d,/=21.5Hz,2C),115.3,98.0,93.5,81.7,
65.5,64.2,50.5,494,47.7,34.1,25.3,25.0, 15.1, 15.0.

YF NMR (471 MHz, CDCL;) 6 -61.78 (s, 3F), -114.31 (s, 1F),-115.01 (s, 1F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C4sH,;FsN,O;+H]* requires 835.3382; found
835.3371.
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(S)-N-(3-((1-(bis(4-methoxybenzyl)amino)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-
1-oxopropan-2-yl)amino)-3-oxopropyl)-3-methylbenzamide (9e) was synthesized following
General Procedure 2 from 8e using Amine E. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (50-80%) to give 9e as a white foam (62% yield).

'H NMR (500 MHz, CDCly) & 7.65 (d,J = 1.9 Hz, 1H), 7.55 (dt, J = 7.6, 1.7 Hz, 1H), 7.29 (ddd,
J=89,7.3,1.8 Hz, 2H), 7.24 — 7.08 (m, 9H), 7.06 — 6.98 (m, 2H), 6.90 (dd, J = 8.1, 6.0 Hz, 3H),
6.82 (dq, J = 9.5, 3.0, 2.5 Hz, 3H), 5.32 — 5.23 (m, 1H), 5.04 (s, 2H), 4.82 (d, J = 14.6 Hz, 1H),
470 (d,J = 16.3 Hz, 1H), 4.51 (d, J = 1.1 Hz, 2H), 437 (d, J = 16.0 Hz, 1H), 4.22 (brd, J = 14.7
Hz, 1H),3.79 (s, 4H), 3.77 (s, 3H), 3.59 (td, J = 8.3, 3.8 Hz, 1H), 3.54 — 3.44 (m, 3H), 3.44 — 3.34
(m, 1H), 3.22 (dd, J = 13.5, 10.2 Hz, 1H), 2.88 (dd, J = 13.7, 4.8 Hz, 1H), 2.48 — 2.35 (m, 2H),
2.32 (s, 3H), 1.09 (t,J = 7.1 Hz, 3H), 0.99 (t,J = 7.1 Hz, 3H).

B3C NMR (126 MHz, CDCl;) 6 172.5, 1722, 167.5, 1594, 159.1, 154.7, 154.6, 138.2, 134.5,
132.1,132.1, 131.6, 131.3, 1300, 129.9, 129.7, 129.2, 129.0, 128.7, 128.6, 128 .4, 128 .3, 128.1,
124.3,1240,121.9,115.5,114.5,114.1,98.1,93.5,65.7,64.2,55.5,554,51.4,49.3,47.7,36 .3,
35.7,335,21.4,15.1,15.0.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C4sHssN;Oog+H]* requires 818.4017; found
818.4001.
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(5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-N ,N-bis(2-ethoxyethyl)-2-(3-(4-
methoxyphenyl)propanamido)propanamide (9f) was synthesized following General Procedure
2 from 8f using Amine F. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (10-40%) to give 9f as an off-white foam (83% yield).

'H NMR (500 MHz, CDCl;) & 7.30 (ddd, J = 8.8,7.3, 1.8 Hz, 1H), 7.25 — 7.13 (m, 4H), 7.10 —
6.98 (m, 4H), 6.84 (d, J = 8.2 Hz, 1H), 6.81 — 6.74 (m, 2H), 5.31 — 5.21 (m, 1H), 5.09 (q,J = 7.1
Hz, 2H), 4.60 (t,J = 5.1 Hz, 2H), 3.88 (s, 1H), 3.76 (s, 3H), 3.72 — 3.39 (m, 15H), 3.30 (brt, J =
13.6,9.3 Hz, 1H), 2.90 (dd, J = 13.6, 5.5 Hz, 1H), 2.75 (ddd, J = 9.0, 7.1, 2.4 Hz, 2H), 2.34 (ddd,
J=103,8.8,7.0 Hz, 2H), 1.22 — 1.09 (m, 12H).

3C NMR (126 MHz, CDCl;) 6 172.7, 171.7, 158.0, 1549, 154.8, 133.2, 132.0, 131.8, 131.0,
130.5, 130.2, 129.3, 129.0, 1289, 1239, 121.8, 115.5, 114.0, 98.2, 93.5, 68.8, 68.6, 66.8, 66.5,
65.7,64.2,55.3,50.1,48.9,47.3,38.4,33.3,30.8,15.3,15.2,15.1.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C3yHssN,Oo+H]* requires 695.3908; found
695.3908.
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(8)-N-(3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-(dioctylamino)-1-oxopropan-2-yl)-
5-(3-fluorophenyl)-2-methylthiazole-4-carboxamide (9g) was synthesized following General
Procedure 2 from 8g using Amine G. Crude material purified by normal-phase column
chromatography using EtOAc/Hexanes (10-35%) to give 9g as a yellowish foam (41% yield).

IH NMR (500 MHz, CDCl3) & 8.18 (d, J = 9.1 Hz, 1H), 7.30 — 7.26 (m, 1H), 7.24 — 7.16 (m, 7H),
7.04 - 6.96 (m, 3H), 5.40 (dt, J= 9.3, 7.3 Hz, 1H), 5.10 (s, 2H), 4.60 (q, J = 6.0 Hz, 2H), 3.58 (q,
J=17.1Hz, 3H), 3.49 (d, J = 10.9 Hz, 1H), 3.44 — 3.34 (m, 2H), 3.24 — 3.09 (m, 2H), 3.09 — 2.95
(m, 2H), 2.68 (s, 3H), 1.57 — 1.37 (m, 4H), 1.31 — 1.19 (m, 20H), 1.14 (t, J= 7.1 Hz, 3H), 1.00 (t,
J=7.1 Hz, 3H), 0.86 (dt, J = 10.1, 6.8 Hz, 6H).

13C NMR (126 MHz, CDCl3) 5 171.3, 163.5, 162.3 (d, J = 246.3 Hz, 1C), 160.3, 154.8, 154.5,
142.0, 141.1 (d,J=2.2 Hz, 1C), 132.7 (d,J= 8.9 Hz, 1C), 132.0, 131.7, 131.2, 130.7, 130.6, 129.4
(d, J=8.4 Hz, 1C), 128.9, 128.8, 126.05 (d, J= 3.0 Hz, 1C), 123.4, 121.6, 117.4 (d, J = 22.8 Hz,
1C), 115.50 (d, J = 23.64 Hz, 1C), 115.45,97.8, 93.6, 65.3, 64.2, 49.0, 47.7, 46.4, 35.6,31.9, 31.9,
29.5,29.4,29.4 (s, 2C), 29.3, 27.6, 27.2, 27.0, 22.8, 22.7, 19.1, 15.2, 15.1, 14.2, 14.2.

F NMR (471 MHz, CDCl3) § -113.44 —-113.54 (m, 1F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CasHesFN3O6S+H]" requires 832.4735;
found 832.4722.
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(S)-N,N-dibenzyl-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((3-bromo-5-
chlorophenyl)sulfonamido)propenamide (9h) was synthesized following General Procedure 2
from 8h using Amine H. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-30%) to give 9h as a white foam (67% yield).

TH NMR (500 MHz, CDCl3) & 7.65 (s, 1H), 7.54 (t,J= 1.9 Hz, 1H), 7.51 (s, 1H), 7.44 — 7.38 (m,
2H), 7.36 — 7.29 (m, 5H), 7.27 — 7.09 (m, 7H), 7.04 (t, J = 7.3 Hz, 1H), 6.79 (t, J = 7.6 Hz, 1H),
6.58 (d, J=17.6, 1.8 Hz, 1H), 6.49 (brs, 1H), 5.13 — 5.03 (m, 2H), 4.94 (d, J = 14.8 Hz, 1H), 4.86
—4.54 (m, 2H), 4.50 (s, 2H), 4.32 (d, J = 14.9 Hz, 2H), 3.56 (q, J = 7.1 Hz, 2H), 3.46 — 3.30 (m,
2H), 3.11 (dd, J = 13.5, 10.3 Hz, 1H), 2.91 — 2.84 (m, 1H), 1.16 — 1.08 (m, 3H), 1.01 (t,J= 7.1
Hz, 3H).

13C NMR (126 MHz, CDCl3) § 172.1, 155.0, 154.2, 136.6, 136.3, 135.8, 135.1, 132.1, 131.7 (brs,
2C), 131.5,130.1, 129.22 (s, 2C), 129.21, 129.1, 128.8 (s, 2C), 128.4 (s, 2C), 128.2, 128.1, 127.7,
127.2 (s, 2C), 125.7, 123.9, 123.2 (s, 2C), 121.7, 115.2, 97.8, 93.5, 65.8, 64.1, 54.7, 49.9, 48.9,
35.1,15.2, 15.0.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C41H42BrCIN,O7S+H]" requires 821.1663;
found 821.1665.
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(8)-NV-(3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-0x0-1-(1,2,4,5-tetrahydro-3 H-
benzo[d]azepin-3-yl)propan-2-yl)-1-methyl-4-nitro-1H-pyrazole-5-carboxamide (9i) was
synthesized following General Procedure 2 from 8i using Amine I. Crude material purified by
normal-phase column chromatography using EtOAc/Hx (10-30%) to give 9i as a white foam (42%
yield).

IH NMR (500 MHz, CDCL) 5 8.49 (d, J = 8.1 Hz, 1H), 7.99 (s, 1H), 7.32 (ddd, J= 8.8, 7.3, 1.7
Hz, 1H), 7.27 — 7.17 (m, 4H), 7.17 — 7.03 (m, 6H), 5.64 (td, J= 9.0, 5.8 Hz, 1H), 5.18 — 5.14 (m,
2H), 4.54 (dd, J = 32.1, 6.1 Hz, 2H), 4.04 — 3.95 (m, 2H), 3.76 (s, 3H), 3.71 — 3.56 (m, 4H), 3.53
3.4 (m, 1H), 3.44 — 3.34 (m, 1H), 3.34 — 3.26 (m, 1H), 3.18 — 3.10 (m, 2H), 3.04 — 2.95 (m,
1H), 2.93 — 2.80 (m, 2H), 1.18 (t, J= 7.1 Hz, 3H), 1.05 (t, /= 7.1 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 169.8, 156.9, 154.9, 154.7, 141.0, 140.1, 135.6, 134.1, 133.0,
132.2,131.7, 131.6, 130.4, 129.9, 129.8, 129.8, 129.2, 128.4, 126.9, 126.7, 123.8, 121.8, 115.3,
98.2,93.5,65.9, 64.3, 50.6, 48.5, 45.8, 39.8, 38.1, 37.2, 34.0, 15.2, 14.9.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C3sH41NsOs+Na]" requires 694.2853; found
694.2858.
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(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-V,V-didecyl-2-(3-
(phenylthio)propanamido)propenamide (9j) was synthesized following General Procedure 2
from 8j using Amine J. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-25%) to give 9j as a yellow oil (77% yield).

IH NMR (500 MHz, CDCl3) § 7.33 — 7.29 (m, 3H), 7.29 — 7.21 (m, 4H), 7.21 — 7.13 (m, 3H),
7.09 — 7.00 (m, 2H), 6.79 (d, J = 8.2 Hz, 1H), 5.19 (td, J = 8.7, 5.9 Hz, 1H), 5.17 — 5.10 (m, 2H),
4.64 — 4.56 (m, 2H), 3.66 — 3.53 (m, 3H), 3.54 — 3.31 (m, 3H), 3.30 — 3.21 (m, 2H), 3.16 — 3.01
(m, 3H), 2.90 (brd, J = 14.0, 5.9 Hz, 1H), 2.49 — 2.32 (m, 2H), 1.71 — 1.62 (m, 1H), 1.56 (dq, J =
15.3, 5.5 Hz, 1H), 1.51 — 1.43 (m, 2H), 1.35 — 1.23 (m, 28H), 1.16 (t, /= 7.1 Hz, 3H), 1.10 (t, J =
7.0 Hz, 3H), 0.94 — 0.85 (m, 6H).

13C NMR (126 MHz, CDCl3) § 171.5, 170.2, 154.8, 154.8, 135.8, 132.0, 131.8, 131.2, 130.3,
130.2, 129.7, 129.1, 129.0, 128.8, 126.4, 123.8, 121.8, 115.5, 98.1, 93.6, 65.7, 64.3, 50.0, 48.0,
46.7, 36.1, 34.2, 32.0, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.5, 29.4, 27.8, 27.2, 27.1, 22.8,
15.2, 15.1, 14.2. (Note: didecylamine carbon peaks overlap from 294.4 — 290.0).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CsoH76N20sS+H]" requires 855.5322; found
855.5304.
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(8)-NV-(3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-(diisobutylamino)-1-oxopropan-2-
yl)-4,4-difluorocyclohexane-1-carboxamide (9k) was synthesized following General Procedure
2 from 8k using Amine K. Crude material purified by normal-phase column chromatography
using EtOAc/Hx (0-30%) to give 9k as a yellow oil (65% yield).

IH NMR (500 MHz, CDCl3) § 7.33 — 7.27 (m, 1H), 7.26 — 7.20 (m, 2H), 7.18 — 7.11 (m, 2H),
7.08 — 7.01 (m, 2H), 6.73 — 6.66 (m, 1H), 5.29 (td, J = 9.2, 5.3 Hz, 1H), 5.14 (g, J = 7.0 Hz, 2H),
4.65 —4.55 (m, 2H), 3.59 (ddt, J= 9.6, 7.1, 3.3 Hz, 3H), 3.53 — 3.44 (m, 1H), 3.44 — 3.31 (m, 2H),
3.31-3.23 (m, 1H), 3.17 (d, J = 11.7 Hz, 1H), 3.02 — 2.88 (m, 2H), 2.16 — 2.05 (m, 2H), 2.04 —
1.92 (m, 3H), 1.81 — 1.56 (m, 6H), 1.16 (t, J = 7.0 Hz, 3H), 1.08 (t, J = 7.1 Hz, 3H), 0.96 (dd, J =
16.7, 6.6 Hz, 6H), 0.83 (dd, J = 15.8, 6.6 Hz, 6H).

13C NMR (126 MHz, CDCls) § 173.4, 172.6, 154.8, 154.6, 132.0, 131.7, 131.3, 130.4, 130.1,
129.1, 128.7, 123.8, 122.8 (t, J = 241.6 Hz, 1C), 121.8, 115.6, 98.1, 93.6, 65.7, 64.3, 55.6, 54.2,
49.7, 42.4,34.2, 32.8 (t, J = 24.6 Hz, 2C), 28.6, 26.7, 25.7 (t, J = 9.6 Hz, 2C), 20.5, 20.3, 20.2,
20.0,15.2, 15.1.

1F NMR (471 MHz, CDCL3) 8 -93.40 (d, J = 236.2 Hz, 1F), -100.04 (d, J = 236.4 Hz, 1F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C3sHs2FaN2Og+H]' requires 647.3872;
found 647.3873.
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Benzyl (5)-(4-((1-(4-(bis(4-fluorophenyl)methylene)piperidin-1-yl)-3-(2,2'-
bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-oxopropan-2-yl)amino)-4-
oxobutyl)(methyl)carbamate (91) was synthesized following General Procedure 2 from 81 using
Amine L. Crude material purified by normal-phase column chromatography using EtOAc/Hx (50-
80%) to give 91 as an off-white foam (62% yield).

TH NMR (500 MHz, CDCls) § 7.39 — 7.28 (m, 6H), 7.26 — 7.08 (m, 5H), 7.08 — 6.79 (m, 10H),
5.34 (q,J = 7.7 Hz, 1H), 5.17 — 5.02 (m, 4H), 4.62 — 4.52 (m, 2H), 3.62 (t, J = 6.3 Hz, 2H), 3.55
(q,J = 6.9 Hz, 3H), 3.49 — 3.32 (m, 3H), 3.32 — 3.10 (m, 3H), 2.94 (s, 1 H), 2.87 (s, 3H), 2.32 (ddq,
J=14.1,7.5,3.9 Hz, 2H), 2.25 (d, J = 6.5 Hz, 1H), 2.20 — 2.05 (m, 2H), 1.99 (dq, J = 11.5, 3.7
Hz, 1H), 1.79 (d, J = 7.4 Hz, 2H), 1.14 (t, J = 7.1 Hz, 3H), 1.02 (t, /= 7.0 Hz, 3H).

13C NMR (126 MHz, CDCL) rotameric mixture:  171.9, 171.6,170.7, 170.6, 161.8 (d, J = 246.7
Hz, 1C), 161.7 (d,J=246.2 Hz, 1C), 156.6, 156.3, 154.8, 154.5,137.7, 137.6, 137.0, 135.8, 135.7,
134.3, 134.1, 132.2, 131.6, 131.3 (d, J = 7.8 Hz, 4C), 130.6, 130.5, 130.2, 130.1, 129.1, 128.6,
128.0, 127.9, 123.8, 121.8, 115.4, 115.3 (d, J = 21.5 Hz, 2C), 115.2 (d, J = 21.2 Hz. 2C), 97.9,
93.6, 67.1, 65.5, 64.2, 49.1, 49.1, 48.4, 48.2, 46.6, 43.5, 34.7, 34.1, 33.3, 31.9, 31.1, 23.8, 23.6,
15.1, 15.1.

F NMR (471 MHz, CDCl3) 6 -115.42 (brd, J = 33.8 Hz, 2F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [Cs;Hs7F2N3Og+H]* requires 890.4192;
found 890.4180.
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(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-2-((5-methoxy-2.4-
dimethylphenyl)sulfonamido)-/V,N-bis(2-methoxyethyl)propenamide (9m) was synthesized
following General Procedure 2 from 8m using Amine M. Crude material purified by normal-phase
column chromatography using EtOAc/Hx (10-40%) to give 9m as a white foam (72% yield).

'H NMR (500 MHz, CDCls) & 7.34 — 7.28 (m, 2H), 7.27 — 7.18 (m, 2H), 7.15 (dd, J= 7.5, 1.8
Hz, 1H), 7.10 — 6.92 (m, 4H), 6.04 (d, J= 9.2 Hz, 1H), 5.20 — 5.11 (m, 2H), 4.62 — 4.51 (m, 3H),
3.81 (s, 3H), 3.62 (g, J = 7.0 Hz, 2H), 3.56 — 3.36 (m, 6H), 3.30 (p, J = 5.9, 5.2 Hz, 3H), 3.25 (s,
3H), 3.25 — 3.21 (m, 4H), 3.19 — 3.08 (m, 1H), 2.92 (dd, J = 13.8, 5.5 Hz, 1H), 2.39 (s, 3H), 2.18
(s, 3H), 1.17 (t, J= 7.1 Hz, 3H), 1.09 (t, J = 7.0 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 172.1, 155.4, 154.9 (s, 2C), 136.5, 134.8, 132.1, 131.8, 131.6,
131.2, 130.3, 130.1, 129.3, 129.0, 128.9, 123.9, 121.7, 115.4, 110.5, 97.9, 93.6, 70.8, 70.7, 65.6,
64.3, 58.9, 58.9, 55.7, 53.3, 48.4,46.9, 35.1, 19.0, 16.1, 15.2, 15.2.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C3sHsoN2010S+H]" requires 703.3264;
found 703.3264.
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Benzyl (5)-(4-((3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-(bis(naphthalen-2-
ylmethyl)amino)-1-oxopropan-2-yl)amino)-4-oxobutyl)(methyl)carbamate (9n) was
synthesized following General Procedure 2 from 81 using Amine N. Crude material purified by

normal-phase column chromatography using EtOAc/Hx (50-80%) to give 9n as an off-white foam
(91% yield).

IH NMR (500 MHz, CDCl3) & 7.89 — 7.74 (m, 6H), 7.69 (d, J = 1.8 Hz, 1H), 7.63 (s, 1H), 7.55
7.43 (m, 4H), 7.43 — 7.27 (m, 7TH), 7.25 (s, 1H), 7.21 — 6.90 (m, 5H), 6.84 — 6.58 (m, 2H), 5.38 (s,
1H), 5.13 (d, J = 12.6 Hz, 2H), 4.97 (d, J = 23.6 Hz, 3H), 4.90 — 4.61 (m, 3H), 4.56 — 4.47 (m,
2H), 3.63 — 3.51 (m, 1H), 3.50 — 3.40 (m, 3H), 3.40 — 3.32 (m, 1H), 3.28 — 3.11 (m, 2H), 2.85 (s,
4H), 2.23 — 2.04 (m, 2H), 1.85 — 1.76 (m, 2H), 1.09 — 1.00 (m, 6H).

13C NMR (126 MHz, CDCL) rotameric mixture: § 173.3, 172.3, 172.0, 156.6, 156.3, 154.8,
137.1, 135.4, 134.4, 133.5, 133.5, 133.1, 132.9, 132.8, 132.1, 131.6, 131.1, 130.1, 130.0, 129.1,
129.1, 128.7, 128.6, 128.0, 128.0, 127.9, 127.9, 127.8, 127.2, 126.6, 126.3, 126.0, 125.3, 123.9,
121.8,115.4,98.1,93.5, 67.1, 65.7, 64.1, 50.8, 50.4, 48.9, 48.5, 48.2, 34.8, 34.2, 33.2, 24.0, 23.7,
15.1 (s, 2C).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CssHsoN3Og+H]* requires 902.4385; found
902.4380.

151



(8)-2-(2-((18,3S5,5S,7S5)-adamantan-2-yl)acetamido)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-
biphenyl]-3-yl)-/V,N-dibutylpropanamide (90) was synthesized following General Procedure 2
from 80 using Amine B. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-20%) to give 9o as a colorless oil (75% yield).

IH NMR (500 MHz, CDCl3) § 7.32 — 7.27 (m, 1H), 7.27 — 7.21 (m, 2H), 7.15 (td, J= 7.4, 1.8 Hz,
2H), 7.07 — 7.00 (m, 2H), 6.61 (d, J = 8.5 Hz, 1H), 5.26 (td, J = 8.8, 6.1 Hz, 1H), 5.17 — 5.10 (m,
2H), 4.59 (q, J = 6.3 Hz, 2H), 3.64 — 3.54 (m, 3H), 3.52 — 3.33 (m, 3H), 3.34 — 3.10 (m, 3H), 2.92
(brd, J = 14.1, 5.9 Hz, 1H), 2.23 (d, J = 8.3 Hz, 2H), 2.11 (d, J = 7.8 Hz, 1H), 1.85 — 1.61 (m,
12H), 1.55 — 1.40 (m, 6H), 1.34 (h, J = 7.4 Hz, 2H), 1.30 — 1.21 (m, 2H), 1.16 (t, /= 7.1 Hz, 3H),
1.08 (t, J = 7.0 Hz, 3H), 0.95 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.3 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 172.2, 171.9, 154.8, 154.7, 131.9, 131.8, 131.1, 130.5, 130.2,
129.0, 128.9, 123.7, 121.7, 115.6, 98.1, 93.6, 65.6, 64.3, 49.4, 47.7, 46.3, 41.7, 40.3, 39.0, 39.0,
38.4,34.4,32.0,31.8,31.7,31.6,31.5,29.9, 28.1, 28.0, 20.3, 20.2, 15.2, 15.1, 14.0, 14.0.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C41HsoN20s+H]* requires 677.4530; found
677.4536.
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(S)-N-(2-((3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-(4 4-difluoropiperidin-1-yl)-1-
oxopropan-2-yl)amino)-2-oxoethyl)-3-(trifluoromethyl)benzamide (9p) was synthesized
following General Procedure 2 from 8p using Amine P. Crude material purified by normal-phase
column chromatography using EtOAc/Hx (40-70%) to give 9p as a yellow foam (70% yield).

'H NMR (500 MHz, CDCLy)  8.08 (s, 1H), 7.97 (d, J = 7.8 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H),
753 -7.46 (m,2H),7.32 (td,J=7.9,7.3,1.7 Hz, 1H),7.25 - 721 (m, 2H), 7.17 (s, 1H), 7.14 (dd,
J=176,18 Hz, 1H), 7.05 (td, J = 7.5, 1.7 Hz, 2H), 5.35 (q, J = 7.6 Hz, 1H), 5.14 (s, 2H), 4.61 —
4.53 (m, 2H), 4.17 — 4.05 (m, 2H), 3.70 (qd, J = 9.9, 8.4, 3.3 Hz, 3H), 3.60 (qd, J = 7.0, 1.5 Hz,
3H),3.46 (qt,J =7.1,3.7 Hz, 2H), 3.27 (dd, J = 13.2,7.9 Hz, 1H), 2.98 (dd, J = 13.2,7.0 Hz, 1H),
2.04 —1.75 (m, 4H), 1.60 — 1.45 (m, 1H), 1.16 (t,J = 7.1 Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H).

3C NMR (126 MHz, CDCl;) 6 1704, 168.4, 166.0, 154.7,154.5,134.7, 132.4, 131.8, 131.3 (q,
J =332 Hz, 1C), 130.5, 129.6, 129.3, 129.3, 128.5, 1284 (q, / = 3.8 Hz, 1C), 1244 (q, J = 3.6
Hz,1C),124.0,123.7(q,/=2744Hz,1C) 123.4,122.0,121.5,115.6,98.1,93.7,65.8,64.4,49.7,
43.2,42.5,39.3,34.3-349 (m, 1C), 34.4,33.4-34.2 (m, 2C), 15.2, 15.1.

YF NMR (471 MHz, CDCL;) 6 -62.75 (s, 3F), -98.19 (s, 2F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CssH.FsN;O,+H]* requires 722.2865; found
722.2864.
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(S)-N-(1-(4-(bis(4-fluorophenyl)methylene)piperidin-1-yl)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-
biphenyl]-3-yl)-1-oxopropan-2-yl)-5-(3-fluorophenyl)-2-methylthiazole-4-carboxamide (9q)
was synthesized following General Procedure 2 from 8g using Amine L. Crude material purified
by normal-phase column chromatography using EtOAc/Hx (10-50%) to give 9q as a white foam
(60% yield).

'H NMR (500 MHz, CDCL;) 6 8.22 (d,J=8.9 Hz, 1H), 7.33 - 7.28 (m, 1H), 7.26 — 7.12 (m, 7H),
7.09 -6.84 (m, 11H),5.53 (q,/ =79 Hz, 1H),5.06 (q,J =7.1 Hz, 2H),4.64 —4.53 (m, 2H), 3.68
—341 (m, 6H),3.41 —2.96 (m, 4H), 2.69 (s,3H),2.36 —2.12 (m, 3H), 1.98 - 1.82 (m, 1H), 1.12
(t,J=7.1Hz,3H),097 (t,J=7.1 Hz,3H).!

3C NMR (126 MHz, CDCl;) 6 170.4,163.7,162.0 (d,J =246.4 Hz, 1C), 161.8 (d, J = 245.6 Hz,
1C), 161.7 (d,J =245.6 Hz, 1C), 160.5, 1549, 154 .5, 141.8,1414 (d,J = 2,3 Hz, 1C), 137.7 (d,
J=2.8Hz,1C), 135.6,134.3,132.7 (d,J =8.7 Hz, 1C), 132.1,131.7,131.3,131.3 (d,/ =79 Hz,
2C),131.2(d,J =79 Hz,2C), 130.8,1304,129.5 (d,/ =82 Hz, 1C), 1290, 128.7,126.1 (d,J =
29Hz,1C),123.6,121.7,1175(d,J =228 Hz, 1C), 115.7 (d,J =213 Hz, 1C), 1154, 115.2 (d,
J=212Hz,2C), 1152 (d,J =21.3 Hz, 2C),97.7,93.6,65.4,64.3,48.5,46.5,43.5,35.7,31.9,
31.1,19.2,15.1, 15.1.

YF NMR (471 MHz, CDCL;) 6 -112.99 —-114 .21 (m, 1F), -115.10 — -115.85 (m, 2F).

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CsoHsF;N3;OsS+H]* requires 876.3294;
found 876.3287.
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(S)-N-(3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-1-(4 ,4-dimethylpiperidin-1-yl)-1-
oxopropan-2-yl)-5-(2-chlorophenyl)isoxazole-3-carboxamide (9r) was synthesized following
General Procedure 2 from 8r using Amine R. Crude material purified by normal-phase column
chromatography using EtOAc/Hx (10-40%) to give 9r as a white foam (95% yield).

H NMR (500 MHz, CDCl;) 8 7.97 —7.90 (m, 1H), 7.79 (d,J = 8.4 Hz, 1H), 7.54 — 7.47 (m, 1H),
743 —7.34 (m, 2H), 7.34 — 7.27 (m, 3H), 7.26 — 7.22 (m, 1H), 7.22 — 7.15 (m, 2H), 7.05 (q, 2H),
5.55(q, J = 7.7 Hz, 1H), 5.15 (s, 2H), 4.64 (dd, 2H), 3.67 — 3.56 (m, 3H), 3.56 — 3.40 (m, 4H),
3.34 (brm, 2H), 3.14 — 3.07 (m, 1H), 1.37 — 1.21 (m, 3H), 1.17 (t, J = 7.1 Hz, 3H), 1.05 (t, /= 7.1
Hz, 3H), 0.93 (s, 4H), 0.86 (s, 3H).

3C NMR (126 MHz, CDCl;) 6 1694, 167.7, 158.9, 158.2, 154.8, 154.6, 132.1, 132.1, 131.7,
131.5,131.3,131.0, 130.7, 129.9, 1295, 1290, 128.7, 127.3, 125.9, 123.7, 121.7, 115.3, 104 0,
979,93.5,65.5,64.3,49.0,42.4,389, 38.8,38.1,35.2,29.1,28.0,27.5,15.2, 15.1.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [Cs3H,4CIN;O,+H]* requires 690.2946; found
690.2946.
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(5)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-N ,N-dibutyl-2-((5-methoxy-2 4-
dimethylphenyl)sulfonamido)propenamide (9s) was synthesized following General Procedure
2 from 8m using Amine B. Crude material purified by normal-phase column chromatography
using EtOAc/Hx (0-30%) to give 9s as a white foam (64% yield).

'H NMR (500 MHz, CDCL;) § 7.35 (s, 1H), 7.29 (ddd, J = 8.8,7.2, 1.8 Hz, 1H), 7.24 (dd, J = 8 4,
12 Hz, 1H), 7.17 (ddd, J = 15.7,7.5, 1.8 Hz, 2H), 7.08 (dd, J = 7.6, 1.8 Hz, 1H), 7.05 — 6.92 (m,
3H), 5.95 (d, J = 9.2 Hz, 1H), 5.15 (s, 2H), 4.56 (s, 2H), 4.45 (q, J = 8.0 Hz, 1H), 3.81 (s, 3H),
3.61 (q,J=7.0 Hz, 2H), 3.46 — 3.36 (m, 2H), 3.28 — 2.71 (m, 6H), 2.45 (s, 3H), 2.16 (s, 3H), 1.36
~1.11 (m, 11H), 1.04 (t,J = 7.0 Hz, 3H), 0.87 (td, J = 7.2, 1.6 Hz, 6H).

3C NMR (126 MHz, CDCl;) 6 170.8, 155.3, 154.8, 154.2, 136.2, 134 .8, 131.8, 131.7, 131 4,
130.7, 129.9, 129.2, 129.0, 128.7, 123.7, 121.6, 115.5, 110.6, 97.8, 93.6, 65.5, 64.3, 55.6, 53.2,
473,464,36.2,310,29.6,20.3,20.1, 19.1, 16.1, 15.2, 15.1, 14.0, 13.7. Note: tertiary carbon
connecting quaternary arm and biphenol not observed.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C;3Hs4sN,OsS+H]* requires 699.3679; found
699.3685.
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(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-N ,N-dibutyl-2-(2-(4-cyanophenoxy)-2-
methylpropanamido)propenamide (9t) was synthesized following General Procedure 2 from 8t
using Amine B. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (0-30%) to give 9t as a white foam (78% yield).

'H NMR (500 MHz, CDCl;) 8 7.48 — 7.41 (m, 2H), 7.30 (td, J=7.9,7.2, 1.7 Hz, 2H), 7.26 — 7.14
(m, 3H), 7.07 — 6.94 (m, 3H), 6.86 — 6.80 (m, 2H), 5.23 (td, J = 8.7, 5.6 Hz, 1H), 5.14 (q,J = 7.0
Hz, 2H), 4.56 (d, J = 6.1 Hz, 1H), 447 (d, J = 6.2 Hz, 1H), 3.60 (q, J = 7.0 Hz, 2H), 3.51 - 2.91
(m, 8H), 1.75 — 1.54 (m, 2H), 1.51 (s, 3H), 1.47 — 1.33 (m, 6H), 1.26 (q, J = 7.3 Hz, 3H), 1.16 (t,
J=7.1Hz,3H),0.99 (dt, J = 14.7,7.2 Hz, 6H), 0.90 (t, J = 7.3 Hz, 3H).

3C NMR (126 MHz, CDCLy) & 1732, 1710, 158.5, 154.7, 154.3, 133.5, 1320, 131.5, 131.2,
130.1, 1299, 1290, 128 4, 123.7, 121.6, 120.2, 118.9, 1154, 105.5,97.8,93.5,81.7, 654, 64.1,
49.7,475,46.1,34.1,31.3,29.7,25.0,25.0,20.1,20.1,15.1, 15.0, 139, 13.8.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C4Hs;N;O,+H]* requires 688.3962; found
688.3950.
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(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-N ,N-dibutyl-2-
(cyclopropanesulfonamido)propenamide (9u) was synthesized following General Procedure 2
from 8u using Amine B. Crude material purified by normal-phase column chromatography using
EtOAc/Hx (10-40%) to give 9u as a yellowish oil (41% yield).

'H NMR (500 MHz, CDCly) & 7.34 —7.20 (m, 4H), 7.16 (dd, J = 7.6, 1.8 Hz, 1H), 7.08 — 7.02 (m,
2H), 5.72 - 5.69 (m, 1H), 5.18 (q,J = 7.1 Hz, 2H), 4.68 — 4.54 (m, 3H), 3.68 — 3.53 (m, 2H), 3.38
(dt,J = 14.1,7.1 Hz, 1H), 3.35 — 327 (m, 1H), 3.17 — 3.02 (m, 3H), 2.96 (dd, J = 13.5, 9.9 Hz,
1H), 1.89 (t, J = 4.7 Hz, 1H), 1.70 — 1.44 (m, 4H), 1.38 — 1.27 (m, 4H), 1.16 (t, J = 7.1 Hz, 3H),
1.03 (t,J = 7.1 Hz, 3H), 0.97 — 0.90 (m, 8H), 0.63 (d, J = 8.3 Hz, 2H).

3C NMR (126 MHz, CDCl;) 6 171.6, 155.1, 154.1, 132.0, 131.4 (brs, 2C), 131.2, 130.6, 129.1,
128.5,123.8,121.7,115.3,97.7,93.6, 65.6, 64.2,54.2,47.3,46.2,36.1,31.3,31.1, 29.8, 20.25,
20.18,15.2,15.1,13.9,13.8,5.6,5.5.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C;,H4;N,O,S+H]* requires 605.3260; found
605.3271.
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(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-NV,/N-dibutyl-2-((5-chloronaphthalene)-
2-sulfonamido)propanamide (9v) was synthesized following General Procedure 2 from 8v using

Amine B. Crude material purified by normal-phase column chromatography using EtOAc/Hx (10-
40%) to give 9v as a yellowish oil (70% yield).

IH NMR (500 MHz, CDCls) § 8.26 (s, 1H), 8.21 (d, J = 8.9 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H),
7.72 (dd, J = 8.9, 1.8 Hz, 1H), 7.67 (d, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 7.35 — 7.24 (m,
2H), 7.10 (m, 2H), 7.01 (t, J= 7.3 Hz, 1H), 6.97 (dd, J= 7.5, 1.7 Hz, 1H), 6.83 (t, J= 7.5 Hz, 1H),
6.14 (d,J=9.1 Hz, 1H), 5.19 (s, 2H), 4.55 (brs, 3H), 3.62 (q, J= 7.1 Hz, 2H), 3.45 — 3.35 (m, 2H),
3.28 (dt, J = 15.5, 7.9 Hz, 1H), 3.22 — 3.16 (m, 1H), 3.05 (brt, J = 11.6 Hz, 1H), 3.00 — 2.87 (m,
3H), 1.34 — 1.25 (m, 2H), 1.22 — 1.11 (m, 9H), 1.06 (t, J = 7.1 Hz, 3H), 0.83 (dt, J = 22.8, 7.1 Hz,
6H).

13C NMR (126 MHz, CDCl3) 8 170.7, 154.9, 154.2, 138.8, 133.3, 132.14, 132.07, 131.8, 131.5,
131.4, 130.6, 129.8, 129.1, 128.7, 128.6, 128.4, 128.2, 127.2, 125.9, 123.9, 123.7, 121.7, 115.4,
97.8,93.6, 65.6, 64.3,53.9,47.3,46.3, 35.7,31.1, 29.6, 20.2, 20.1, 15.2, 15.1, 13.83, 13.78.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C39H49CIN2O7S+H]" requires 725.3027,
found 725.3034.

159



(8)-3-(2,2'-bis(ethoxymethoxy)-[1,1'-biphenyl]-3-yl)-/V,N-dibutyl-2-((3-chloro-4-
methoxyphenyl)sulfonamido)propenamide (9w) was synthesized following General Procedure
2 from 8w using Amine B. Crude material purified by normal-phase column chromatography
using EtOAc/Hx (10-40%) to give 9w as a yellowish oil (53% yield).

IH NMR (500 MHz, CDCl3) § 7.69 (d, J = 2.3 Hz, 1H), 7.56 — 7.51 (m, 1H), 7.31 (td, J= 7.8, 7.2,
1.7 Hz, 1H), 7.27 (m, 1H), 7.21 — 7.13 (m, 2H), 7.07 — 7.02 (m, 2H), 6.9 (t, J= 7.5 Hz, 1H), 6.82
(d, J= 8.7 Hz, 1H), 5.93 (brd, J= 9.1 Hz, 1H), 5.18 (s, 2H), 4.56 (s, 2H), 4.44 (brs, 1H), 3.88 (s,
3H),3.63 (q,J= 7.1 Hz, 2H), 3.44 — 3.24 (m, 4H), 3.05 — 2.88 (m, 4H), 1.48 — 1.12 (m, 11H), 1.05
(t, J= 7.0 Hz, 3H), 0.92 (dt, J = 25.8, 7.2 Hz, 6H). !

3C NMR (126 MHz, CDCl3) 8 170.7, 157.9, 154.9, 154.1, 133.2,131.8, 131.6, 131.4, 130.7, 129.8,
129.2, 129.0, 128.6, 127.5, 123.7, 122.6, 121.6, 115.4, 111.6, 97.7, 93.6, 65.5, 64.2, 60.4, 56.4,
53.7,47.3,46.3,35.7,31.1, 29.6, 20.2, 20.1, 15.13, 15.06, 13.9, 13.8.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C3sHa9CIN2OsS+H]" requires 705.2976;
found 705.2979.
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7.2.7. Synthesis and Characterization of Intermediates 9a-w

MeO\L J/OMe
N

N
SRS
O g F

0.0

~
P

O~ “OH
P1

(8)-2-(2-(2-bromo-4-fluorophenyl)acetamido)-3-((5)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-/NV,/N-bis(2-methoxyethyl)propenamide (P1).
Catalyst P1 was synthesized from 9a using General Procedures 3B and 4B. Purification was
accomplished using reverse phase chromatography using 10-50% acetonitrile in water as eluent
(with 1% formic acid). P1 was obtained as a white solid (6% yield over 3 steps).

'TH NMR (600 MHz, CDCls) 8: 7.80 (s, 1H), 7.43 (dd, J= 7.6, 1.7 Hz, 1H), 7.34 (dd, J= 7.6, 1.7
Hz, 3H), 7.28 — 7.21 (m, 4H), 7.14 (td, J = 7.9, 3.2 Hz, 2H), 7.07 (dd, J = 8.2, 2.6 Hz, 1H), 6.96
(dd, J=8.6, 6.0 Hz, 1H), 6.73 (td, J= 8.2, 2.6 Hz, 1H), 5.42 — 5.15 (m, 1H), 4.09 (d, /= 10.4 Hz,
1H), 3.50 — 3.39 (m, 8H), 3.34 — 3.28 (m, 1H), 3.26 (s, 4H), 3.22 (s, 3H), 3.04 (dd, J = 14.2, 4.6
Hz, 1H).

13C NMR (151 MHz, CDCl) 6: 173.19, 170.67, 161.41 (d, J=250.0 Hz), 147.76 (dd, J= 181.8,
8.8 Hz), 132.42 (d, /= 8.4 Hz), 130.86, 130.61, 129.90 (d, J = 26.9 Hz), 129.31, 129.10, 128.96,
128.77,125.95 (d, J=17.8 Hz), 124.83 (d, J=9.6 Hz), 121.71 (d, J=3.9 Hz), 119.84 (d, J = 24.5
Hz), 114.68 (d, J = 21.0 Hz), 70.38 (d, /= 13.2 Hz), 58.94 (d, J = 18.6 Hz), 50.70, 49.52, 47.43,
41.92,31.27, 20.50.

F NMR (565 MHz, CDCl3) 6: -113.97.

3P NMR (243 MHz, CDCl3) 6: 2.37.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C30H34BrFN>OgP] requires 663.0913; found
663.0920.
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(S)-N,N-dibutyl-2-((4-fluoro-2,6-dimethylphenyl)sulfonamido)-3-((5)-6-hydroxy-6-
oxidodibenzo|d,f][1,3,2]dioxaphosphepin-4-yl)propenamide (P2). Catalyst P2 was synthesized
from 9b using General Procedures 3A and 4A. Purification was accomplished by reverse phase
chromatography using 10-50% acetonitrile in water as eluent. P2 was obtained as a beige solid
(75% yield over 3 steps).

IH NMR (400 MHz, CDCls) &: 11.57 (s, 1H), 7.48 (d, J = 7.5 Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H),
7.33 (t, J = 4.9 Hz, 2H), 7.28 (d, J = 8.0 Hz, 1H), 7.03 (d, J = 4.7 Hz, 2H), 6.61 (d, J = 9.1 Hz,
2H), 4.47 (s, 1H), 3.24 (ddt, J = 31.4, 14.4, 7.8 Hz, SH), 3.05 (dd, J = 14.0, 5.4 Hz, 1H), 2.45 (s,
6H), 1.36 (tt,J = 13.3, 7.3 Hz, 5H), 1.23 (dh, J = 22.4, 7.1 Hz, 5H), 0.85 (dt, J = 14.8, 7.3 Hz, 6H).

13C NMR (151 MHz, CDCls) 8: 171.91, 164.16, 162.49, 148.73 (d, J = 9.0 Hz), 147.28 (d, J =
8.3 Hz), 142.91 (d, J = 8.9 Hz), 133.94, 130.83, 130.41, 129.96, 129.58, 129.03 (d, J = 5.1 Hz),
128.85 (d, J = 4.0 Hz), 126.38, 126.12, 122.03 (d, J = 4.0 Hz), 117.67 (d, J = 21.2 Hz), 53.21,
48.17, 47.16, 33.66, 31.39, 29.70, 23.32, 20.40 (d, J = 4.8 Hz), 14.12.

19F NMR (400 MHz; CDCls) &: —108.74.

31p NMR (400 MHz; CDCls) 8: 3.26.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C31H33FN2O7PS] requires 631.2049; found
631.205.
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N-((S)-1-(azacyclotridecan-1-yl)-3-((S)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)-2-(4-
cyclohexylphenyl)acetamide (P3). Catalyst P3 was synthesized from 9c¢ using General
Procedures 3A and 4A. Purification was done by normal phase chromatography using 5-15%
MeOH/CH2Cl; as eluent. P3 was obtained as a white solid (31% yield over 3 steps).

'H NMR (600 MHz, CD3CN) &: 8.23 (s, 1H), 7.59 (dd, J=7.7, 1.7 Hz, 1H), 7.46 (ddd, J=11.1,
7.7,1.7 Hz, 2H), 7.36 (tt, J= 7.5, 1.2 Hz, 1H), 7.32 — 7.27 (m, 1H), 7.25 (dt,J= 8.1, 1.4 Hz, 1H),
7.19 (td, J=17.7, 1.0 Hz, 1H), 6.95 (d, J= 8.1 Hz, 2H), 6.87 (d, /= 7.9 Hz, 2H), 5.19 (td, J=9.1,
6.2 Hz, 1H), 3.48 (ddd, J=15.1, 9.4, 5.5 Hz, 1H), 3.42 — 3.28 (m, 4H), 3.28 — 3.17 (m, 2H), 2.99
(dd, J =13.7, 6.2 Hz, 1H), 2.39 (tt, J = 11.5, 3.4 Hz, 2H), 2.13 — 2.08 (m, 7H, residual water
present), 2.05 (dt, J= 5.0, 2.5 Hz, 2H), 2.02 (q, J = 6.8 Hz, 2H), 1.80 — 1.67 (m, 6H), 1.51 — 1.03
(m, 26H).

13C NMR (151 MHz, CDCl3) 8: 171.60, 170.80, 148.85, 147.45, 144.92, 142.20, 140.18, 138.15,
131.68, 129.15, 128.95, 128.69, 128.45, 128.27, 127.82, 127.23, 125.95, 125.68, 123.84, 123.78,
120.83, 63.38, 49.35, 48.43, 46.98, 44.16, 43.03, 41.16, 33.37, 33.29, 28.66, 28.39, 27.19, 26.08,
25.85,25.10, 24.44, 24.36, 24.32, 24.12, 24.00, 23.94, 23.53, 23.30, 23.23, 13.08.

3P NMR (243 MHz, CDCl3) 8: 5.04.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C41Hs3N2O¢P]" requires 699.3552; found
699.3557.
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(S)-N,N-bis(4-fluorobenzyl)-3-((5)-6-hydroxy-6-oxidodibenzo[d,f][1,3,2]dioxaphosphepin-4-
yl)-2-(2-methyl-2-(4-(trifluoromethyl)phenoxy)propanamido)propenamide (P4). Catalyst P4
was synthesized from 9d using General Procedures 3A and 4A. Purification was done by reverse

phase chromatography using 10-50% acetonitrile in water as eluent. P4 was obtained as a white
foam (16% yield over 3 steps).

YF NMR (565 MHz, CDCl) 8: -61.80 (s, 3F), -113.78 (s, 1F), -114.29 (s, 1F).

31p NMR (243 MHz, CDCL) &: 3.96.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C40H34FsN>O7P] requires 779.1951; found
779.1951.
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N-(3-(((S)-1-(bis(4-methoxybenzyl)amino)-3-(($)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)amino)-3-oxopropyl)-3-
methylbenzamide (PS). Catalyst PS5 was synthesized from 9e using General Procedures 3A and
4A. Purification was done by reverse phase chromatography using 10-50% acetonitrile in water
as eluent. P5 was obtained as a white solid (18% yield over 3 steps).

IH NMR (600 MHz, CDCls) &: 8.50 (s, 1H), 7.68 (d, J = 46.1 Hz, 1H), 7.52 (s, 2H), 7.42 (dd, J
= 16.3, 7.4 Hz, 4H), 7.36 — 7.21 (m, 4H), 7.21 — 7.08 (m, 3H), 7.02 (d, J = 8.0 Hz, 1H), 6.86 (dd,
J=16.7,7.8 Hz, 2H), 6.73 (d, J = 8.2 Hz, 2H), 5.30 (s, 1H), 4.60 (d, J = 14.5 Hz, 1H), 4.52 (d, J
= 16.4 Hz, 1H), 4.25 (d, J = 15.9 Hz, 1H), 3.74 (s, 3H), 3.70 (s, 3H), 3.58 — 3.45 (m, 2H), 3.44 —
3.33 (m, 1H), 2.92 — 2.61 (m, 1H), 2.25 (s, 3H), 1.27 (t, J = 10.7 Hz, 2H).

13C NMR (101 MHz, CDCl3) 5: 172.99, 172.57, 167.85, 159.22, 158.98, 148.91, 147.53, 138.09,
134.19, 131.99, 130.10, 129.82, 129.54, 129.22, 128.78, 128.54, 128.36, 128.20, 127.91, 125.56,
125.32, 124.14, 121.74, 114.34, 114.03, 55.29, 55.21, 50.74, 49.53, 48.23, 36.38, 34.86, 31.04,
29.73,21.25.

31p NMR (400 MHz; CDCl;) 5: 3.86.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C42H4:N309P]" requires 762.2582; found
762.2583.
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(8)-NV,N-bis(2-ethoxyethyl)-3-((S)-6-hydroxy-6-oxidodibenzo|d,f][1,3,2]dioxaphosphepin-4-
yl)-2-(3-(4-methoxyphenyl)propanamido)propenamide (P6). Catalyst P6 was synthesized from
9f using General Procedures 3A and 4A. Purification was done by reverse phase chromatography
using 10-50% acetonitrile in water as eluent. P6 was obtained as a white solid (20% yield over 3
steps).

'H NMR (600 MHz, CDCL3) &: 7.85 — 7.69 (brs, 1H), 7.48 (d, J = 7.2 Hz, 1H), 7.39 (d, J = 6.9
Hz, 2H), 7.33 — 7.23 (m, 4H), 7.20 (d, J = 7.3 Hz, 1H), 6.94 (d, J = 8.0 Hz, 2H), 6.67 (d, J = 8.3
Hz, 2H), 5.41 (s, 1H), 3.96 (s, 1H), 3.75 — 3.60 (m, 4H), 3.54 (t, J = 15.0 Hz, 3H), 3.44 (ddd, J =
36.1, 13.8, 5.5 Hz, 8H), 3.34 (s, 1H), 3.11 (d, J = 9.4 Hz, 1H), 2.60 (d, J = 23.6 Hz, 2H), 2.35 (s,
2H), 1.21 - 1.07 (m, 6H).

13C NMR (151 MHz; CDCl3) &: 157.85, 129.92, 129.20, 113.77, 68.15, 66.78, 66.48, 55.14,
30.65, 15.15, 15.08.

3P NMR (600 MHz; CDCls): 8 2.72.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C33H41N2O9P]" requires 639.2477; found
639.2468.
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N-((S)- 1-(dioctylamino)-3-((S)-6-hydroxy-6-oxidodibenzo[df][1,3,2]dioxaphosphepin-4-yl)-
1-oxopropan-2-yl)-5-(3-fluorophenyl)-2-methylthiazole-4-carboxamide (P7). Catalyst P7 was
synthesized from 9g using General Procedures 3A and 4A. Purification was done by reverse phase
chromatography using 10-50% acetonitrile in water as eluent. P7 was obtained as a yellow solid
(43% yield over 3 steps).

'"H NMR (600 MHz, CDCl;) d 8.66 (s, 1H), 7.46 (dt,J = 15.7,7.9 Hz, 3H), 7.38 (d, J = 7.8 Hz,
1H), 7.36 — 7.28 (m, 1H), 722 (d,J = 7.5 Hz, 1H), 7.17 (t,J = 7.5 Hz, 1H), 7.11 (d,J = 7.1 Hz,
1H), 6.93 (s, 2H), 6.81 (s, 1H), 5.51 (d, J = 7.1 Hz, 1H), 3.63 (s, 1H), 3.40 (d, J = 39.8 Hz, 2H),
3.22 -2.87 (m, 3H), 2.70 (s, 3H), 1.37 — 1.08 (m, 24H), 0.88 (t,J = 6.8 Hz, 3H),0.81 (t,J = 6.9
Hz, 3H).

3C NMR (151 MHz, CDClL;) 6 169.89, 164.41, 161.67, 147.88, 147.53, 143.46, 139.42, 132 48,
130.17, 129.79, 129.50, 129.37, 128.77, 128.33, 126.11, 125.74, 125.20, 121.83, 116 .95 (d, J =

23.1 Hz), 115.99 (d, J = 21.0 Hz), 49.63, 48.33, 46.54, 34 .91, 31.80, 31.74, 29.49, 29.33, 29.23,
29.06,27.54,27.01,26.33,22.63,22.57,19.01, 14.09, 14 .05.

PF NMR (600 MHz; CDCl;) 6 —-113.38.
3P NMR (600 MHz; CDCl;) 6 0.36.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C4,Hs;FN;O¢PS]- requires 776.3304; found
776.3305.
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(S)-N,N-dibenzyl-2-((3-bromo-5-chlorophenyl)sulfonamido)-3-((S)-6-hydroxy-6-
oxidodibenzo[d f][1,3,2]dioxaphosphepin-4-yl)propenamide (P8). Catalyst P8 was synthesized
from 9h using General Procedures 3B and 4B. Purification was done by reverse phase
chromatography using 10-50% acetonitrile in water as eluent (with 0.1% formic acid). P9 was
obtained as a yellow solid (32% yield over 3 steps).

'H NMR (600 MHz, CDCl;) 8 7.47 (s, 1H), 7.42 (t,J = 7.6 Hz, 3H), 7.36 (dd, J = 18.1, 8.1 Hz,
4H),7.32-727 (m, 6H), 7.19 (d,J = 7.3 Hz, 1H), 6.76 (s, 1H), 6.07 (d, J = 4.9 Hz, 1H), 4.88 (d,
J=16.4Hz, 1H),4.78 (d,J = 143 Hz, 1H), 4.66 (dd, J = 24.7, 16.0 Hz, 2H), 4.37 (d,J = 9.8 Hz,
1H), 3.43 (s, 1H), 2.54 (s, 1H).

3C NMR (151 MHz, CDClL;) 8 173.48, 148.67, 146.78, 143.29, 136.57, 136.08, 135.59, 134.57,
130.01, 129.38, 129.08, 128.88, 128.33, 128.19, 127.80, 127.50, 126.69, 125.85, 125.21, 12501,
123.00, 121.84,77.23,77.01,76.80, 67.10, 54.68, 50.90, 30.81, 29.71, 1.02.

3P NMR (243 MHz, CDCl;) 6 3.49.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C;sHysBrCIN,O,PS]- requires 765.0227;
found 765.0244.
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N-((S)-3-((S5)-6-hydroxy-6-oxidodibenzo|d.f][1,3,2]dioxaphosphepin-4-yl)-1-ox0-1-(1,2,4,5-
tetrahydro-3H-benzo[d]azepin-3-yl)propan-2-yl)-1-methyl-4-nitro-1H-pyrazole-5-
carboxamide (P9). Catalyst P9 was synthesized from 9i using General Procedures 3A and 4A.
Purification was done by normal phase chromatography using 10-40% MeOH/CHxCl: as eluent
(with 0.5% formic acid). P9 was obtained as a beige solid (12% yield over 3 steps).

IH NMR (600 MHz, CDCls) § 9.02 (d, J= 7.9 Hz, 1H), 7.87 (d, J= 9.5 Hz, 1H), 7.53 — 7.37 (m,
4H), 7.32 (q, J = 7.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 1H), 7.18 — 6.90 (m, 7H), 5.70 — 5.48 (m, 1H),
3.92 (dt, J = 13.5, 5.4 Hz, 2H), 3.14 (ddd, J = 30.2, 14.6, 7.4 Hz, 2H), 2.93 (dd, J = 15.6, 8.6 Hz,
1H), 2.79 (td, J = 15.8, 7.3 Hz, 2H).

13C NMR (151 MHz, CDCl3) 6 180.79, 169.92, 157.55, 149.46, 140.60, 139.76, 135.19, 134.95,
134.94, 132.69, 130.17, 130.16, 129.77, 129.39, 128.90, 128.51, 126.75, 126.54, 125.10, 124.93,
121.86, 77.23,77.01, 76.80, 60.40, 49.98, 48.77, 45.98, 37.88, 36.80, 29.71, 14.20.

3P NMR (243 MHz, CDCl3) 6 4.70.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C30H37N2010PS] requires 647.1827; found
647.1826.
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(S)-N,N-didecyl-3-((S)-6-hydroxy-6-oxidodibenzo|d.f][1,3,2]dioxaphosphepin-4-yl)-2-(3-
(phenylthio)propanamido)propenamide (P10). Catalyst P10 was synthesized from 9j using
General Procedures 3A and 4B. Purification was done by reverse phase chromatography using 10—
20% MeOH/CH>Cl; as eluent. P10 was obtained as a yellow solid (43% yield over 3 steps).

'H NMR (400 MHz, CDCl3) 5 8.15 (s, 1H), 7.51 (d, J = 7.3 Hz, 1H), 7.47 — 7.38 (m, 2H), 7.34
(dd, J=12.9, 7.5 Hz, 2H), 7.30 — 7.24 (m, 3H), 7.21 (t, J = 7.5 Hz, 2H), 7.13 (t, J = 7.2 Hz, 1H),
5.30 (q,J = 7.7 Hz, 1H), 3.51 — 3.25 (m, 4H), 3.20 (dt, J = 13.7, 7.6 Hz, 2H), 3.03 (dp, J = 10.4,
5.9 Hz, 2H), 2.52 (t, J = 7.5 Hz, 2H), 1.30 (d, J = 14.3 Hz, 32H), 0.99 — 0.89 (m, 6H).

13C NMR (151 MHz, CDCL) & 172.11, 171.74, 148.71 (d, J = 8.4 Hz), 147.61 (d, J = 8.9 Hz),
135.98, 131.13, 130.27, 129.99, 129.79, 129.72 (d, J = 3.3 Hz), 129.33, 129.31, 129.26, 129.16,
128.97, 126.36, 126.19, 125.90, 122.09 (d, J = 3.9 Hz), 50.30, 48.81, 47.47, 35.85, 32.21, 29.91,
29.89, 29.85, 29.69, 29.67, 29.62, 29.60, 29.56, 29.54, 27.77, 27.35, 27.04, 22.99, 14.43.

31p NMR (400 MHz; CDCl3): § 2.08.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [Cs4Hs3N20sPS] requires 777.4080; found
777.4082.
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P11
N-((S)-1-(diisobutylamino)-3-(($)-6-hydroxy-6-oxidodibenzo|d.f][1,3,2]dioxaphosphepin-4-
yl)-1-oxopropan-2-yl)-4,4-difluorocyclohexane-1-carboxamide (P11). Catalyst P11 was
synthesized from 9k using General Procedures 3B and 4B. Purification was done by reverse phase
chromatography using 10-50% acetonitrile in water as eluent (with 0.1% formic acid). P11 was
obtained as a yellow solid (54% yield over 3 steps and purification).

'H NMR (600 MHz, CDCls) & 7.63 (s, 1H), 7.50 (dd, J = 7.9, 1.6 Hz, 1H), 7.46 (td, J = 5.3, 2.7
Hz, 2H), 7.35 (t, J= 7.1 Hz, 2H), 7.26 (td, J = 8.8, 4.8 Hz, 2H), 5.39 (q, J = 7.8 Hz, 1H), 3.44 (ddd,
J=20.6,13.3, 6.2 Hz, 2H), 3.32 (dd, J = 14.5, 8.5 Hz, 1H), 3.20 (s, 2H), 3.06 (dd, J = 12.8, 7.7
Hz, 1H), 2.20 (q, J = 8.1 Hz, 1H), 2.08 — 1.89 (m, 4H), 1.77 (s, 1H), 1.73 — 1.47 (m, 5H), 1.04 (d,
J=6.6 Hz, 3H), 0.98 (d, J = 6.6 Hz, 3H), 0.88 (t, J = 6.9 Hz, 6H).

13C NMR (151 MHz, CDCl3) & 175.50, 172.39, 147.98, 147.23 (d, J = 9.3 Hz), 130.19, 129.84,
129.43, 126.20, 125.61, 121.69 (d, J = 3.9 Hz), 55.72, 54.16, 49.79, 42.18, 42.08, 32.56 (t, J =
24.5 Hz), 28.28, 28.19, 26.51, 25.56 (d, /= 9.0 Hz), 25.46 (d, J = 8.7 Hz).

F NMR (565 MHz, CDCl3) 6 -93.10 (d, J = 233.0 Hz), -100.79 (d, J = 233.0 Hz).

3P NMR (243 MHz, CDCl3) 8 1.12, 0.75.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C30H33F2N206P] requires 591.2441; found
591.2445.
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Benzyl (4-(((:S)-1-(4-(bis(4-fluorophenyl)methylene)piperidin-1-yl)-3-((S)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)amino)-4-
oxobutyl)(methyl)carbamate (P12). Catalyst P12 was synthesized from 91 using deprotection
General Procedures 3B and 4B. Purification was done by reverse phase chromatography using 10—
50% acetonitrile in water as eluent (with 0.1% formic acid). P12 was obtained as a white solid
(9% yield over 3 steps and purification).

19F NMR (565 MHz, CDCl3) 6 -115.28.
3P NMR (243 MHz, CDCL) § 6.32.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C46H43F2N305P] requires 834.2761; found
834.2772.
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P13

(8)-3-((S)-6-hydroxy-6-oxidodibenzo|d,f][1,3,2]dioxaphosphepin-4-yl)-2-((5-methoxy-2,4-
dimethylphenyl)sulfonamido)-/V,/NV-bis(2-methoxyethyl)propanamide (P13). Catalyst P13 was
synthesized from 9m using deprotection General Procedures 3A and 4B. Purification was done by
normal phase chromatography using 10-50% MeOH/CH2Cl: as eluent (with 0.5% formic acid).
P13 was obtained as a off-white solid (72% yield over 3 steps).

'"H NMR (600 MHz, CDCls) 6 7.49 (dd, J = 7.4, 1.8 Hz, 1H), 7.46 — 7.38 (m, 1H), 7.38 — 7.28 (m, 3H), 7.25
(s, 1H), 7.18 — 6.98 (m, 6H), 6.81 (s, 1H), 4.61 (dd, J = 9.8,4.9 Hz, 1H), 3.86 — 3.75 (m, 1H), 3.72 (s, 3H), 3.57 (d, J
=43 Hz, 1H),3.50 (t,J = 6.5 Hz, 2H), 342 (q, J = 4.5 Hz, 4H), 3.24 (d, J = 5.6 Hz, 6H), 2.19 (s, 3H), 2.15 (s, 3H),
2.10 (s, 1H).

31p NMR (243 MHz, CDCL) § -2.62

HRMS (ESI-/TOF, m/z): Exact mass calculated for [Cs;,H3,N,0,0PS] requires 647.1827; found
647.1826.
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benzyl(4-(((S)-1-(bis(naphthalen-2-ylmethyl)amino)-3-((5)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)amino)-4-
oxobutyl)(methyl)carbamate (P14).

Catalyst P14 was synthesized from 9n using General Procedures 3A and 4A. Purification was done
by reverse phase chromatography using 5—40% acetonitrile in water as eluent (with 0.5% formic
acid). P14 was obtained as a beige foam (45% yield over 3 steps).

IH NMR (600 MHz, CD3CN) 5 8.94 (d, J=97.3 Hz, 1H), 7.97 — 7.66 (m, 7H), 7.60 (s, 1H), 7.45
(ddd, J = 9.6, 6.5, 3.5 Hz, SH), 7.39 (d, J = 8.5 Hz, 1H), 7.35 — 7.19 (m, 9H), 7.16 (d, J = 8.0 Hz,
1H), 6.90 (dd, J= 57.1, 30.9 Hz, 2H), 5.37 (s, 1H), 4.91 (d, J = 60.5 Hz, 4H), 4.78 — 4.56 (m, 2H),
3.66 — 3.32 (m, 2H), 3.04 — 2.87 (m, 1H), 2.92 — 2.67 (m, 2H), 2.58 (s, 2H), 2.51 (s, 2H), 1.60 —
1.38 (m, 3H), 1.27 (s, 3H).

13C NMR (151 MHz, CD3CN) 8 174.62, 173.18, 156.74, 150.62, 149.20, 137.78, 135.51, 135.25,
133.93, 133.89, 133.37, 133.23, 130.45, 129.99, 129.11, 128.95, 128.75, 128.30, 128.24, 128.17,
128.10, 127.07, 126.98, 126.75, 126.71, 126.64, 126.56, 126.40, 125.98, 122.38, 117.89, 67.21,
66.72, 51.36, 49.88, 48.49, 34.37, 33.79, 32.71, 32.23, 30.81, 29.95, 24.14, 23.36, 22.98, 13.97.
3P NMR (243 MHz, CD3CN) 6 5.25.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [CsoH4sN3OsP] requires 846.2963; found
846.2961.
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P15

(8)-2-(2-((18,3S5,5S,7S)-adamantan-2-yl)acetamido)-NV,N-dibutyl-3-((S)-6-hydroxy-6-
oxidodibenzo[d,f][1,3,2]dioxaphosphepin-4-yl)propenamide (P15).

Catalyst P15 was synthesized from 90 using deprotection General Procedures 3A and 4A.
Purification was done by reverse phase chromatography using 10-70% acetonitrile in water as
eluent. P15 was obtained as a white solid (22% yield over 3 steps).

IH NMR (400 MHz, CDCL) & 7.61 — 7.40 (m, 4H), 7.33 (dd, J = 19.9, 7.9 Hz, 3H), 7.21 (d, J =
6.3 Hz, 2H), 5.38 (s, 1H), 3.53 (s, 1H), 3.35 (5, 2H), 3.19 (s, 3H), 2.26 (s, 2H), 1.99 (s, 1H), 1.68
(d, J=34.3 Hz, 8H), 1.58 — 1.12 (m, 16H), 1.06 — 0.71 (m, 8H).

Note: 3C NMR spectrum could not be obtained; poor solubility in all available deuterated
solvents.

3P NMR (400 MHz; CDCl3): 8 1.15.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C3sH47N2O¢P]" requires 621.3099; found
621.3098.
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N-(2-(((S)-1-(4,4-difluoropiperidin-1-yl)-3-((:S)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)amino)-2-oxoethyl)-3-
(trifluoromethyl)benzamide (P16). Catalyst P16 was synthesized from 9p using General
Procedures 3A and 4B. Purification was done by normal phase chromatography using 5-55%
MeOH/CH>Cl; as eluent. P16 was obtained as a yellow solid (23% yield over 3 steps).

13C NMR (151 MHz, CDCL) 5 206.01, 169.53, 168.67, 167.07, 165.45, 164.90, 147.77, 146.63,
133.01, 132.37, 129.68, 129.53, 129.42, 128.93, 128.83, 128.63, 128.32, 128.22, 128.04, 127.91,
127.60, 127.32, 127.07, 124.67, 124.49, 123.52, 123.47, 121.72, 120.57, 120.05, 52.40, 48.63,
42.23,41.53, 40.19, 38.26, 35.69, 32.38, 30.90, 29.90, 28.68, 28.34, 27.21, 27.00, 21.67, 13.09.
19F NMR (376 MHz, CDCl3) 5 -60.83 — -64.53 (m, 3F), -98.24 (brs, 2F).

3P NMR (243 MHz, CDCL)  3.57.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C30H27FsN3O7P] requires 666.1431; found
666.1429.
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N-((S)-1-(4-(bis(4-fluorophenyl)methylene)piperidin-1-yl)-3-((:S)-6-hydroxy-6-
oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)-5-(3-fluorophenyl)-2-
methylthiazole-4-carboxamide (P17). Catalyst P17 was synthesized from 9q using General
Procedures 3B and 4B. Purification was done by reverse phase chromatography using 10-50%
acetonitrile in water as eluent (with 1% formic acid). P17 was obtained as a white solid (17% yield
over 3 steps).

1F NMR (565 MHz, CDCL)  -113.03, -115.50, -115.62.
3IP NMR (243 MHz, CDCl;) 5 4.41.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C44H35F3N306PS] requires 820.1864; found
820.1859.
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Cl

5-(2-chlorophenyl)-NV-((S)-1-(4,4-dimethylpiperidin-1-yl)-3-((S)-6-hydroxy-6-
oxidodibenzo[d,f][1,3,2]dioxaphosphepin-4-yl)-1-oxopropan-2-yl)isoxazole-3-carboxamide
(P18). Catalyst P18 was synthesized from 9r using General Procedures 3A and 4B. Purification
was done by reverse phase chromatography using 20-50% acetonitrile in water as eluent. P18 was
obtained as a yellow foam (64% yield over 3 steps).

IH NMR (600 MHz, CDCls) & 8.17 (s, 1H), 7.73 (s, 1H), 7.54 — 7.05 (m, 14H, solvent), 5.79 (s,
1H), 3.92 — 2.96 (m, 6H), 1.47 — 0.93 (m, 6H), 0.80 (s, 3H), 0.74 (s, 3H).

13C NMR (151 MHz, CDCl3) 6 169.17, 167.76, 158.75, 158.62, 148.71 (d, J = 8.0 Hz), 147.49
(d, J=17.7 Hz), 132.00, 131.79, 130.86, 129.90, 129.75, 129.52, 129.42, 128.97, 128.73, 127.15,
125.80, 125.61, 121.79, 103.97, 48.87, 42.53, 39.08, 38.23, 37.95, 34.05, 29.77, 28.85, 28.29,
26.81.

3P NMR (600 MHz; CDCl3): 8 3.04.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C32H31CIN3O7P] requires 634.1511; found
634.1510.
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P19
(S)-N,N-dibutyl-3-((5)-6-hydroxy-6-oxidodibenzo[d.f][1,3,2]dioxaphosphepin-4-yl)-2-((5-
methoxy-2,4-dimethylphenyl)sulfonamido)propenamide (P19). Catalyst P19 was synthesized
from 9s using General Procedures 3B and 4B. Purification was done by reverse phase
chromatography using 10-50% acetonitrile in water as eluent (with 0.1% formic acid). P19 was
obtained as a white solid (22% yield over 3 steps).

'H NMR (600 MHz, CDCL3) & 8.47 (d, J = 38.2 Hz, 1H), 7.39 (d, J = 6.8 Hz, 2H), 7.27 (d, J =
10.0 Hz, 2H), 7.15 (t, J = 7.0 Hz, 1H), 6.83 (t, J = 6.8 Hz, 1H), 6.72 (d, J = 15.4 Hz, 2H), 4.27 (s,
1H), 3.68 (s, 3H), 3.55 (s, 1H), 3.06 (s, 2H), 3.01 — 2.71 (m, 4H), 2.65 (s, 1H), 2.11 (s, 3H), 2.05
(s, 3H), 1.20 (d, J = 24.1 Hz, 4H), 1.11 — 0.94 (m, 2H), 0.94 — 0.75 (m, 3H), 0.73 (t, J = 6.6 Hz,
3H).

13C NMR (151 MHz, CDCl3) 6 172.08, 155.10, 150.34 (d, J = 8.9 Hz), 148.83 (d, J = 8.5 Hz),
136.13, 134.76, 130.92, 130.62, 129.88, 129.66, 129.02, 128.96, 128.68, 127.95, 124.62, 124.44,
122.55, 110.63, 55.77, 53.21, 47.67, 46.82, 31.19, 29.41, 20.18, 18.64, 16.06, 13.95, 13.85.

3P NMR (243 MHz, CDCl3) 8 5.92.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C32H40N206PS]™ requires 643.2249; found
643.2252.
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P20

(S)-N,N-dibutyl-2-(2-(4-cyanophenoxy)-2-methylpropanamido)-3-((S)-6-hydroxy-6-
oxidodibenzo[d f][1,3,2]dioxaphosphepin-4-yl)propenamide (P20).

Catalyst P20 was synthesized from 9t using deprotection General Procedures 3A and 4A.
Purification was done by reverse phase chromatography using 10-50% acetonitrile in water as
eluent (with 0.1% formic acid). P20 was obtained as a yellow solid (28% yield over 3 steps).

'H NMR (600 MHz, CDCl;) 6 7.43 (d,/J=7.6 Hz, 1H),7.31 (d,J=7.5Hz,3H),7.24 (d,/J=7.6
Hz, 1H),7.20 - 7.03 (m, 4H), 6.69 — 6.48 (m, 2H), 5.13 (s, 1H),3.70 (d,J=16.1 Hz, 1H), 3.16 —
2.77 (m, 2H), 1.34 (s,3H), 1.30 = 0.95 (m, 14H), 0.95 - 0.80 (m, 4H),0.76 (d, J = 7.4 Hz, 3H).

3C NMR (151 MHz, CDCl;) 6 173.58,171.63, 158.64, 149.93, 148 41, 133.10, 130.10, 129.61,

129.52, 129.08, 128.95, 128.11, 12491, 124.74, 121.97, 119.10, 118.77, 104.03, 80.84, 49.28,
47.64,46.47,31.22,29.71,29.28,25.19,24.05, 19.97, 19.85, 13.85, 13.66, 1.02.

3P NMR (243 MHz, CDCl;) o 7.45.

HRMS (ESI-/TOF, m/z): Exact mass calculated for [C;sH3N;O,P] requires 632.2531; found
632.2534.
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V1

(S)-N ,N-dibutyl-2-(cyclopropanesulfonamido)-3-((S)-6-hydroxy-6-

oxidodibenzo[d f][1,3,2]dioxaphosphepin-4-yl)propenamide (V1).

Catalyst V1 was synthesized from 9u using General Procedures 3B and 4B. Purification was
performed using reverse phase chromatography with 10-50% acetonitrile in water as eluent (with
0.1% formic acid). V1 was obtained as an off-white foam (70% yield over 3 steps).

'H NMR (500 MHz, CDCL;) 6 7.49 (d,J=7.7 Hz, 1H), 7.46 — 7.39 (m, 2H), 7.37 — 7.27 (m, 4H),
472 (t,J =74 Hz, 1H), 3.45 — 3.23 (m, 4H), 3.20 — 3.13 (m, 2H), 2.02 (brs, 1H), 1.58 (dp, J =
15.2,7.6 Hz, 1H), 1.49 - 1.13 (m, 8H), 0.98 (d, J = 5.0 Hz, 2H), 0.86 (dt, J = 28.0, 7.4 Hz, 6H),
0.77 - 0.63 (m, 2H).

3C NMR (126 MHz, CDClL;) 6 172.0, 148.4 (d,J = 8.7 Hz), 147.3 (d,J = 8.6 Hz), 131.2, 130.1,
129.7, 1294, 1290 (s, 2C), 128.7, 126.1, 1259, 121.8, 53.4,48.0, 47.1, 334, 31.1, 31.0, 29.7,
29.3,20.1,20.0,13.8,5.7,5 4.

3P NMR (203 MHz, CDCl;) 6 2.69.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [CyH;sN,O,PS+H]* requires 551.1981;
found 551.1985.
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(S)-N ,N-dibutyl-2-((5-chloronaphthalene)-2-sulfonamido)-3-((S)-6-hydroxy-6-
oxidodibenzo[d f][1,3,2]dioxaphosphepin-4-yl)propenamide (V2).

Catalyst V2 was synthesized from 9v using General Procedures 3B and 4B. Purification was done
by reverse phase chromatography using 10-50% acetonitrile in water as eluent (with 0.1% formic
acid). V2 was obtained as a white foam (47% yield over 3 steps).

'H NMR (500 MHz, DMSO) 6 8.79 (d, J = 8.8 Hz, 1H), 8.26 (s 1H), 8.06 (d, J = 8.9 Hz, 1H),
799 (d,J=82Hz, 1H),7.83 (d,J=74Hz, 1H),7.72 (dd,J=9.0, 1.8 Hz, 1H), 7.57 (t,/ =79
Hz, 1H), 747 — 7.39 (m, 2H), 7.31 (t,J = 7.5 Hz, 1H), 7.23 — 7.15 (m, 3H), 6 91 (t,J = 7.6 Hz,
1H),4.43 (td,J =8.8,5.8 Hz, 1H),3.24 - 3.11 (m, 2H), 3.01 — 2.87 (m, 4H), 1.38 — 1.28 (m, 1H),
1.23-1.07 (m,3H), 1.03 -0.87 (m, 4H),0.71 (dt,J =40.2,7.3 Hz, 6H).

3C NMR (126 MHz, DMSO) 6 169.8, 1489 (d,/=9.1 Hz), 147.5 (d,J = 8.8 Hz), 139.4, 133.0,
1314,130.9, 130.6, 129.6,129.4,129.2,128.9 (d,J = 3.5 Hz), 128.8, 128.6, 128.1, 127.5, 127 .2,
125.2,124.8,124.5,1239,121.6,121.5,52.7,46.8,45.4,33.0,30.8,29.0,19.5,19.3,13.7, 13.6.
3P NMR (203 MHz, CDCl;) 6 3.84.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [C3;H3CIN,O,PS+H]* requires 671.1748;
observed 671.1750.
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(S)-N,N-dibutyl-2-((3-chloro-4-methoxyphenyl)sulfonamido)-3-((S)-6-hydroxy-6-
oxidodibenzo[d f][1,3,2]dioxaphosphepin-4-yl)propenamide (V3).

Catalyst V3 was synthesized from 9w using General Procedures 3B and 4B. Purification was done
by reverse phase chromatography using 10-50% acetonitrile in water as eluent (with 0.1% formic
acid). V3 was obtained as a white foam (51% yield over 3 steps).

'H NMR (500 MHz, CDCLy) & 7.61 (d,J = 8.8 Hz, 1H), 7.57 (d,J = 2.3 Hz, 1H), 7.47 (d,J = 7.6,
1H), 7.40 (t, J = 7.4 Hz, 1H), 7.34 — 7.28 (m, 3H), 7.10 — 7.08 (m, 2H), 6.72 (d, J = 8.7 Hz, 1H),
458 —4.52 (m, 1H), 3.78 (s, 3H), 3.39 (dd, J = 14.0,9.5 Hz, 1H), 3.26 — 3.07 (m, 4H), 2.98 (brdd,
J=14.1,6.1 Hz, 1H), 1.53 — 1.40 (m, 1H), 1.38 — 1.23 (m, 5H), 1.17 (h,J = 7.3 Hz, 2H), 0.85 (dt,
J=375,73 Hz, 6H).

3C NMR (126 MHz, CDCl;) 6 171.2,157.8, 148.5 (d, /= 8.9 Hz), 147.0 (d, J = 8.5 Hz), 132.9,
1310, 1300, 129.6, 129.1, 128.9, 128 .8, 128.6, 128 4 (d, J = 4.1 Hz), 127.5, 1259, 125 .5, 122.6,
121.7(d,J=4.1Hz),111.5,56.3,53.2,479,46.9,33.3,31.0,29.3,20.1,19.9, 13.81, 13.75.

3P NMR (203 MHz, CDCl;) 6 3.57.

HRMS (ESI+/TOF, m/z): Exact mass calculated for [Cs;, H3;CIN,OsPS+H]* requires 651.1697;
observed 651.1705.
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7.2.8. Enantiopurity Considerations

The initial route design was validated to show no racemization during the Negishi coupling or the
installation of the amide groups. Additionally, the free amine backbone was re-protected abd

analyzed to show that no racemization occurred during storage.

A) Negishi Coupling and Backbone
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B) Sulfonamide Coupling
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C) EDC-HOBt Coupling
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D) Saponification and DEPBT Coupling
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F) Experiments to assess the risks of enantio-erosion during phosphorylation

We hoped to attain racemic or scalemic samples of intermediates 9 for HPLC analysis by using
a strong base (DBU, pKa(DBU-H*)= 12 vs Pyridinium pKa= 5.2). We were pleased to find that
even under forcing conditions and a large excess of base, the intermediates tested did not suffer
much or any racemization. The same lack of erosion of the enantiopurity was observed when
precursors 9 or deprotected biphenol intermediates S2 were stirred in neat pyridine at elevated

temperature.

i.  Attempt to racemize precursors 9 with 3 equiv. DBU, room temperature, 14 hours
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cWe)y

o]

b

I OMOE
! OMOE

0,0

N
oMy ©
DBU (10 equiv.) 0
THF, 55°C, 14 h C OMOE

! OMOE

0.25
PDA Spectrum PDAFQSA 0 nm (PDA Spectrum (210-400)nm)
0.20- \
o)
0.15 [~ |
0.104 [ o
[ =
0.05 | ' o
0 00-‘—‘“"1 - z R DN e ———
Retention | % Area L 2
16.577 93.99 o 69430
19.162 6.01 ] | ’
o o L b L L
Anav
P =
Me. 0.06: ‘.\\
5 NN
0.02: N 2707
O o v D 3559 A Ll
OMOE Apes

220,00240,00260, 00280 00300, 00320,00340,00360.00 380,00

9i- DBU (10 equiv.)
CEL-I, MeOH grad 5-10% over 20 min

251



iii.  Precursors S2 in pyridine, 55 °C, 14 hours
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7.3. Reaction Screening

7.3.3. Transfer Hydrogenation of 8-Aminoquinoline 1

i. Substrate Synthesis and Characterization

Q\/N\:Lnne 1-(2-methylquinolin-8-yl)-3-phenylurea (1) was synthesized according to
O, Shugrue et al. on 6.32 mmol scale.” The product was obtained in 73% yield
o NH (1.29 g, 4.67 mmol) as a white solid.

"H NMR (500 MHz, CDCl;) & 9.46 (s, 1H),8.56 (d,J=7.7,1.3 Hz, 1H), 8.02 (d,J =8 4 Hz, 1H),
751-743 (m,3H),7.39 (t,] =8.0,14Hz,3H),7.33-7.24 (m,2H),7.17 (t,] =7.4,1.3 Hz, 1H),
6.78 (brs, 1H), 2.67 (d,J = 1.2 Hz, 3H).

3C NMR (126 MHz, CDCl;) & 157.0, 152.9, 138.3, 136.7, 134.7, 129.5, 126.7, 126.2, 124 4,
122.4,121.6, 120.1, 115.3, 25.2. Experimental data correspond with literature description of the
compound.?

ii. Screening Procedure

X

NZ “Me Catalyst (10 mol %) N~ “Me
H
2

OYNH 1 HEH (4.0 equiv) OYNH
orNH CHyCly, 1t prNH

To a flame-dried half dram vial charged with a magnetic stir bar was added (1)(1 equiv.,
0.025 mmol) and Catalyst (0.1 equiv., 0.0025 mmol). The mixture was dissolved in dry CH,Cl,
(0.2mL,0.125 M), proceeded by the addition Hantzsch Ester-Hydride (HEH, 4 equiv., 0.1 mmol).
The vial was sealed with a Teflon-cap and further secured with electrical tape. The reaction mixture
was stirred vigorously for 16 h and quenched with the addition of ammonium chloride (2 mL) and
diluted with CH,Cl, (5 mL). The organics were separated, and the aqueous layer was extracted
once more with CH,Cl, (10 mL). The combined organics were dried over sodium sulfate, filtered,
and concentrated to yield crude product 10 as an off-white solid. The resulting crude mixture was
used to determine conversion using 'H NMR. The sample was then purified via preparative TLC
before determining enantiomeric ratio via SFC (CEL 1 column, 10% IPA; retention times: 9.4 min
(minor), 11.2 min (major)). Racemic sample prepared using diphenylphosphate as a control
catalyst and obtained in 96% as an off-white solid.

'H NMR (500 MHz, CDCl;) & 7.37 — 7.29 (m, 2H), 7.31 — 7.22 (m, 2H), 7.07 — 6.98 (m, 2H),
6.94 (d,J =79 Hz, 2H), 6.63 (t,J = 7.6 Hz, 1H), 6.52 (brs, 1H), 4.12 (brs, J = 7.2 Hz, 1H), 3.45
-3.35(m, 1H),2.91 -2.73 (m,2H), 1.99 - 1.90 (m, 1H), 1.62 - 1.50 (m, 1H), 1.21 (d,/=64,1.4
Hz, 3H).

3C NMR (126 MHz, CDCl;) & 155.0, 140.7, 138.3, 1289, 128.4, 1254, 123.4, 1232, 119.9,

117.0,47.3,29.6,26.6,22.5, 14.2. Experimental data correspond with literature description of the
compound.?
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iii. Screening Results

Table S 3: Full Training Set Screening Data for Transfer Hydrogenation.

@(j Catalyst (10 mol %)

Z HEH (4.0 equiv) “

N™ "Me CH,Cly, 1t ” Me
Os_NH O~ _NH
ol o
Ph” F’h’NH

Transfer Hydrogenation®

Catalyst % yield® er®
P1 39 50.5:49.5
P2 71 91.5:8.5
P3 73 50.5:49.5
P4c 89 77.5:22.5
P5 76 49.5:50.5
P6 74 50.5:49.5
P7 81 57:43
P8 71 87.5:12.5
P9 48 77:23
P10 71 50:50
P11 71 50:50
P12 58 52:48
P13¢ 69 85:15
P14¢ 63 50:50
P15 77 49.5:50.5
P16 77 59.5:40.5
P17¢ 65 77:23
P18 54 52.5:47.5
P19 83 93.5:6.5
P20 75 68:32
Validation Set
V1 97 90:10
V2 98 92.5:7.5
V3 97 95:5

?Conditions: 1 (0.025 mmol), Hantzsch Ester Hydride (HEH, 0.1 mmol), catalyst (10 mol%), CH:Cl, (0.25
mL) for 18 h in a sealed half dram vial. Representative selection of catalysts from training set. ®Yields
determined using NMR. Selectivity analyzed using chiral SFC. “Selectivities for catalysts with < 5% yield
not obtained.
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Representative SFC Traces
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i.3.2. Atroposelective Cyclodehydration

i.  Substrate Synthesis and Characterization

FaCYO N-(4-(tert-butyl)-2-iodophenyl)-2,2,2-trifluoroacetamide (S3). A 100 mL
HN round-bottom flask equipped with a magnetic stir bar was charged with CH>Cl»
D\ (40 mL, 0.1 M), and 4-(tert-butyl)-2-iodoaniline (1.86 g, 6.76 mmol, 1.0 equiv.)
' £BUand cooled to 0 °C. To this stirring solution were subsequently added Et;N
(1.02 g, 1.41 mL, 10.1 mmol, 1.5 equiv.) and TFA20 (1.70 g, 1.13 mL, 8.11 mmol, 1.2 equiv.).
The reaction mixture was allowed to warm to room temperature and stirred for 12 hours. Upon
completion of the reaction as monitored by TLC, the crude mixture was diluted with CH>Cl, and
quenched with aq. Sat. NH4Cl. The aqueous layer was extracted with CH>Cl, (3 x 20 mL). The
collected organic fractions were dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by flash column chromatography using 30% CH>Clo/Hexanes as mobile phase to
afford the title compound as an orange solid (4.8 g, 90 % yield). 'H NMR (400 MHz, Chloroform-
d) 6 8.21 (s, 1H), 8.08 (d, /= 8.6 Hz, 1H), 7.81 (d, J=2.1 Hz, 1H), 7.43 (dd, J = 8.6, 2.1 Hz, 1H),
1.31 (s, 9H). BC NMR (151 MHz, Chloroform-d) & 154.73 (q, J = 37.5 Hz), 151.51, 136.10,
133.11, 126.69, 121.87, 115.68 (q, J = 288.7 Hz), 90.67, 34.53, 31.08. ’F NMR (565 MHz,
Chloroform-d) & -75.77. Experimental data correspond with literature description of the
compound.?!

F3C 0 N-(4-(tert-butyl)-2-(napthalen-1-ylamino)-phenyl)-2,2,2-
HN trifluoroacetamide (10). An oven-dried, three-necked 250 mL flask was
D\ charged with 1-naphthylamine (2.0 g, 16 mmol, 2.0 equiv.) in MeCN/DMF

HN tBu(2:1,30 mL, 0.2 M), and placed under inert atmosphere by freeze-pump-thaw
(three times). Under a positive atmosphere of nitrogen, Cul (152 mg, 0.8
mmol, 10 mol%), 2,2’-bisphenol (150 mg, 0.8 mmol, 10 mol%), K3PO4 (4.0

g, 20 mmol, 2.2 equiv.), and N-(4-tert-butyl)-2-iodophenyl)-2,2,2-
trifluoroacetamide (S3) (3.0 g, 8.0 mmol, 1.0 equiv.) were added. The flask was left under nitrogen
and heated to 60 °C for 14 hours. The crude mixture was allowed to cool to room temperature,
diluted with EtOAc and quenched with sat. aq. NaHCO3. The aqueous layer was extracted three
times with EtOAc. The combined layers were dried over Na;SO4 and concentrated in vacuo. The
crude product was purified by flash column chromatography on normal phase silica gel using 10%
EtOAc/Hexanes as mobile phase to afford the title compound as a pink powder (800 mg, 26 %).
'"H NMR (400 MHz; CDCls): 8 8.32 (s, 1H), 8.03 (dd, J= 6.9, 3.3 Hz, 2H), 7.92 — 7.85 (m, 1H),
7.60 — 7.52 (m, 2H), 7.48 (d, J = 8.1 Hz, 1H), 7.34 — 7.25 (m, 2H), 7.24 (d, J = 2.2 Hz, 1H), 6.60
(dd, J=17.6, 1.1 Hz, 1H), 5.87 (s, 1H), 1.39 — 1.30 (m, 1H), 1.26 — 1.19 (m, 1H). 13C NMR (151
MHz; CDCls): 8 155.1, 154.9, 150.9, 140.0, 134.6, 133.5, 128.9, 127.3, 126.3, 126.3, 126.1, 125.9,
125.1,124.6, 122.7,122.2,123.0, 121.8, 120.5, 120.3, 110.9, 34.7, 31.4,31.3, 31.2, 31.1, 30.9. ¥F
NMR (400 MHz; CDCI3): 6 —74.8 (3F). Experimental data correspond with literature description
of the compound.?!
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i. ~ Racemic Sample Preparation

N (rac)-6-(tert-Butyl)-1-(naphthalen-1-yl)-2-(trifluoromethycl)-1H-
FoC— D\ benzo|d]imidazole (11). An oven-dried 8 mL vial equipped with a magnetic
N tBu stir bar was charged with  N-(4-(tert-Butyl)-2-(naphthalen-1-
ylamino)phenyl)-2,2,2-trifluoroacetamide (8 mg, 0.02 mmol, 1.0 equiv.) and
OO 100 pL of anhydrous toluene. A stock solution of phosphoric acid was
prepared by diluting H3PO4 (0.4 g, 20 pL, 0.4 mmol) in anhydrous toluene
(10 mL). 100 uL of the prepared phosphoric acid solution were syringed in the reaction vial (final
concentration of phosphoric acid 0.4 mg, 4 pmol, 20 mol%; final concentration of the substrate in
toluene 0.1 M). The vial was sealed with parafilm and heated to 60 °C for 8 hours. The crude
product mixture was passed through a plug of silica in a Pasteur pipette and flushed with toluene,
and concentrated to obtain the desired product in 98 % yield. 'TH NMR (600 MHz, CDCl3) § 8.11
(d, J=8.3 Hz, 1H), 8.02 (d, /= 8.4 Hz, 1H), 7.93 (d, /= 8.7 Hz, 1H), 7.70 — 7.55 (m, 4H), 7.52
(dd, /= 8.8, 1.8 Hz, 1H), 7.48 — 7.41 (m, 1H), 7.12 (d, J = 8.5 Hz, 1H), 6.81 (d, J= 1.5 Hz, 1H),
1.23 (s, 7H). 3C NMR (151 MHz, CDCl3) § 150.00, 141.52, 138.70, 138.00, 137.67, 134.26,
130.80, 130.71, 130.28, 128.45, 127.78, 127.11, 126.58, 125.32, 122.61, 122.21, 120.77, 119.90,
116.08,107.23,35.18,31.53.’F NMR (565 MHz, CDCl5) § -61.48. Experimental data correspond
with literature description of the compound.?

Enantiomeric excess of the product was determined by chiral HPLC analysis: DAICEL
CHIRALCEL® AD-H, ¢ 0.46 x 25 cm, hexane:'PrOH = 96:04, 0.5 mL/min, 254 nm, tz (1) =6.52
min, tz (2) = 7.92 min. An example HPLC trace below shows the ratio of the enantiomers of the
products.

fii. Screening Procedure

F3CYO
N
! L
Catalyst (10 mol %) N t-B
t-Bu toluene, 60 °C

An oven-dried 8 mL vial equipped with a magnetic stir bar was charged with the substrate N-(4-
(tert-butyl)-2-(napthalen-1-ylamino)-phenyl)-2,2,2-trifluoroacetamide (8 mg, 0.020 mmol, 1.0
equiv) and flexible chiral phosphoric acid catalyst (0.0020 mmol, 0.10 equiv). The reagents were
subsequently dissolved in toluene (0.20 mL, 0.10 M). The vial was sealed with parafilm and
electrical tape and heated to 60 °C for 24 h. The crude reaction mixtures were cooled down to room
temperature and concentrated. Analysis by "F NMR was obtained after addition of o,a,0-
trifluorotoluene (1.0 equiv) as a stock solution in CDCI; for internal standard. The samples were
then purified by preparatory TLC in 100 % toluene to isolate the desired product. The latter was
dissolved in 10% isopropanol/hexanes for HPLC analysis. A sample HPLC trace below shows the
separation of the two enantiomers when P2 was used.

u
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iv.  Screening Results

Table S 4: Selectivity Data for Atroposelective Cyclodehydration.

FACo N
Yy

N
(?-| :©\ Catalyst (10 mol %) FSC_</ D\
N tBu ————— N

toluene, 60 °C +Bu
Atroposelective Cyclodehydration®
Catalyst % yield® er®
P1 78 48:52
P2 83 67:33
P3 35 48.5:51.5
P4 51 87.5:12.5¢
P5 30 48.5:51.5
P6 65 48.5:51.5
P7 95 62.5:37.5
P8 79 67:33
P9 83 62:38
P10 80 48:52
P11 80 48.5:51.5
P12 66 50:50
P13 5 57:43
P14 8 50:50
P15 50 48:52
P16 27 54:46
P17 6 64:36
P18 77 51.5:48.5
P19 82 71:29
P20 95 70:30

2Conditions: substrate (0.025 mmol), catalyst (10 mol%), in toluene at 60 °C for 14 h in a sealed 4 mL vial.
Representative selection of catalysts from training set. °Yields determined using '"F NMR. Selectivity
analyzed using chiral HPLC. “Selectivities for catalysts with < 5% yield not obtained. ¢ Removed from
modeling.
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Representative HPLC Traces
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7.3.3. Oxetane Desymmetrization

i.  Substrate Synthesis and Characterization

0 2-((3-isopropyloxetan-3-yl)oxy)ethan-1-ol (12) was synthesized from ethyl 2-
((3-isopropyloxetan-3-yl)oxy)acetate on 2.3 mmol scale according to Yang et
S& al, yielding a colorless oil (81% yield, 300 mg, 1.87 mmol).?}
_/—O i-Pr
HO TH NMR (500 MHz, CDCI3) & 4.66 (d, J = 7.1 Hz, 2H), 4.50 (d, J = 7.1 Hz,
2H), 3.78 — 3.73 (m, 2H), 3.61 (t, J = 4.3 Hz, 2H), 2.21 — 1.93 (m, 2H), 0.97 (dd, J = 6.8, 1.4 Hz,
6H).

13C NMR (126 MHz, CDCI3) & 82.1, 77.7, 64.3, 62.2, 31.7, 16.2. Experimental data correspond
with literature description of the compound.??

ii. ~Screening Procedure

O
Catalyst (10 mol %) - [Ol /OH
o/ O P O™ Npr
12 13

To a flame-dried half dram vial charged with a magnetic stir bar was added Catalyst (0.1
equiv., .0025 mmol). Oxetane (12) (1.0 equiv., 0.025 mmol) dissolved in dichloroethane (DCE,
0.25 mL, 0.1 M) was then added to the vial via syringe. The vial was sealed with a Teflon-cap and
further secured with electrical tape. The reaction mixture was stirred for 16 hour at room
temperature and concentrated to afford crude 13. This mixture was dissolved in diethyl ether
(Et20) and passed through a silica plug to remove catalyst and afford crude 13 as a colorless oil.
The crude mixture was dissolved in CDCIs to determine conversion using 'H NMR. The sample
was then derivatized using TEA (1 equiv., 0.025 mmol) and 4-nitrobenzoyl chloride (2 equiv, 0.05
mmol) to provide a UV-active sample for determination of enantiomeric ratio. The resulting
derivatized dioxane was purified via preparative TLC (25% EtOAc/Hexanes) before determining
enantiomeric ratio via SFC (CEL 2 column 3% IPA, 2.0 mL/min; retention times: 2.3 min (major),
2.5 (minor). Racemic sample prepared using diphenylphosphate as a catalyst and obtained in 95%
yield as a colorless oil.

IH NMR (500 MHz, CDCls) & 3.80 — 3.72 (m, 2H), 3.72 — 3.58 (m, 6H), 2.35 (hept, J = 7.0 Hz,
1H), 1.89 (t, J = 5.9 Hz, 1H), 0.92 (dd, J = 12.0, 7.1 Hz, 6H).

13C NMR (126 MHz, CDCls) § 75.5, 67.7, 66.6, 60.7, 60.2, 28.6, 16.9, 16.2. Experimental data
correspond with literature description of the compound.?
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i. Screening Results

Table S 5: Selectivity Data for Oxetane Desymmetrization.
o)

Catalyst (10 mol %) [Ol /OH
HO—/_O i-Pr DCE, rt O™ pr
12 13
Oxetane Desymmetrization®

Catalyst % yield® er®
P1 98 50:50
P2 96 71:28
P3 20 51:49
P4 4¢ -
P5 24 50.5:49.5
P6 27 50.5:49.5
P7 23 49.5:50.5
P8 100 74:26
P9 100 57.5:42.5
P10 80 50:50
P11 86 50:50
P12 69 51:49
P13 0° -
P14 0 -
P15 12 50:50
P16 18 53.5:46.5
P17 0° -
P18 33 50.5:49.5
P19 100 73:27
P20 34 67:33

2Conditions: substrate (0.025 mmol), catalyst (10 mol%), DCE (0.25 mL) for 18 h in a sealed 4 mL vial.
Representative selection of catalysts from training set. °Yields determined using 'H NMR. Selectivity
analyzed using chiral SFC. “Selectivities for catalysts with < 5% yield not obtained.
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iii.

Representative SFC Traces
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7.4. Computational Details

7.4.1. General Computational Methods

Conformational ensembles were gathered through conformational searching using
Macromodel (part of the Schrodinger Suite) and the OPLS3e (v. 11.8)** or OPLS4 (release 2022-
1)?* force field (10,000 steps, 5 kcal/mol energy window).262” Conformational clustering was
employed using the minimum Kelley Penalty score to select the optimal number of conformers
per catalyst as implemented in Macromodel.?® Next, each conformer was optimized in the gas-
phase with PW6B95D3(BJ)/6-31+(d,p) using Gaussian 16 (Revision C.01). Single point
calculations were run with PW6B95D3/cc-pVTZ. Optimized geometries were verified by
frequency computations as minima (zero imaginary frequencies) and parameters were acquired
from these ground state structures. NBO charges were calculated using NBO 3.1 at the
PW6B95D3(BJ)/cc-pVTZ level .2 ChelpG and Hirshfield charges were computed as implemented
in Gaussian 16 at the PW6B95D3/cc-pVTZ level. NMR computations were calculated at the
PW6B95D3(BJ)/cc-pVTZ level using the GIAO method.*° Triple-zeta energy corrections were
computed using Paton GoodVibes (v3.0.0).%! Buried volumes and Sterimol values were calculated
using Paton’s DBSTEP package.*’> All synthesized catalysts were built in-silico as the
corresponding truncated catalyst phosphate (note: backbone dihedral not fixed during
conformational searching or optimization to allow for interconversion of the tropaxis).*?
Classification of selective vs. non-selective catalysts was accomplished using a previously
disclosed in-house univariate classification algorithm..3* Statistical modeling was performed using
an in-house python modeling script using the forward-stepwise regression algorithm as
implemented in the scikit-learn package.

7.4.2. Computational Training Set Design Workflow

Our initial goal was to develop a diverse library of catalyst candidates that could serve as
a representative selection from the chemical space accessible to the adaptive catalyst scaffold.
Incorporating data science from the outset of training set design, it was hypothesized diversity of
catalyst structure would provide diversity of reaction output.®> Since the scaffold was designed
with two positions of modularity, different acid and amine fragments could be combined and
incorporated into the scaffold via successive amide couplings.

This proved ideal for a combinatorial training set design strategy, and a systematic
workflow for training set design was implemented. Exploration of chemical space for the adaptive
scaffold began by identifying all commercially available carboxylic acids, sulfonyl chlorides, and
secondary amines (pre-processing). The search was limited to compounds available through
MilliporeSigma as identified using Reaxys. Fragments bearing chiral centers or functional groups
incompatible with the synthetic route (including primary amines, fragments containing multiple
secondary amines, carboxylic acids, thiols, azides, boronic acids/esters, etc.) were removed using
substructure matching implemented within RDKit.?¢ Lastly, the molecular weight of any
individual fragment was restricted to 300 g/mol. Note: In preliminary catalyst testing, using
unsymmetrical secondary amines as the second coupling partner resulted in unresolved tertiary
amide rotamers observed via NMR. Thus, only symmetrical amines were considered when
developing accessible chemical space.
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Combinatorial Training Set Design

A)  Retrosynthetic analysis of the adaptive scaffold shows potential for combinatorial design strategy.

B) Pre-processing) Fragment search performed using Reaxys; library was filtered by route compatibility. Step I) After curation, 2D
and 3D QSAR parameters were calculated for each fragment. Clustering (k-means) was employed to reduce acid library to 615
potential fragments. Step Il) Catalyst candidates were represented as combinations of fragment parameters. Step lll) Each
remaining fragment combination was used to build the final candidate library in-silico, providing a selection of 1094 catalysts.
Each catalyst was optimized using molecular mechanics and computed at the DFT level (M06-2X/def2-TZVP). Step IV) Full
catalyst descriptors were combined with fragment descriptors and subjected to principal component analysis (PCA). A final
round of clustering (k=30) was employed to select the final training set.

Ultimately, this pre-processing step resulted in 6,153 fragment possibilities for the acid
substituent, and 89 possible symmetrical secondary amines for the tertiary amide position (547,617
possible combinations). At this stage, 2D and 3D QSAR descriptors (Mordred) were calculated
for both fragment libraries.”” However, to mitigate computational cost and avoid a combinatorial
explosion, the acid fragment database was curated using k-means clustering.®® The number of
clusters (k) was selected such that 10% of the total possible acid candidates would be retained,
resulting in 615 potential fragments (Step I, 54,735 possible combinations). From this truncated
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fragment library, further curation was still necessary to enable acquisition of DFT descriptors from
the full catalyst scaffold. Representing each candidate as a combination of acid and amine
descriptors, two percent of the remaining combinations were selected for further evaluation
through k-means clustering, resulting in 1094 structures (Step II). Each candidate was optimized
using molecular mechanics and single point energy calculations at the DFT level (M06-2X/def2-
TZVP) were performed to enable descriptor acquisition (Step III).*“° To define PC space for the
final clustering of these candidate structures, 91 descriptors were used (67 from the entire catalyst
scaffold, along with 18 and 12 each from acid and amine fragments, respectively).

From this set of 1094 catalysts, a training set of thirty catalysts was selected through cluster
analysis. We reasoned k=30 to be an acceptable tradeoff between computational cost and synthetic
workload while providing enough data to employ statistical modeling techniques to guide further
scaffold optimization. To ensure that synthetically challenging, chemically unstable, or costly
catalysts were avoided, one catalyst from each cluster was selected based on chemical intuition.
However, several of the clusters were deemed ‘synthetically inaccessible’ due to route
compatibility issues, cost, or synthetic accessibility. Thus, the final synthesized training set was
reduced to 20 catalysts (one from 20/30 clusters).

EtO\L J/OEt O
N

3y Me0\©\ /©/OM6 j:F3
N FsC N N

Cluster 02 Cluster 04 Cluster 11 Cluster 14

NBoc

Representative Inaccessible Cluster Selections

Several clusters contained catalysts with synthetically inaccessible fragment combinations. Diarylamines and highly electron deficient
amines were incompatible as tertiary amide coupling partners (Cluster 04, Cluster 11). Several additional functional groups were
manually filtered (e.g. Boc-protecting groups, labile ethers) due to incompatibilities with the MOE deprotection step.

7.4.3. Catalyst Parameters

All catalyst parameters calculated are reported in the accompanying spreadsheets. The
descriptor set used to develop the initial chemical space of 1094 candidates is also disclosed.
Catalyst descriptors were collected using the catalyst model below as a guide. Global catalyst
properties calculated include dipole, frontier molecular orbitals (HOMO/LUMO), polarizability,
and quadrupole. Partial charges (Hirshfield, CMS5, ChelpG), natural atomic orbitals (NBOs), and
NMR shifts were calculated for various atoms on each catalyst conformer, with an emphasis on
the phosphate and the two positions of modularity. NMR values and NBO charges are known to
be useful parameters for describing electronic and steric features.*! ChelpG partial charges have
been demonstrated to be robust and useful descriptors in numerous contexts, including transition
state analysis, heterogenous catalysis, and organocatalysis, and are among the most robust partial
charge measurements.**** The dihedral of the scaffold is defined below (blue bonds, absolute value
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used). Sterimol and buried volumes were computed at various points on the catalyst with an
emphasis on the two modular arms and phosphate. DFT conformer energies were used to compute
Boltzmann weighted descriptors for each catalyst conformational ensemble. Maximum, minimum,
and lowest energy DFT conformer properties were also acquired.

OO

A0

O
~ 07 "0~
Parameters Discussed in Manuscript
ChelpG O,R, Hirshfield Charge N, ChelpG O, Phos
Boltzmann Average Lowest Energy Conformer Minimum Value
Backbone Dihedral Buried Volume (5 f&) Hirshfield Charge H,
Maximum Value Maximum Value Lowest Energy Conformer
NBO O; NMR N, Reaction Classification
Boltzmann Average Maximum Value TH=0,ATR=1,0X=2

7.4.4. Model Development

Experimental AAG* values were calculated using Equation S1 where R is the gas constant (in
kcal/mol), T is temperature (in Kelvin), and er is the enantiomeric ratio. Statistical modeling was
performed using an in-house python script using the forward-stepwise regression algorithm as
implemented in the scikit-learn package to obtain predicted AAG* values. Forward stepwise linear
regression was employed for model development and selection; collinear parameters were
removed, defined by 0.4 collinear criteria.*> Normalized parameters were employed using the
StandardScaler implemented in scikit-learn such that the coefficients reflect the relative
importance of each descriptor.

AAG* = —RTIn(er) (Equation S1)
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7.4.5. Model Validation: Transfer Hydrogenation of 8-aminoquinoline 1

The transfer hydrogenation model was validated using external validation techniques. Due
to the small dataset of selective catalysts (11), all catalysts were used to train the initial model.
Thus, external validation was necessary and provided an opportunity to extrapolate to a better
performing catalyst. Three sulfonamide catalysts were selected as validation catalysts by revisiting
the initial chemical space of 1094 candidates. Predicted AAG* values were computed for each
validation catalyst revealing two interpolations and a predicted extrapolation. After screening the
validation catalysts in the transfer hydrogenation, three metrics were used to evaluate the statistical
model: mean average error (MAE) of the validation set predictions, Test R?, and the relative
orderings of each prediction. Analyzing these metrics, the Test R? = 0.98 (close to 1.00) which
indicates a good fit with the initial regression line. The test MAE was found to be 0.08 kcal/mol,
and all predictions were within 0.15 kcal/mol of the experimental selectivity values. Finally, the
relative order of each prediction was accurate. Taken together, these evaluation metrics provide
evidence that the initial model is robust and not overfit to the initial training data.

7.4.6. Model Validation: Global Three-Reaction Statistical Model

The three-reaction statistical model including the transfer hydrogenation, atroposelective
cyclodehydration, and oxetane desymmetrization was generated using the same forward-stepwise
modeling approach. After global classification, 11 catalysts were predicted to be active for each
transformation (33 total data points). Opting to cross-validate this model, the data set was
partitioned into a training set (TS) and validation set (VS) with a 70:30 split (TS:VS) using the
random function implemented in scikit-learn. After using a simple classifier term to differentiate
reactions (0,1,2), a three-parameter model with good statistics was revealed (Test R = 0.83, Train
MAE = 0.16 kcal/mol, Train k-fold = 0.74). To evaluate this model, we then analyzed the
validation set metrics. Satisfactorily, the validation set was predicted with a high degree of
accuracy (Test R?=0.87, Test MAE = 0.14 kcal/mol). This analysis demonstrates the global model
is indeed competent at predictions across all three reactions
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7.5. Supplemental Figures
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Threshold
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Figure S 2 : Trends for classification of selective vs non-selective catalysts

Univariate classification of training set performance in the transfer hydrogenation reaction
produced no misclassifications (ChelpG Or1). Sulfonamide catalysts calculated as an average
partial charge across both oxygens. Alkyl-bearing fragments at the secondary amide position led
to non-selective catalysts (P10). Analysis of charges for distal H-bonding catalysts also led to
correct classification (P12, P5). Interestingly, P16 bears a distal H-bonding site but is correctly
classified as selective. Due to distal H-bonding with the phosphate, PS and P12 do not display
conformations that adopt the observed N—H/P=0 hydrogen bonding network present in other
amide catalysts.

weaker CH-++O interaction dual network with N—H single CH-++O interaction

Figure S 3 : Title Hydrogen bonding network observed in sulfonamide catalysts P13, P19, and
V2.

Visualization of the three observed H-bonding networks within the sulfonamide subclass
of catalysts. Catalysts P13 and V2 discussed in text. Catalyst P19 bears unique dual H-bonding
network both (CH—O and NH—O), resulting in a lower overall CH—O interaction length. All
three networks provide an opportunity for the relay of chiral information to the phosphate and, in
turn, substrate. All seven sulfonamide catalysts tested preferentially adopt conformations bearing
one of the three H-bonding networks classified above.
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Figure S 4 : Title of Univariate N—H bond length vs selectivity for amide catalysts

Correlation between Hirshfield charge (N;) and H-bond distance (A) across the seven
tested selective amide catalysts (post-classification). Strong univariate trend provides evidence the
Hirshfield charge on N; impacts the nature of the intramolecular H-bonding network between the
N—H and P=0 (and strength of the H-bonding interaction). This trend suggests amide catalysts
bearing a shorter H-bond between the N—H and P=O are more selective. The more positive the
Hirsh N; becomes, the less selective the catalyst. This correlation could provide an avenue for
tuning the amide catalysts through changing the nature of the substitution at the secondary amide
position to achieve more effective chirality transfer to substrate through lowering the Hirsh N
charge and reinforcing the H-bonding network.
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Figure S5 : Univariate NBO O(P3) vs dihedral angle of the chiral pocket

Correlation between the NBO Os (global MLR model) and the catalyst backbone dihedral
(width of the chiral pocket). Classification of non-selective catalysts using ChelpG O; performed
prior to producing correlation. NBO charge at the O3 position is heavily influenced by the dihedral
angle of the chiral pocket. As the dihedral angle of the pocket increases, more torsion is placed on
the upper internal oxygen, resulting in a more negative NBO charge. Due to the high coefficient
weighting of the NBO O3 term in the global MLR model, this suggests catalysts with wider chiral
pockets provide more selective catalysts.
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Chapter 3

Aiming for regioselectivity in the synthesis of N-Methyl Pyrazoles

The work presented hereafter was performed collaboratively between the Toste group at UC
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l. Introduction
1.1.  The importance of N-containing heterocycles

Nitrogen-containing heterocyclic compounds are abundant in nature and biological
systems, and have been critical structures in medicinal chemistry due to their bioactivity. As of
2020, it was estimated that over 75% of FDA-approved drug compounds contained one or more
nitrogen-containing heterocyclic motif.! The particular interest in medicinal chemistry for these
moieties is well-founded, as a vast number of compounds have proved potent in a wide range of
pharmacological applications ranging from anti-cancer drugs, anti-malarial and anti-microbial
treatments, and diabetes drugs.>*

The electron-rich character of nitrogen often gives these moieties the ability to act as bases
and partake in a variety of non-covalent interactions such as hydrogen bonding with desired
biological targets, thereby improving compounds’ solubility, bioavailability, and binding with the
target.* Five-membered heterocycles in particular are well-known bioactive motifs, but can often
represent a synthetic challenge, thereby limiting their incorporation in drug candidates. Within the
nomenclature of five-membered, nitrogen-containing heterocycles (Figure 1), pyrazoles have
shown much promise as medicinal chemistry fragments®>® as well as for applications in the
agrochemical industry® and novel materials.!%-!> However, significant challenges in the selective
synthesis of substituted pyrazole, both at nitrogen and carbon, are still prohibitive for their
widespread inclusion in candidate screenings.

A. N-Containing Heterocycles

X X= CH, (piperidine) I\ X= CH, (pyrrolidine) i X X=CH (pyrrole) X\ X= CH (pyridine) /R X= CH (pyrrole)
[ j O (morpholine) HN\/X O (oxazoline) (» O (oxazole) [ ] N (pyrazine) C\N O (isoxazole)
NH, (piperazine) NH, (imidazolidine) ” N (imidazole) N/ X NH (pyrazole)

H S (thiomorpholine) S (thiazolidine) S (thiazole) S (isothiazole)

contain N-X bonds

B. Pyrazole-containing drug compounds
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CFTR membrane regulator CB, receptor inverse agonist US6291505B1 WO2019108591A1

Figure 1: A) Types of N-containing heterocycles. B) Examples of pyrazole-based drug
compounds.

275



1.2.  Pyrazoles: an important yet synthetically challenging motif

The first synthesis of substituted pyrazoles was reported by Knorr in 1883, wherein he
described the cyclocondensation of primary hydrazines and 1,3-dicarnonyl compounds under
acidic conditions (Figure 2)." The Knorr mechanism is proposed to begin with the protonation of
dicarbonyl compound 1 followed by the nucleophilic addition of the substituted hydrazine 2.
Dehydration and collapse of the tetrahedral intermediate (7) provides an intermediate hydrazone
(8). The latter undergoes a second, intramolecular nucleophilic addition-dehydration sequence to
yield cyclic intermediate (11), which is rapidly deprotonated, providing aromatized pyrazole
products (3, 4).'* Although this approach is the best-established route and starts with readily
available starting materials, in the case of asymmetric 1,3-dicarbonyl substrates, regioselectivity
challenges arise from the determination of which of the two carbonyl carbons will be added into
first. Additional complications can occur when the two nitrogens on the substituted hydrazine
partner have similar nucleophilicities.!>!¢

A. Knorr Pyrazole Synthesis (1883) C. Substitution Nomenclature

o o H R
i N H, heat 1\/ ) >’_§\ —N
R1J\(kR3 HN” | A . hea R3 _N N R! N

B. Knorr-Type Mechanism

|
NHAr R2

o o OW—\ _NHAr o oH," 9 RO
1 1 +H* | | HN R’#\)\ 5 +H* . | -H,0 |
—_ —_ R —_ THNZ 3
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R O R' OH A A
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. AN — O, PN
HNZ R =N ! R S RV%W . ( R3
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NHAr R r REH_ B R2
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Figure 2: A) Knorr synthesis of pyrazole (1883). B) Proposed Knorr-type mechanism. C)
Nomenclature of pyrazole substitution.

A multitude of variations on the original Knorr synthesis have been developed in an effort
to achieve more efficient and selective syntheses of substituted pyrazoles.'>!7'¥ Most of these
methods still rely on condensation reactions with primary hydrazines, but the selection of possible
partner starting materials has been expanded considerably to include various o,-unsaturated
carbonyl compounds,'®?? acetylenic ketones,*?*, and aldehydes (Figure 3).»
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Knorr-Type Methods
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Figure 3: Examples of recent synthetic methods for substituted pyrazoles.

Despite the risks associated with the use of hydrazine reagents, few synthetic methods have
been established to synthesize pyrazoles from direct N-N bond formation due to the unfavorable
thermodynamics of such reactions stemming from the low N-N bond dissociation energy
(estimated around 24 kcal/mol).?® Some elegant examples using transition metals have emerged in
recent years using copper,”’-* nickel®' or titanium complexes,’> with the caveat that these reactions
usually require stoichiometric transition metal or oxidant to proceed. Creative methods have
emerged to enable the synthesis of selected substituted pyrazole compounds with good selectivity,
but often lack generality or suffer from long protection/deprotection sequences or the poor
availability of the designed starting materials that they rely on (Figure 3).3

Small alkyl nitrogen substituents represent a particular challenge in that regard, and
selectivity remains elusive in the synthesis of these important biologically relevant motifs.
Optimization of synthetic routes, especially during the process development of pharmaceutical
compounds, can rapidly become a costly endeavor, both with regards to chemical resources and
time invested by the researchers.
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. Project Design

The research project described herein was initiated out of previous studies using Brgnsted
acid catalysts to induce selectivity in a variety of organic transformations. Recognizing the
challenges presented by the synthesis of N-methyl pyrazoles, we sought to determine whether non-
covalent interactions available to Brgnsted acid catalysts might enable the regioselective
cyclization of these biologically relevant moieties. In particular, the minimal steric and lack of
significant electronic factors on a cyclization partner such as methylhydrazine raised the question
of how to design a catalyst that might efficiently direct the cyclization without reliance on
substrate-specific interactions. In the context of improving the efficiency of synthetic processes,
understanding the selectivity patterns would, hopefully, provide the insight necessary to establish
sets of conditions to effortlessly switch the selectivity for one or the other isomer at will from the
same substrates.

These objectives presented an opportunity for the application of statistical methods such as
Bayesian optimization. Indeed, the subtlety and cooperativity of the interactions at play in these
transformations could convolute the analysis and present a challenge for traditional, experimental-
only optimization methods to highlight the most important selectivity-determining factors. Relying
on computational methods to guide the optimization process could provide an opportunity to
optimize both selective transformations at once to provide tailored conditions for each desired
isomeric product.

Initial Project Objectives

Conditions B RS R

RK Conditions A , 9 .
7\-—(/ { . R . HN “Me ),——ﬁ\
R3 N’N selective | selective N\N R!

| X |

zZT
2

Optimization Tools and Mechanistic Understanding

+100

A .
va('\a‘o\e variable 2

Design of Experiment Bayesian Statistics

High. put Experil

Figure 4: Initial objectives for the project.
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1. Results and Discussion

3.1. Initial Screening of Brgnsted Acid Catalysts

CH
PhthN | HsC” “NH, N HC s N
Ph —_—— \ /
I catalyst (20 mol%) —
(H3C)2N solvent, 25 °C, 24h Ph NH; Ph NH,
Solvent Catalyst X N1:N2 Ro R,
(0]
PhMe C1 OH 1.6:1 C1 R1= 4-F-phenyl, R2=H (ON P//
N
PhMe c2 OH 1.7:1 C2  Ri1=2,4,6-Cys-phenyl, R2= CgHyg 0" xH
PhMe c3 OH 1.6:1 C3  Ri1=2-naphthyl, R2=H R "
2 1
PhMe c4 OH 1.9:1 C4  R1=Fyphenyl, R2= CgHyg
PhMe cs5 OH 2.1:1 C5  Ri1=24,6-Prg-phenyl, R2=H
PhMe Cé6 NHTf 3.0:1 Cé R1= 2-naphthyl, R2=H o
|
PhMe c7 OH 2.4:1 C7  R=3-(2,4-tBuPh)-naphthyl) PhthN ]
PhMe Cc8 NHPOPh, 3.5:1 Cc8 R1= 2,4,6-iPr3-phenyI, R2=H Me,N
PhMe c9 OH 1.9:1 C9  SPINOL (R= 3,5-CF5-phenyl
test substrate chosen to mimic
PhMe, 5 °C c10 OH 1.3:1 EtO_ __O Genentech process candidates
' e c10 fo” without breaching IP
PhMe, 5 °C Cé NHTf 14:1 NHTf
MeCN, 5 °C C6 NHTf 25:1

Figure 5: Initial set of Brgnsted acid catalysts.

Our initial search for regioselective conditions begun with screening a set of Brgnsted acid
catalysts in the hope that these privileged structures would provide a starting point for
optimization. The initial substrate, (Z)-2-(1-(dimethylamino)-3-oxo-3-phenylprop-1-en-2-
yl)isoindoline-1,3-dione, was chosen to bear similar features as current candidates in the
Genentech process pipeline candidates without significantly overlapping with proprietary
structures. The choice of nitrogen protecting group was guided by the ease of synthesizing these
starting materials relative to the boc- or tosyl analogues, which had previously been reported in
the literature.

The first screening attempts (Figure 5) provided mitigated results but revealed some key
information regarding the transformation and potential analytical challenges. Traditional
phosphoric acid catalysts failed to provide adequate selectivity for either isomer. Although good
selectivities were observed with N-triflyl phosphoramides (NTP) and di-sulfonamide catalysts,
none of the catalysts provided good conversion to the desired products. Further analysis of the
NTP revealed that they suffered considerable hydrolysis to the corresponding phosphoric acids,
which could explain their stifled performance. Additionally, the analysis was further complicated
by the partial deprotection of the phthaloyl nitrogen under the reaction, which provided a mixture
of protected and unprotected cyclization products for which the ratios was independent of
observed selectivity. The possibility that the cyclized products might not be deprotected at the
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same rates, along with the potential for each intermediate to be deprotected prior to the cyclization
and aromatization steps made the analysis of regioselectivity ambiguous.

0 N O34, [+ 2N
| CHNHNI, (X og) " -~ f
N . ~ N
Nosc ASd (X mol™) | ‘W I;N
|
—— Solvent, 5 -40°C, 240 " (I
L v Sy

Nosic Acid  Solvent MaNHNN, RSM (3ppm) 40%epm 39%em 3I84pm  J05pm

20 moe MeCN 1eq Ba% 14% 1% % 2%
20 moe MeCN 209 0% 2% 2% 1% ™

1eq NeCN 1eq 61% s 19% 3% 15%

1eq MeCN 209 % 15% race 10% I
20 moe Toluere 1eq 9% I trace trace %
20 mo Toluere 209 9% 14% trace % ™

1eq Toluere feq 6% " trace trace race

1eq Toluers 209 B85% % race & %
20 moe NeCN Seq 60% 18% 2% 2% 10%
20 mo% MeCN 503 505 AcOH 58% 1% 1% "% 10%

Noow MaCN 5 ogn 5 eq AcOM 5% 13% rAce 5% ™

AcOH (5 equiv)
o n (5 equiv) (I:us
P HiC” “NH, N HCup N
Ph P vee—— \_/ ;
I DSI 2 (20 mol%) )—Z )4
(HsC) N So&%n;.hé ;8,°%4h PH NH, PH NH,

Solvent SM 3.84ppm 3.65ppm 3.84/3.65 7.05/8.4

15% 26% 36%
0% 31% 51%
7% 27% 58%
34% 24% 62%
2% 39% 65%
0% 33% 52%
0% 32% 64%
0% 28% 59%
27% 15% 30%
0% 28% 40%

Figure 6: Some representative screening data from extensive experimentation for the
cyclization of the phthalimide-protected model substrate.

Converting the protecting group to tosyl was unsuccessful, providing only low conversions
and mediocre selectivity. More satisfying conversions were obtained using the boc-protected
analogues (up to 94% yield of cyclized products), although the range of selectivity observed was
still poor (up to 4.6:1). However, these mitigated results were still contradictory with the initial
goal of finding a straightforward and rapid model system to probe the selectivity trends for the
cyclization reaction.
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i " CHNHNH, (5 eq.)
| °C  Catalyst (20 mol%), Acetic Acid (X equiv.) L( L
N(CHy)s Solvent, 5°C, 24 h
0.005 mmol Conversion (Comb/ned Yield) [N1:N2]

O\ﬁc“s Acetic Acid
No catalyst N DsI2

| equivalents
NH,

2% (trace) [ND] 33% (2%) [ND] 66% (36%) [1 : 1.6] 0

CH,Cl, 84% (82%) [1:1.5] 92% (89%) [1 : 1.5] 87% (62%) [1: 2] 25
97% (95%) [1 : 2] 99% (98%) [1 : 1.8] 62% (53%) [1 :2] 5

34% (8%) (2 : 1] 30% (3%) [ND] 60% (9%) [1.1 :2] 0

THF 30% (29%) [1.3 : 1] 62% (52%) [1:1.2] 80% (79%) [1 : 1.5] 25

78% (73%) [1:1.9] 85% (72%) [1 :1.3] 83% (86%) [1:1.7] 5

50% (11%) [2 : 1] 47% (10%) [2 : 1] 63% (23%) [1.1: 1] 0

MetH 81% (77%) [1:1.3] 93% (83%) [1:1.3] 78% (87%) [1 : 1.4] 25
97% (87%) [1 : 1.6] 97% (94%) [1 :1.4] 82% (49%) [1 :1.1] 5

*Same screening was done on the Ts-protected substrate: poor conversions/yield and mediocre selectivity

TH NMR vs Mesitylene
Figure 7: Representative screening results for the N-Boc protected model substrate.

CHs

c
i CHaNHNH, (5 q.) N A\
/@)\[H Catalyst (20 mol%), Acetic Acid (X equiv.) L%N I/\N
/ Y,
F N(CHy), Solvent, 5°C, 24 h H H

Ar
Conversion (Combined Yield) [N1:N2]

0.005 mmol
No catalyst L_N}\/OCHG DsSI2 Ace.tic e
r!le equivalents
2% (0%) [ND] 0% (0%) [ND] 66% (28%) [1 : 6] 0
CH,Cl, 100% (87%) [1 : 1] 100% (72%) [1 : 1.25] 100% (93%) [1 : 1.05] 25
100% (96%) [1 : 1.3] 100% (98%) [1 : 1.2] 100% (90%) [1 : 1.4]
1% (0%) [ND] 1% (trace) [ND] 24% (18%) [1:8]
THF 18% (14%) [1: 1.8] 40% (30%) [2 : 1] 99% (97%) [1: 2] 25
90% (79%) [1:1.3] 82% (71%) [1.3 : 1] 95% (70%) [1 : 1.3] 5
29% (18%) [1 : 2] 21% (8%) [1.6 : 1] 43% (20%) [1 : 2.33] 0
s 100% (94%) [1.4 : 1] 100% (97%) [1.5: 1] 100% (93%) [1 : 1.4] 25
100% (99%) [1.05 : 1] 99% (78%) [1.05 : 1] 100% (94%) [1 : 1.5] 5

The same screen was done at 25 °C and 40 °C — Most reactions led to decomposition into 6—-7
different F-containing species with very little desired products observed.

Figure 8: Representative screening results for the simplified model substrate.
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Hoping to drastically simplify the substrate and the analysis, a switch to 3-
(dimethylamino)-1-(4-fluorophenyl)prop-2-en-1-one was made, thereby eliminating any
convoluting interactions from the alpha substituent, and providing a fluorine handle for ’F NMR
analysis. Gratifyingly, we found that this substrate provided good conversions to products (up to
quantitative) and better selectivity (up to 1:6) than previously observed.

;\/Ie ;\/Ie ,\Ile ;\/Ie
PhthN MeNHNH, Ph N N PhonN N,
o LN L/(N L” L/(N
PhthN PhthN H,N H,N
Ph Ph

Me,N Many sets of condiitions

Challenging analysis due to partial deprotection of the protecting group

Poor selectivity and/or conversions

o IIVIe IIVIe

TeHN on MeNHNH, PhIN/\ I N,
N N
MeN | Many sets of condiitions 15N 2 TsHN /Ph

Poor conversions

Poor selectivities

o] Me Me
i i

BocHN MeNHNH, Ph N, N,
| Ph - T . I//N [ N
Many sets of condiitions BocHN BocHN
Ph

Mz,N

Good conversions, Mediocre Selectivities

substrate is challenging to access

Ran over 300 reactions across three substrates

Reactivity trends were ambiguous

Figure 9: Challenges encountered in reaction optimization.

Although our initial optimization efforts did not provide the desired conditions to obtain
selectivity for either isomer, they revealed some important features on the variability of the results.
Indeed, we noticed a large solvent dependence, with and without catalyst, on the selectivity of the
reaction. Further exploration into additives and phase transfer catalysts also provided mitigated
results (Figure 10).
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o
[cat.]
| H;CHN-NH, - .
Me.
°N F solvent
' - 5°C
Me (5 equiv) time
Solvent no cat.
PhMe 30 (29) [5:1]
MeCN 75 (3) [1:2.5]
IPAC 53 (6) [1:2]
MeOH 52 (46) [1.5:1]
MTBE 69 (65) [13:1]
(o]
MTBE (X Vol.)
I H3;CHN-NH, I -
Me. B
°N F 5°C
1 :
Me (X equiv) time
Hydrazine equiv. MTBE 30 V MTBE 20 V
8 (5) [2:1]
1.0 %6 h
30 (25) [5:1]
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69 (65) [13:1 58 (46) [16:1]
5.0 65) [13:1] o h
99 (98) [49:1]
10 66 h
100 (99) [99:1]
20 66 h
(0]
PTC (20 mol%)
) J)\@ H,CHN-NH, DCM (30 V)
E\'}‘ F NaOH (3 equiv.)
Me 5 equi 5°C
(5 equiv) e
None TBAB
34 (26) [2.3:1] 26 (8) [1:5.6] 40

— NI |
Me’N~N/ ‘N
U
F Me F
c? cs

Conversion (Combined Yield) [C3:C5]
DSI2
(10 mol%)
59 (54) [4.5:1]
61 (58) [1:3.7]
77 (42) [8:1]
66 (61) [3.5:1]

95 (85) [4:1]

= N/ )\
Me’N~N/ ‘N
F Me F
c? cs

Conversion (Combined Yield) [C3:C5]

MTBE 10 V MTBE 10 V
96 (92) [16:1] 79 (73) [19:1]
18h 18h

= d)
MefN~N/ ‘N
F Me F
c? cs

Conversion (Combined Yield) [C3:C5]

AnCin

(22) [0:100] 54 (15) [19:1]

Figure 10: Additional exploration into solvent effects, additives, and phase transfer catalysis.
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3.2. Bayesian Optimization and Regioselectivity Results

High-throughput experimentation (HTE) has increasingly been used in academia and
industry to address the needs for more efficient reaction discovery and optimization. A particular
feature of HTE is the large amount of data generated at once with amplified consistency across
experiments, especially when robotics are used to bypass potential human experimental error. In a
large number of settings, a binary analysis of HTE results can often be sufficient to achieve desired
results. Rather than seeking trends in the data, ligands, catalysts, or solvents can be selected or
disregarded based on a predetermined efficiency or selectivity threshold.

Experimental Methods

Traditional Reaction Optimization High-Throughput Experimentation
Variable 1 Variable 1

Variable 2

Variable 3

Variable 4

~ can obtain thousands of data points in a short amount of time <
3 matrix models can highlight cooperative effects §.
= T
Optimized Conditions S variables tested can still be limited and usually guided by chemists >
“intuition
stoichiometry, temperature, solvent, additives, ligands
mited numb
ce
Variable 3
Statistical Methods
Design Of Experiment Bayesian Optimization
+100
. O
00 . ° A vari;
LA 20\ iable
> 0 o da‘\’ﬂb 02
3 .
8 .
S ‘.
T s A
W 50 5 i
o = il
G 14
o T 3
T : / . -_ Y
5 o e S,
mutidimensional £ °
reaction T
space o response surface modeling
quantified effect
100
sample randomized conditions within reaction space (>10° combinations) artifical intelligence based iterative process

parametrize their effect on yield or selectivity
takes into account known data to make predictions
associates nicely with HTE balances uncertainty (variables in an unexplored part of chemical space) with known

eliminates researcher bias variable dependence from experimental data

acquired data can guide experiment selection

Figure 11: Reaction optimization methods and tools
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This approach is particularly attractive in the context of time and resource-economy.
Indeed, the large amount of data generated by HTE can represent an analytical challenge to find
the most appropriate and helpful ways to present and reveal important reactivity trends and features
in the hope of guiding additional optimization efforts. Researcher bias can further bias this
analysis, and exclude some areas of chemical space which might otherwise provide improved
results. Statistical models and artificial intelligence tools such as Design of Experiment and
Bayesian Statistics can guide the design of experiments to generate more meaningful data by
removing bias and graphically deconvoluting reactivity trends.?*3

1. Collect some reaction data (DOE or at random) to build a data set

2. Use data to train a probability surrogate model
(combine data with assumptions about the reaction surface)

3. Select experiments in the reaction space by maximizing the expected utility of candidate experiments

4. Collect data

5. Iterate
increased
selectivity for Cg
+100
low yield high yield
high selectivity high selectivity
>
k]
2
=]
51
2
3 , Conversion to product
5 increased yield
£
o
2
low yield high yield
high selectivity high selectivity

W-100

increased
selectivity for Cy

Figure 12: Graphical summary of Bayesian Optimization methods.

The large set of experimental data collected during our initial attempts to discern trends in
the reactivity and selectivity of this transformation was first compiled into a training set for the
Bayesian Optimization (Figure 12). As expected, the iterative processing of the data generated
possible reaction conditions which were then tested to obtain corresponding experimental data.
The latter was further utilized to train the algorithm and improve the accuracy of the predictions
(Figure 13).
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Figure 13: Initial Bayesian Optimization Training Set

We were pleased to observe that four iterations of optimization enabled the discovery of
highly selective conditions for the C° isomer of the cyclized product in great conversions. Although
high selectivity could be achieved for the C? isomer, low conversions remain a challenge, and we
note that the predictions were generally more accurate for the C3 cyclization than for the C3
cyclization. This could suggest a difference in mechanism or a difference in the variables that most
affect the rates of conversions to either product, and will necessitate further iterations to
deconvolute.
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Figure 14: Three consecutive iterations of Bayesian Optimization were performed.
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V. Conclusions and Outlook

The work presented herein describes the optimization process for the regioselective
cyclization of N-methyl pyrazoles. Hoping to move away from substrate-driven selectivity, the
small size of the hydrazine partner, lack of significant electronic induction from either starting
materials, as well as the high variability of selectivity on multiple reaction parameters presented a
challenge for traditional optimization methods. We describe the iterative use of Bayesian statistics
to obtain catalyst-free yet selective reaction conditions for the synthesis of 3-(4-fluorophenyl)-1-
methyl-1H-pyrazole, as well as the progress made towards the selective synthesis of isomer 5-(4-
fluorophenyl)-1-methyl-1H-pyrazole.

The opportunities for future work offered by this study are manifold. Although optimized
conditions have been obtained, the initial goal of developing selective cyclization conditions was
not limited to one specific substrate. Considering the high variability on substrate structure
observed early in the optimization studies, assessment of the robustness of the conditions found
via the Bayesian optimization is necessary.

With optimized conditions in hands, questions regarding the origins of the selectivity remain.
Particularly in a catalyst-free environment, the driving forces at play between substrates, additives
and solvent might be more subtle than a traditional steric-based catalytic system. Insight into these
interactions could be obtained from the parametrization of the data obtained throughout the
Bayesian optimization and could inform future decisions in the optimization of similar
transformations. Rate analysis along with KIE studies could also provide information on the
mechanistic pathway and any variations thereof based on substrate structures.

Me Me Me M BCH; €Dy
N, N, | N\N | N\N N, N
LN LN Y / LN E(N
Substrate Scope Higher Substitution Mechanistic Studies and Parametrization
Is the selectivity maintained with ) Can Bayesian Optimization Can mechanistic insight be gained to
vaiations of the substrate structure? guide the development of selective conditions understand and predict selectivity trends?

for di and trisubstituted pyrazoles?

Figure 16: Opportunities for future work
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V. Supplemental Information

Commercial reagents were purified prior to use according to the procedures outlined by
Perrin and Armarego unless otherwise indicated.’’” Dry organic solvents (Tetrahydrofuran,
Toluene, Acetonitrile, and Dichloromethane) were purified according to the method of Grubbs et
al. and used directly after withdrawal from dry Argon solvent stills after passing through activated
alumina.’® Solutions in organic solvents were concentrated in vacuo using a Biichi rotary
evaporator equipped with a temperature-controlled water bath and an isopropyl alcohol-dry ice
bath to trap volatile compounds, and further dried on Schlenck high-vacuum lines.
Chromatographic purification of products was accomplished using flash chromatography on silica
gel (Sigma Aldrich, 60 A pore size, 230-400 mesh particle size, 40-63 pm particle size) according
to the method of Still*?, or by reversed-phase flash chromatography using a CombiFlash-Rf ®
(Teledyne ISCO) and Teledyne-ISCO RediSep-Rf Cs Silica columns (60 A pore size, 230-400
mesh particle size, 40-63 pm particle size, 86g). Analytical thin-layer chromatography (TLC) was
performed on TLC plates from Silicycle Siliaplate™ glass backed TLC plates (250 um thickness,
60 A porosity, F-254 indicator). Visualization of the developed plates was accomplished by
fluorescence quenching or staining with a KMnOs solution.

'HNMR, *C NMR, "F NMR, and *'P NMR spectra were taken with Bruker spectrometers
operating at 300, 400, 500, or 600 MHz for 'H at the UC Berkeley NMR Facility in the college of
Chemistry, or on a 900 MHz spectrometer administered by the California Institute for Quantitative
Biosciences (QB3) Facility. The spectra were internally referenced to residual protic DMSO-d
signals (2.54 ppm, Cambridge Isotope Laboratories Inc.), CHCl; (7.26 ppm, Cambridge Isotope
Laboratories Inc.), or CD,Cl, (5.32 ppm, Cambridge Isotope Laboratories Inc.) signals. 'H NMR
data reported in this work follow the format: chemical shift (8 ppm), multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, br
= broad), coupling constant (Hz), integration.

Brgnsted acid catalysts were used directly from the collaborative Toste group catalyst
library, or provided by the Genentech process group. (2E)-3-(dimethylamino)-1-(4-
fluorophenyl)prop-2-en-1-one was purchased from Combi-Blocks and used directly as received.
3-(dimethylamino)-1-phenyl-2-phthalimido-2-propen-1-one was prepared according to the
literature procedure reported by Franchini er al* (E)-fButyl-(1-(dimethylamino)-3-oxo-3-
phenylpro-1-en-2-yl)carbamate was synthesized according to the procedure reported by
Merck&Co, Inc.®

Reaction Optimization Screening at UC Berkeley

The reactions were performed in 4 mL vials equipped with stir bars, in a cold room
maintained at a temperature between 4 °C and 5 °C. Solid reagents were first added to the reaction
vials as adequately calculated for the specific screen. When glacial acetic acid was used as an
additive, it was prepared as a stock solution, cooled to 0°C in an ice bath, in the appropriate solvent
and added to the reaction vial using a Hamilton micro-syringe. Finally, a stock solution of
methylhydrazine was also cooled to 0 °C and added by syringe to the reaction mixture. The vials
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were capped and stirred between 4 °C and 5 °C for 12-24 hours. The crude mixtures were analyzed
by 'H or F NMR in CDCl;.

Bayesian Optimization Screening at Genentech, Inc.

The following reaction screens were conducted in which each vial with magnetic stir bar
was added in the amount specified in the materials section of the experimental electronic notebook
as specified in the table below. Each line of the table will be represented alphabetically beginning
with A and progressing in order to Z.

Methyl

PTC

Solvent

AcOH  NaOH Hydrazine DSI2 Catalyzed Catalyzed 4 AngMS Vol (ml/g Conv SM
Rxn ID (equiv) (equiv) (equiv)  (1-yes,0-no) (1/0) (1/0) TempC SM) Solvent Name SM A% N1A% N2A% N1’ N2' to Prod Consumption N1'-N2*
27A1_GPR _ei_01_n1 0 1 1 1 1 1 0 10 MTBE 100.0 0.0 . 0
27B1_GPR_ucb_2_n1 1 0 1 1 1 1 0 10 MTBE 36.0 40.0 . 60
27C1_RFR_ei_01_n1 0 5 2 0 1 0 50 10 ethyl acetate 224 249 X 44
27D1_RFR_ucb_2_n1 0 5 1 0 1 0 25 10 DMF 343 0.7 . -7
27E1_MLP_ei_01_n1 5 0 5 0 1 0 50 10 tributylamine 02 648 5 63
27F1_GPR_ei_01_n2 3 0 3 1 1 1 25 10 DPMU 0.8 56.8 A 43
27G1_GPR_ucb_2_n2 5 0 5 1 1 1 50 30 p-Cymene 00 747 3 90 66
27H1_RFR_ucb_2_n2 0 5 2 1 0 1 50 30 2-MeTHF 26.7 54 . 15 85 36 -70
2711_MLP_ei_01_n2 0 5 1 0 0 1 50 30 tributylamine 51.8 0.0 . 0 3 -99
27J1_MLP_ucb_2_n2 0 5 1 0 0 1 25 10 tributylamine 720 00 89 0 9 28 100
Methyl PTC Solvent
AcOH  NaOH Hydrazine DSI2 Catalyzed Catalyzed 4 AngMS Vol (mi/g Conv SM
Rxn ID (equiv) (equiv) (equiv) (1-yes,0-no) (1/0) (1/0) TempC SM) Solvent Name SM A% N1 A% N2A% N1' N2 to Prod Consumption N1'-N2'
GPR_ei_05_n1 2 0 5 1 0 0 0 10 triethylamine 514 335 128 72 28 46 49 45
RFR_ei_05_n1 2 0 5 1 0 0 25 20 1,1,22-tetrachlor 0.3 33.9 204 62 38 54 25
RFR_ucb_2_n1 5 0 5 1 0 0 50 30 1,1,2,2-tetrachlot 0.0 45.0 16.6 73 27 62 46
MLP_ei_05_n1 3 0 5 1 1 1 50 10 MeCN 0.0 746 187 80 20 60
MLP_ucb_2_n1 5 0 1 1 0 0 50 30 formamide 8.9 47.2 283 63 37 76 25
GPR_ei_05_n2 0 4 1 0 0 1 0 10 triethylamine 95.7 0.0 0.0 0 0 0 4 0
GPR_ucb_2_n2 0 4 1 0 1 1 0 10 triethylamine 97.0 0.0 0.0 0 0 0 3 0
RFR_ucb_2_n2 0 5 5 0 0 1 25 10 diethylamine 259 13 38.2 3 39 74 -93
MLP_ei_05_n2 0 5 5 0 1 1 0 10 formamide 75.2 0.0 1.0 0 1 25‘ -100
MLP_ucb_2_n2 0 5 1 0 0 0 0 10 carbon tetrachlor ~ 87.2 0.0 04 0 0 13 -100
Methyl PTC Solvent
AcOH  NaOH Hydrazine DSI2 Catalyzed Catalyzed 4 AngMS Vol (mi/g Conv SM
Rxn ID (equiv) (equiv) (equiv)  (1-yes,0-no) (1/0) (1/0) TempC SM) Solvent Name SM A% N1A% N2A% N1' N2' to Prod Consumption N1'-N2'
GPR_ei_05_n1 0 0.56 5 1 1 1 0 10 alpha-Terpineol 476 306 6.2 83 17 37 52 66
GPR_ucb_2_n1 0 0.56 5 1 1 1 50 10 1-decanol 295 1.4 337 25 75 45 4l -49
RFR_ei_05_n1 0 278 5 0 1 0 25 10 MTBE 394 23 56.0 4 58 61 -92
MLP_ei_05_n1 5 0.00 1 1 0 1 50 30 Dimethyl sulfoxid ~ 39.4 281 29.0 49 51 57 61 -1
MLP_ucb_2_n1 5 0.00 5 0 0 0 0 10 Isoamyl alcohol 0.0 791 18.9 81 19 61
GPR_ei_05_n2 0 3.89 5 1 1 0 50 10 tetrachloroethyle  11.0 0.0 0.0 0 0 0 0
GPR_ucb_2_n2 0 3.89 5 1 0 0 50 10 tetrachloroethyle  16.3 0.0 0.0 0 0 0 84 0
RFR_ei_05_n2 0 278 5 0 0 0 375 10 Perfluorooctane  100.0 0.0 0.0 0 0 0 0 0
RFR_ucb_2_n2 0 5 5 0 0 1375 10 di-n-butylether 218 16 329 5 Ul 91
MLP_ei_05_n2 0 5 5 1 1 1 125 23.3 1-decanol 27.2 0.0 454 0 45 -100
Methyl PTC Solvent
AcOH  NaOH Hydrazine DSI2 Catalyzed Catalyzed 4 AngMS Vol (mi/g Conv SM
Rxn ID (equiv) (equiv) (equiv)  (1-yes, 0-no) (1/0) (1/0) Temp C SM) Solvent Name SM A% N1A% N2A% N1 N2 to Prod Consumption N1'-N2'
GPR_ei_05_n1 5 0 3 0 1 0 25 10 cyclohexane 0.2 74.7 14.4 84 16 68
GPR_ucb_2_n1 5 0 1 0 1 1 25 10 cyclopentane 20 62.6 217 74 26 84 48
RFR_ucb_2_n1 0 1.67 5 0 0 0 125 10 MTBE 321 4.0 50.6 7 55 68 -85
MLP_ei_05_n1 5 0 5 1 1 1 0 30 tributylamine 76.5 8.1 33 l 29 1 23 42
MLP_ucb_2_n1 5 0 5 0 1 0 50 10 nitroethane 00 692 209 77 23S0 NG0 54
GPR_ei_05_n2 0 278 5 1 1 0 375 10 triethylamine 343 1.0 255 4 27 66 -93
RFR_ei_05_n2 0 3.89 5 1 0 1 125 10 tributylamine 226 20 485 4 51 7 -92
RFR_ucb_2_n2 0 278 5 0 1 0 125 10 tributylamine 30.7 0.6 57.0 1 58 69 -98
MLP_ei_05_n2 0 3.89 1 1 1 0 375 30 m-cresol 122 141 195 42 58 u’j -16
MLP_ucb_2_n2 0 1 0 0 0 143 75 211 26/ 74 29 86 -48

General Procedure

10.0 Glycerol

(2E)-3-(dimethylamino)- 1-(4-fluorophenyl)prop-2-en-1-one (G, 0.010 g, 0.050 mmol, 97
mass%),(11bS)-2,6-Bis[3,5-bis(trifluoromethyl)phenyl]dinaphtho[2,1-d:1',2'-

f][1,3,2]dithiazepine 3,3,5,5-tetraoxide (0.1 equiv., 0.0050 mmol, 95 mass%), cetylpyridinium
bromide (0.2 equiv., 0.010 mmol, 98 mass%) catalyst (s) as indicated), 10 mg 4 Angstrom
powdered Mol. Sieves (activated) were added to the reaction vials. Solvent was then added via
syringe and the vials placed in an aluminum block at the specified temperature. After 1-2 min,
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liquid reagents were added directly to the reaction mixture (not to the side of the vial wall) via
calibrated syringe in the following order (if indicated): glacial AcOH, aq. 50% NaOH,
Methylhydrazine. Samples were analyzed for conversion by reverse phase HPLC (6 uL reaction
sample in 500 pL diluent: 8:2 MeCN/Water).

HPLC Method

Column: XBridge BEH C10, 3x100mm, 2.5 um. Rate: 0.7mL/min, 30 C, 220 nm UV detection.
Mobile Phase A: 0.05% TFA in Water, Mobile Phase B: 0.05% TFA in ACN. Ellution: 0-0.5’
2%B; 4’ 35%B; 7-10° 90%B, 10.1-12’ 2% B.

Sample HPLC Spectrum of the crude reaction mixtures.:
DAD1 A, Sig=220,4 Ref=off (daltond7\daltond7 2022-09-21 08-58-08\003-P 1-B2-100090-36-B1.D)
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N1 isomer observed at 6.812 min
N2 Isomer observed at 6.945 min.
Starting material observed at 6.129 min.
N2 intermediate 6.027 min.

N1 intermediate 6.375 min.

Computational Supplementary Information: Bayesian Optimization

Bayesian optimization was carried out using previously published algorithms implemented
in python using the Scikit-Learn library #'42 For this work, each round consisted of ten experiments
conducted in parallel. These were split into five targeting C3 selectivity and five targeting C5
selectivity. In order to recommend ten sets of conditions, three models were trained: Gaussian
process, random forest, and Bayesian neural network. Each one was used to predict both yield and
selectivity, and their predictions and uncertainties were used in conjunction with two acquisition
functions: expected improvement and upper confidence bound (see Brochu et al). Solvents were
parameterized using the COSMO-RS parameters as reported by Moity et al.** Use of molecular
sieves or use of catalyst were modeled as Boolean variables. Numeric variables such as

292



temperature or solvent volume were scaled using a standard scaler prior to fitting. Equivalents of
acetic acid and NaOH were combined into one numeric variable, with positive values equal to
equivalents of acetic acid and negative values equal to the negative of NaOH equivalents.
Categorical variables were modeled in the Gaussian process kernel using a transformed kernel as
described by Garrido-Merchdn et al.** Data from all experiments were pooled for predicting
subsequent rounds.
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