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Methyl tert-butyl ether
Dichloromethane, DCM

Acetonitrile, ACN

Carbon tetrachloride

Ethyl acetate

n-Hexanes

Diisopropyl ether

m-Xylenes

Potassium phosphate, dibasic
(N,N)-Dimethylformamide
Potassium carbonate

Cesium carbonate
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NaCOs Sodium carbonate

KHCO3 Potassium bicarbonate

K3POq4 Potassium phosphate, tribasic
NaOH Sodium hydroxide

KOH Potassium hydroxide

NEt3 Triethylamine

N.B. No base was used in the reaction.
HSPh Thiophenol

TFA Trifluoroacetic acid

TFFA Trifluoroacetic anhydride
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ABSTRACT OF THE DISSERTATION

Development of Atroposelective Nucleophilic Substitutions Towards Access Pharmaceutically
Relevant Scaffolds

Mariel Manaloto Cardenas

Doctor of Philosophy in Chemistry

University of California San Diego, 2024
San Diego State University, 2024

Professor Jeffrey L. Gustafson, Chair

Atropisomerism (or axial chirality) arises from restricted bond rotation most typically in a
Csp?-Csp? 6 bonds, wherein the neighboring substitutions across the atropisomeric bond contribute
energy differences through steric strain. Also referred to as axial chirality, stable atropisomerism

(i.e., creating significant steric strain across the bond to give rise to two isolable enantiomers) can
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be very challenging to achieve.! However, in stabilizing the atropisomeric axis this leads to two
unique compounds that have been shown to possess profound activities in many areas of research.
Within the last decade, the Gustafson group at San Diego State University>™ has since focused on
leveraging atropisomerism™° on its importance to drug discovery with emphasis of exploring N-
heterocyclic pharmaceutically relevant scaffolds. Along with challenges to achieving stable
atropisomerism within a compound, it is very often equally difficult to then furnish enantiopure
atropisomers. Traditional resolution methods such as chiral separation can be inconducive in time
and resources and sometimes impractical for scaffold exploration.

To address this bottleneck, the Gustafson group began a marital chemistry program in
developing new chemical reactions that expedite access to these atropisomeric compounds
(Chapter 17%). Currently, we have several atroposelective synthetic strategies via nucleophilic
aromatic substitutions (SxAr, Chapter 2%!%) which have successfully furnished atropisomeric 3-
arylpyrrolopyrimidines and 3-arylquinolines. Post-functionalization from the atroposelective SNAr
methods have also potentially are useful to synthesize chemical probes (Chapter 3). Furthermore,
nucleophilic substitutions outside of SyAr have also been widely used for the synthesis of
pharmaceutically relevant compounds (Chapter 4, vicarious nucleophilic substitution (VNS) and
atroposelective alkylation by acid-catalyzed directed ‘nucleophilic radicals’ (Minisci chemistry)).
We believe our research will impact the current need for atroposelective nucleophilic substitution
strategies towards pharmaceutically relevant scaffolds in the field of asymmetric catalysis. Lastly,
we shared that these chemistries furnished enantioenriched pharmaceutically relevant scaffolds in

desired yields that would be useful to ongoing medicinal chemistry efforts.
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Chapter 1 INTRODUCTION

Copyright

Chapter 1 is in part a reformatted reprint with permission from a book chapter titled
“Asymmetric Synthesis of Nonbiaryl Atropisomers.” in Axially Chiral Compounds: Asymmetric
Synthesis and Applications.; Tan, B.; Wiley-VCH., ISBN: 978-3-527-34712-4. Copyright 2021
Wiley VCH. Chapter 1 also contains material that is in part a reformatted reprint of the following

review, with permission from Arkivoc, 2021, i, 20-47. Copyright 2021 ARKAT USA, Inc.

1.1 Atropisomerism in Drug Discovery

One of the long-standing problems that continues to elude medicinal chemistry arises from
complications related to dynamic (otherwise referred to as “unstable”) chirality. Molecules which
exhibit dynamic chirality are usually isolated as enantiopure compounds but are susceptible to
racemization in various mechanisms (e.g., pH sensitivity, heat intolerance, short half-life, etc.). An
example of this phenomenon is in the tragic case of thalidomide, which was once a drug intended
to treat morning sickness in pregnant women during the early 1960s Figure 1).!":1?
(R)-thalidomide O HO (S)-thalidomide

sedatlve NH teratogemc
N-</
NH pH6.5
O H* H,O O H- o|-|2

"achiral" thalidomide

H,0: enolzform

Figure 1. Example of dynamic chirality. Thalidomide as a drug exists only as a racemic mixture
due to tautomerization in the bloodstream.

While one enantiomer of thalidomide had an acceptable toxicological profile, the other

enantiomer bound promiscuously to an enzyme that was important in embryonic development



resulting in fatal birth defects. There were efforts to deliver the enantiopure drug after preparation
and purification, but it was later found that ease of tautomerization under biological conditions led
back to the racemic mixture. While thalidomide and other examples of unstable “single point”
chiral drugs (Figure 2.a.) show promiscuous biological activities, there are other types of chirality
in drugs which are becoming increasingly prevalent in the current pipeline.

"Axial" Chirality (i.e., Atropisomerism)

"Single-Point" Chirality e.g., Csp2-Csp? Biaryls
| N | N
2
R R’ AGya0 R? R’
R3 R* R® R4
= OH t1/2 > 2 mil. yrs HO
(R) BINOL (S)- BINOL
¢. Examples of Non-biaryl Atropisomeric Scaffolds:
i
3 3 RY
R1 R R‘l H R N
R4 R*
R2 R2
benzamides diaryl ethers diaryl amines anilides

Figure 2. a. Comparison of “Single-Point” Chirality to Atropisomerism. b. Example of biaryl
atropisomerism. c. Examples of non-biaryl atropisomerism.

Atropisomerism> 713713

is a form of spatial chirality that results from a molecule’s
restricted rotation, also referred to as “axial chirality.” Atropisomerism differs from point and other
instances of chirality due to spontaneous racemization that can occur via bond rotation, particularly
observed in a o-bond between two Csp>-Csp? atoms (Figure 2.a). Racemization is typically

determined by the magnitude of steric hindrance that is adjacent to the atropisomeric bond. Size,

shape, and/or electronics of the substituents about the chiral axis contribute to the stability of the



atropisomer, allowing the compound to exist as either stable isolable enantiomers or a rapidly
interconverting mixture. A classic example is (R) and (S)-BINOL'®"" (a privileged scaffold in
asymmetric catalysis) which possesses a half-life of racemization (i.e., #12 (rt)) of ~2 million years
(Figure 2.b. compounds 4 and 5). Additionally, there are other types of atropisomerism that are
non-biaryl scaffolds. These compounds also pervade drug discovery, including scaffolds such as

N-heterocyclic biaryls, diaryl ethers, diaryl amines, benzamides and anilides (Figure 2.c).

N-N
/ \
S
(Sa) O
\\
\\ \>‘NH2 /\:O
Class-1 Atropisomer Class-2 Atropisomer Class-3 Atropisomer
Dabrafenib, FDA approved Bayer Bromodomain Lesinurad, FDA approved
BRAF inhibitor (chemotherapeutic) Chemical Probe urate transport inhibitor

Class-1

Class-2
t1/2 ~ Sec

t1/2 ~ day (lower end) — C|25S-3
t1/2 ~ month (higher end)

t1o 2 year

10 kcal/mol 20 kcal/mol 30 kcal/mol 40 kcal/mol

Figure 3. Classification of atropisomerism. A pharmaceutically relevant atropisomer represents
each class based on stereochemical stability. Figure shown was adapted from LaPlante’s seminal
research. "%

In 2011, Professor LaPlante and coworkers'?° studied the effects of atropisomerism on a
variety of different compounds (including those FDA-approved and potential drug candidates).
LaPlante evaluated their stereochemical stabilities, and developed a system which has become the
modern standard to classify atropisomerism (Figure 3). Like BINOL, atropisomers with similar
magnitudes of stereochemical stability are referred to as Class-3 atropisomers. Compounds of this
classification possess barriers to rotation (i.e., AGrac, energy to lead to racemization) above 30
kcal/mol, and thus leads to a #1/2 to racemization at room temperature on the “year or greater” time

scale. An example of Class-3 atropisomeric FDA-approved drug is the urate transport inhibitor



(+)-Lesinurad,?! which does not racemize nor enantiodegrade when heated in DMSO to 120 °C for
24 hours. MRTX1719?* from Mirati Therapeutics (a PMRTS5 agonist) and FDA-approved
Sotorasib?® from Amgen (a mutant KRAS inhibitor) were two recent examples of Class-3

atropisomers.

HO!n~Q 0
NH F
NH HN

N OH

anti-Tuberculosis agent3 F

unstable atropisomer NH O
E /@% Cobimetinib*
|

F from Genetech,
MEK Inhibitor

Ligand 72K (PDB: 5LQ9)?
‘tBu Binds to HSP90 (Chaperone Protein)

unstable atropisomer
1-NA-PP1’ unstable atropisomer
AS Kinase Inhibitor

Y
N T
unstable atropisomer 0 0 cl o
MeO FAC

3

_ H,N X

Meo™ >0 OZS~NH i Jjja
0 HaCO N

MeO\/\O

HN = Lenvatinib®
Erlotinib’ VEGFR inhibitor
Genetech, F unstable atropisomer

NSCLC & Pancreatic Pl4Kllla inhibitor®

unstable atropisomer from GS_K
stable atropisomer

AMG 510 (Sotorasib)®

0 from Amgen
Z>F" G12C-KRAS inhibitor

N stable atropisomer
)i j AG; ;=35 kcal/mol
N

N ’
inurad 4 MRTX1719° |
PRMT5+MTA Complex Inhibitor 10)
iP

Urate Transporter N
; " HO
stable atropisomer AG4=31.5 kcal/mol N \

(discont. 2015) stable atropisomer
Figure 4. Examples of atropisomerism in drug discovery.>*2!222428 Examples shown range from
FDA-approved drugs, chemical probes, and/or pharmaceutically relevant compounds. Red arrow
represents the axis of chirality. In green indicates N-heterocycles.?’

Conversely, Class-1 atropisomerism refers to compounds where the enantiomers cannot be

isolated from rapid racemization at room temperature due to a significantly lower AGyac Class-1



atropisomers can access all conformations in 360° rotation. Class-1 atropisomers are also
referenced as “unstable” atropisomers. Some examples are the FDA-approved drugs Cobimetinib
(Genetech’s MEK inhibitor) and Lenvatinib (a VEGFR inhibitor),*® where the substituents across
the atropisomeric axis each biaryl system are smaller in atomic radii (e.g., proton, fluorine). The
final category Class-2 atropisomers possess stereochemical stabilities wherein the atropisomers
can be isolated in enantiopure form. However, Class-2 atropisomers can readily become
enantiodegraded because racemization occurs within “hours, days, to months™ timescale at room
temperature. There are some examples of pharmaceuticals and chemical probes which span the
gamut of the Class-2 atropisomeric scale. Many of these compounds reside closer to the lower end

and resemble more of Class-1 atropisomerism (i.e., #12 (r.t.) within 6 hours).

1.2 Atropisomerism and its Role in Chemotherapeutics

An in-depth study (along with following work) from our group found that roughly 30% of

FDA-approved pharmaceuticals since 20112%3!

possessed at least one atropisomeric axis. Amongst
this 30%, our studies unveiled 85% were FDA-approved kinase inhibitors (i.e.,
chemotherapeutics).>* The number of FDA-approved atropisomeric drugs is quite striking,
however modern medicinal chemistry typically has cautioned against creating stable atropisomers
whenever possible, and often shows a preference for Class-1 rapidly interconverting atropisomers
(i.e., achiral molecules). There are many reasons that attributed to this ‘industry standard,” but can
be generally summarized into three main points. The first roadblock is accessing Class-3
atropisomerism (i.e., synthesizing compounds with AGy,c > 30 kcal/mol??), especially if there are

also limitations to key functionalities that are integral for the lead compound. If the first problem

is resolved and Class-3 atropisomerism is indeed possible, this yields two distinct compounds as



many occasions have a pair of atropisomers show differing biological activities. The final problem
(and persists as the most important to highlight) is access to each atropisomer is limited to what
can be isolated in chiral SFC or other analogous purification methods.

While atropisomerism can sometimes pose many challenges in medicinal chemistry, many
companies have (especially within this last decade) delivered FDA-approved “blockbuster” Class-
3 atropisomeric drugs. These pharmaceuticals are great examples where improved potency and
selectivity is defined as a function for introducing high stereochemical stabilities when compared
to their respective non-atropisomeric variants. Class-3 atropisomers typically possess divergent
activities, with one atropisomer possessing most of the desired activity and the non-relevant
atropisomer often contributing little to the desired activity. It has also been shown that the non-
relevant atropisomeric confirmation of the ligand may also lend itself to promiscuous off-targeted
activities. Much like in the case of thalidomide, this phenomenon often results in undesirable side

effects from patients undergoing these types of chemotherapies.

MeO MeO MeO
NH NH NH
2 ? cl z cl
X N N
N~ N N~ N N~ N
t-Bu t-Bu t-Bu
6 (Ra)-7 (Sa)-7
RET IC5q (nM): 128.0+3 7659 + 754
SRC IC5¢ (NM): 151.0+9 5570 + 907
ABL IC5o (nM): 2445 +19 >10000 1432 + 210

Figure 5. Sample dataset from leveraging atropisomerism towards kinase inhibiting PPYs.”

The Gustafson group focuses on finding new types of kinase inhibiting scaffolds, since we
found that this class of drugs encompasses the largest scope of Class-1 to Class-2 atropisomeric
FDA-approved pharmaceuticals. The Gustafson group’s earliest work predates my tenure (est.

2014) and serves as the foundation of many projects that I pursued during my thesis. This initial



work examined the effect of pre-organization of the atropisomeric axis of known Class-1
promiscuous kinase inhibiting scaffold, a pyrrolopyrimidine (i.e., PPY') against a panel of mutated
kinases (i.e., exhibiting cancer derived phenotype(s)) (Figure 5).>* The Gustafson group selected
this series of inhibiting scaffold, as it is an analogue of the venerable chemical probe from Dr.
Kevan Shokat and coworkers’ NA-PP1 (Figure 4).2¢ These compounds are quite modular and can
be easily diversified since there were three unique vectors to explore. Lastly there is a rich literature
that follows the PPY scaffolds** and related analogues regarding the synthesis of these compounds,

which makes exploration of this scaffold very forthcoming.

Promiscuous Kinase Inhibitor Selective Kinase Inhibitor
210° of accessible 80° of accessible
low energy conformations low energy conformations

MeO

NH,
Y
N N
t-Bu
6
RET ICsp: 128 nM

Energy
(kcal/mol)

I [ | 1 i .
-180° (Ry  0° (S +180° -180° (R) 0° (Sq)
Dihedral Angle (8) Dihedral Angle (8)
RET IC5q (NM): 128 8
SRC IC5q (NM): 151 316
EGFR IC5q (nM): 641 3246
EGFR L858R/T790M/C797S ICsq (NM): - 106

Figure 6. Summary of medicinal chemistry effort towards synthesizing a potent and selective RET
kinase inhibiting PPY through leveraging atropisomerism (i.e., precluding non-relevant yet
accessible low energy binding conformations). ICsos presented in the table are reported in
nanomolar (nM).

Each analogue consisted of two isolable Class-3 atropisomers, which were then isolated
via preparatory chiral HPLC. The Gustafson group was quite excited, as these results of this
exploration implicated that selectivity for the PPY scaffold could be highly improved through
synthesizing the atropisomeric conformation biasing its target (Figure 5, compounds (R.)-7 and

(Sa)-7). While exciting, the contributors of this project did find that many of these compounds led



to an average <l0-fold loss in potency compared to the respective Class-1 atropisomeric
analogues. By introducing large, halogen substituents the data obtained suggested these types of
functionalities were not generally tolerated for kinases. At the time of this first study, our group
found that installing chloride or bromide across the atropisomeric axes of PPYs were the only
known methods to achieving high stereochemical stability.

To further understand the role of atropisomerism and how it can lead to enhanced
selectivities, the Gustafson group focused on RET kinase as a potential target. Finding an effective
compound both potent and selective*>=” for RET kinase has remained a long-standing challenge
within drug discovery. It was an interesting target, as aberrant RET kinase is attributed to many
aggressive cancers such as breast, thyroid, and non-small cell lung cancers.’®** To begin, our

30,33,34,42-57 and

research team had studied many PDB crystallographic models of various kinases
learned that specific residues within said targets could be expressly targeted wherein one
atropoisomeric confirmation would appropriately bind. In addition, we theorized that specific
tuning of the dihedral angle of the atropisomeric axis by introducing key functionalities to the PPY
would recapitulate or improve selectivity towards our desired kinase, and potentially would
increase the potency. Indeed, our hypotheses were confirmed after iterative structural activity
relationships (i.e., SAR) towards potent and functionally selective atropisomeric PPY (Ra)-9 that
inhibits RET kinase (est. 2020, Figure 6). Importantly, this “second-generation” Class-3
atropisomeric PPY?” (Figure 6) had exquisite potency compared to the “first-generation” set of
Class-3 PPYs 7 and 8 (Figure 5). Interestingly as well, (Ra)-9 also possessed secondary activities
to only mutant EGFR kinases. Currently, the Gustafson group is investigating the effect of these

emerging activities for oncogenic RET and EGFR kinases and other mutagenic kinase targets.?’->



1.3 Addressing Unmet Needs for Developing Atroposelective Synthetic Methodologies to

Obtain Pharamaceutically Relevant Compounds

Before the discovery of RET kinase inhibitor (Ra.)-9, our lab had a dire need for more
efficient access to atropisomerically pure (i.e., enantiopure) samples of these PPY kinase inhibiting
scaffolds. We found that the inaccessibility to the direct atropisomer of our interest was not just an
exclusive problem observed in industry. The Gustafson group began a dedicated program for
exploring and developing novel atroposelective chemistries towards pharmaceutically relevant
atropisomeric scaffolds. Outside of our research group, there are other contributions to this
emerging field of asymmetric syntheses — a growing literature for the enantioselective syntheses
biaryl and non-biaryl Class-3 atropisomeric compounds. It should be noted that I and colleagues
have since reviewed the primary literature and have dedicated a chapter in “Asymmetric Synthesis
of Nonbiaryl Atropisomers.” in Axially Chiral Compounds: Asymmetric Synthesis and
Applications.; Tan, B.; Wiley-VCH., ISBN: 978-3-527-34712-4. Copyright 2021 Wiley VCH.
This mentioned, there are many other reviews that go into analysis of various atroposelective
synthetic strategies and their applications towards specific scaffolds.

When I started in the Gustafson group, I began with the development of an enantioselective
reaction to access a library of atropisomeric PPYs. Medicinal chemistry efforts were being delayed
because of a heavy reliance on chiral HPLC separation which was both timely and unsustainable
for the ongoing projects. In the next chapter, I will discuss how we developed an atroposelective
synthesis of diverse PPY's (and related N-heterocyclic biaryl scaffolds) by nucleophilic aromatic

substitution (i.e., abbreviated as SnAr).
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Chapter 2 APPLICATIONS OF ATROPOSELECTIVE NUCLEOPHILIC AROMATIC
SUBSTITUTION TOWARDS PHARMACEUTICALLY RELEVANT N-HETEROCYCLES

Section 1. Synthesizing Class-3 Atropisomeric PPY's
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20, 2037-2041. Copyright 2018 American Chemical Society. Chapter 2, Section 1 also contains
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2021, i, 20-47. Copyright 2021 ARKAT USA, Inc.

2.1  Background: Atroposelective SNAr towards PPYs

previous synthetic methods:

4
REN NH; (28-30% /v in H,0)
Gl = <140°C, 3 h
AN R? MW
N
N N then HPLC chiral separation
R’ (Ry)-enriched, 12
10 (i.e., 19) A
proposal: . enantioretentive
. atroposelective ; oxn?atlon
' SpAr (catalytic) . of sulfide, then
bessheniioooooooo > SN T SnAr amination
? ?

(Rg)-enriched, 11 (i.e., 20)

Equation 1. Proposal of alternative synthetic route to access pharmaceutically relevant PPYss.

The last step before accessing the racemic mixture of atropisomeric kinase inhibiting PPY's
requires amination via nucleophilic substitution of the preceding chloro-group at the C4 position
of the pyrimidine (Equation 1). This step requires ammonia addition at elevated temperatures in

non-atroposelective conditions. After this reaction, the (R).- and (S).-compounds are then
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separated and isolated via chiral HPLC. This synthetic approach was trivial during the earliest
exploration of these PPY's, however research efforts in the RET kinase inhibitor project became
more focused and demanded a lot of compounds for cell studies. In addition, many of these early
PPYs were not near the desired potency or selectivity profile to target RET kinase.

There were two major problems that we encountered once we had evaluated the process
for this new medicinal chemistry campaign. These problems were becoming increasingly more
frustrating to deal with as it often led to some delays in timelines and exhaustive, labor-intensive
resyntheses. One of the major bottlenecks was related to the overall reaction scales since the final
yields were limited to how much we could comfortably purify via HPLC chiral separation. At the
time, our group did not have a proper budget to afford a preparatory chiral column to accommodate
higher volumes of separated materials. The second problem was that (at the time of this project)
the separation of both atropisomers was still necessary. My colleagues primarily working on that
medicinal chemistry effort were unsure which atropisomer was contributing to the desired activity,
specifically towards our target RET kinase. Our team needed to deconvolute the observed
biological activity of the active atropisomer to the non-relevant atropisomer. The excessive need
for more experiments and assays required even higher amounts of compounds that were already
quite challenging to access in a timely fashion. It is important to note, we eventually confirmed in
X-ray crystallographic structural elucidation which atropisomer was the most active conformation
towards RET kinase when we accumulated enough material of the most promising lead compound.

For these reasons, I and my colleagues believed it would be very desirable to optimize and
improve our existing SNAr strategy described above to be able to obtain a large quantity of desired
atropisomer for further studies. I suspected that redesigning the SnAr reaction to undergo some

atroposelective process would allow us to sterically control which atropisomer product we would
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obtain, without the direct reliance on preparatory chiral HPLC separation. I wanted to know if we
could somehow bias the SNAr reaction to favor one atropisomeric product, and if this was possible
then we may also be able to obtain the opposite atropisomer by biasing the reaction for the other.
The first thing that immediately came to mind was the inclusion of a chiral catalyst, which allows
us to facilitate faster reactions but can also influence the stereochemical outcome of the product.
Many studies supported that a catalyst would likely engage at the interface of reaction, and directly
transpose its stereochemistry to the final atropisomeric enriched product in sufficient yields. The

other atropisomer could then be obtained from the enantiomer of the chiral catalyst (Equation 1).

10 mol% \E/ H3C
R2
K CO
X X _2~~3(@q)
= | NS N
0.1M CCI4
Ny 48 h, r.t. 12 examples
X =Cl, Br upto 97:3 err. 93% yield 92% yleld
24-97% yields 97:3e.r. 93:7 eur.
13 14

Equation 2. Atroposelective nucleophilic aromatic substitution of biaryl pyrimidines.

I and my colleagues had also been inspired by work from Dr. Martin Smith’s group at the
University of Oxford. Dr. Smith and coworkers’ (est. 2015) had disclosed an atroposelective
desymmetrization of biaryl pyrimidines (i.e., a similar scaffold to PPYs) via chiral cation directed
SnAr of thiophenol (Equation 2).%! This work represented the first example of atroposelective SNAr
and furnished atropisomeric pyrimidines such as 16 and 17 in excellent yields and
enantioselectivities. While this work served as a great foundation, there were several factors that

we needed to address and improve upon to make a plausible strategy amenable for our PPYs.
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2.2 Addressing the Shortcomings for Current Atroposelective SNAr Synthetic Methods

to Access PPYs

a. Smith’s Cation-directed Desymmetrization of pyrimidines

PhSH
50% wiw K,COs3

0.1 M CCl,
G O T8 (tomony  C
NN 48 h

18

PhSH
K,HPO,
0.1 M MTBE
15 (10 mol %)

rt
16-96 h

(Ra)-20

~50% conversion
up to 58

Equation 3. An overview of atroposelective SNAr methodology. Compound 15 was found to be
the optimal catalyst for both yield and enantioselectivity.’

2.1.1 Enantioselective Reaction Pathways: Desymmetrization vs. Kinetic Resolution

Smith and coworkers performed a desymmetrization of biaryl pyrimidines, which was
indeed a very useful synthetic approach to access these types of atropisomeric scaffolds. The Smith
group found higher yields of enantioenriched biaryl pyrimidines across several of their substrates.
In desymmetrization, the starting material is prochiral which leads the chiral catalyst to possess no
bias of reacting with one atropisomeric conformation over the other. However, our PPYs are
asymmetric and therefore will not proceed SnAr using this unique reaction pathway.

Our chloro-PPY starting materials exhibited high stereochemical stability, as a racemic
mixture of both (R)a- and (§)a- Class-3 atropisomers. Instead, the reaction pathway biases one of
the two atropisomers via the chiral catalyst complexation which lowers its transition state relative

to the other atropisomer (Figure 7). Compared to the mechanism of a desymmetization, SNAr of
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our chloro-PPY starting materials underwent what is referred to as a kinetic resolution (i.e., KR).%?
In this case, I and my colleagues working on this project hypothesized that our catalyst 15 would
likely bias one atropisomer over the other. The most favorable catalyst-substrate complex would
then facilitate directed substitution of the nucleophilic thiophenol to yield desired atropisomeric
sulfide PPY. At the end of the reaction, the unreacted atropisomer would remain with high
enantiopurity. Both product and recovered starting material would be easier to isolate since we

would be able to use very standard, and achiral purification techniques.

AGi(S), slow A
>
R ©
3
R' (Sa19  (Ra)-19 8
racemic
R7 N
minor product ! major product
(S,)-20 reacts cl R3 (Ra)-20
slower, and is not N N
. R1
formed at lower conversions m _
N N
R2
AAGH gow-tast) = AGH (). siow - AGF (), fast
| Krel = 8 = Ktast/Ksiow
18,6268

Figure 7. Proposed kinetic resolution pathway towards enantioenriched PPY sulfides.

The optimization for this atroposelective SNxAr presented many complex challenges. As a

kinetic resolution there is a limitation of 50% of desired conversion®%’

since the purpose of the
catalyst is to favor the reaction of one the atropisomers from the racemic mixture. Over conversion
to achieve yields that compare to Smith and coworkers’ desymmetrization work would negatively

impact the enantiopurity of the final product. As the biased atropisomer is theoretically completely

depleted at 50% (i.e., has been fully converted into the product), the unreacted starting material
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would start getting consumed. This ultimately causes degradation of enantiopurity of the desired
product. To ensure that we were representing the data consistently across various PPYs, I
monitored our SnAr using the selectivity factor (i.e., often referred to as s-factor, or kwl) — a
calculated value based on the relative rates of the reaction from both atropisomers the chiral
catalyst-directed thiophenol substitution. Atroposelectivity of the reaction is directly proportional

to the s-factor, it is desirable to see larger magnitude for this measurement of enantioselectivity.

2.1.2 Broader Exploration of the PPY Scaffolds

We designed an SnAr approach to incorporate broader diversity and explore a wider
chemical space around the PPY scaffold. I and my colleagues were primarily focused on common
perturbations that would appeal to a general medicinal chemistry campaign. Being able to take
resulting atropisomeric products and convert them in a post-functionalization approach applying
more chemistry without observable racemization (i.e., possessing stable Class-3 atropisomerism)
would also allow for larger enumeration of SAR* of these PPYs. I wanted a diverse panel of
substrates, where the PPY substitutions went beyond simple aryl-based substitution permutations.
Examples of this were adding potentially reactive functional groups during synthesis, making
PPYs which range in different atropisomeric stereochemical stabilities. Importantly, we wanted to
then test these products against the current SAR to increase potency or selectivity.

Lastly, the product sulfides are considered widely in drug discovery as an ‘esoteric’ group
(apart from very few yet specific examples in different areas of pharmaceutical research, refer to
Lesinuard from Figure 4 in Section 1.1). The sulfide group itself is often leveraged as a precursor
intermediate towards the final active compounds. This is particularly observed with these

thiopyrimidine products which can be easily oxidizable in biological conditions. This is evidenced
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by Smith and colleagues, as they successfully twice oxidized their corresponding sulfide products
under mCPBA (a common oxidizing agent)®**! towards sulfones at room temperature. Especially
in the PPY, we found that the C-4 amine functionality is one of the main drivers for potency and
selectivity while the sulfide products were largely inactive in kinase assays. For this reason, we
wanted to demonstrate the synthetic utility of these sulfides obtained from the SnAr approach as

key building blocks for facile access to desired aminated, atropisomeric PPY's.

23 Reaction Development: Optimizing Atroposelective SNAr for 3-aryl PPYs
2.1.3 Substrate Development PPY

We began these studies first by optimizing the catalyst and reaction conditions for this
atroposelective SNnAr of 3-arylated PPYs. I and my colleagues desired this SnAr via kinetic
resolution strategy to outcompete the previous workflow of the racemic synthesis followed by
chiral HPLC separation towards atropisomeric PPYs. Also, we wanted consistent and comparable
tests during the reaction development phase. Based on these two reasons, I restricted the total
reaction time of this atroposelective SNAr and kept it constant of around 24 hours and kept the
reaction scale to 25 mg of starting material. Lastly, each SNAr experiment was performed as a total
of at least 3 trials (see Section 2.1.9 for more information regarding the overall procedure).

PPY 21 possesses a trifluoromethyl group adjacent to the axis of chirality and was chosen
as the starting material to optimize our atroposelective SNAr strategic approach (Table 1). The
trifluoromethyl group is ubiquitous in many pharmaceutically relevant ligands and is often used
by medicinal chemists during lead optimization of a scaffold. Also at the time of this SNAr

development, the Gustafson group was interested in testing trifluoromethyl-containing PPY -7
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analogues based on the predicted property space. We thought introduction of these functional

groups would lead to improved potency of these potential kinase inhibiting scaffolds.

Table 1. SnAr Reaction Optimization Summary Towards 3-aryl PPY sulfides

PhSH

cl SPh cl
base
3
S i \2 CF3 0.1 M solvent NN CF; NS CF3
L Cl cat.(tomol %) | _ M—ci L cl
6N N 16-20 hal N~ N NT N
— ' ) —

racemic 21 22 21
catalyst /z;-l o catalyst /z;-l o
OMe X OMe X
N N
. . CF3
B "R© R
N~
24,R=0H, X =1
conversion[?:c]
entry  cat. solvent base temp %) s-factorl®-c!
1 15 CCly K>CO3 (aq) rt 222 5.64
2 15 CCl, K2CO3 rt 25.8 9.48
3 15 CDCl;4 K>CO; rt 30.7 1.64
4 15 CH3CgHs K2CO3 rt 20.7 1.2
5 15 MTBE K2COs rt 55.9 23.7
6 23 MTBE K2CO3 rt 38.0 12.0
7 24 MTBE K2CO3 rt 34.0 6.00
8 25 MTBE K2CO3 rt 28.0 3.00
9 15 MTBE Cs,CO; rt 14.5 2.93
10 15 MTBE K3PO,4 rt 7.77 1.51
iy 15 MTBE KHCO3 rt 48.2 16.3
12 15 MTBE KoHPO, rt 50.7 27.9
13 15 MTBE KHPO,  95°C 81.7 1.02
14 15 MTBE K,HPO, 60 °C 62.8 1.09
15 15 MTBE K2HPO, 4°C 16.4 5.99

[aR eactions were performed on a 0.0267 mmol scale of 21 with 7.5 equiv thiophenol and 12 equiv
base. ®/Conversions and s-factors were determined using HPLC. ['Results are reported as an
average of at least 3 trials. See the Supporting information (SI) for more details.

Most importantly, we also thought the trifluoromethyl substituent would provide sufficient

bulkiness about the atropisomeric axis to prevent potential racemization over the course of SNAr
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reaction. After making the starting material core PPY 21, the measured the barrier to racemization
and we were delighted to find that this compound possessed AGrac = 33.5 kcal/mol. In addition, I
also measured the barrier to racemization of the resulting sulfide product from this PPY which was
AGrac = 32.8 kcal/mol. Both compounds correspond to a #i2) of racemization at 37 °C (i.e.,

biologically significant temperatures) of over 1000 years.

2.1.4 Solvent Screening and Evaluating Reaction Concentration

Using starting material PPY 21, we performed a control atroposelective SNAr experiment
using Smith’s optimal conditions: a biphasic SNAr reaction where the solvent system is a 1:1 CCla
in a solution of aqueous potassium carbonate, which is catalyzed by a readily available quinine
based quaternary ammonium salt (i.e., a privileged scaffold’! in enantioselective catalysis which
is also commercially available, N-benzylquininium chloride).®' After the 24-hour reaction time
limitation, the overall conversion was lower than the KR’s 50% conversion limit. I also recovered
a decent amount of unreacted, starting material after this reaction. However, this control test did
yield promising enantioselectivity with an s-factor of 5 (Table 2, entry 1). Doing a comparison
reaction, we removed the aqueous component (using solid inorganic base, which is insoluble in
CCly) (Table 2, entry 2). Results had little effect on the reaction conversion, however I did notice
around a 2-fold increase in the s-factor which was very promising. I and my colleagues decided to
forgo a biphasic reaction in favor of reducing reaction complexity, and allowing for quicker
reaction development since there were no stark differences found from the homogeneous mixture.

We next screened various solvents that are commonly used to perform SnAr (i.e., please
refer to Section 2.1.9, Table 5), and as we expected was an important factor for both conversion

and enantioselectivity (Table 1, entries 2-5). We wanted to find more similar but more cost
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effective, eco-friendly solvents compared to CCls which Smith and coworkers found to be an
optimal solvent for atroposelective SnAr. After testing different reactions in different solvents, |
noticed a trend where nonpolar, aprotic solvents like CCl4 performed better as these SNAr reactions

led to sulfide products with higher atroposelectivity.

Table 2. Solvent Evaluation and Permittivity Constants for the Reaction Optimization of
Atroposelective SNAr

Solvent  Permittivity, ) Conversion (%)®  s-factor!®

CCly 2.24 25.8 9.48
CDCl; 4.81 30.7 1.64
CH;3C6Hs 2.38 20.7 11.2
CH,Cl, 8.93 41.3 2.25
THF 7.58 67.5 1.53
MTBE 2.6 50.7 27.9

2l Dielectric constants reported in this table were obtained and adapted from
https://depts.washington.edu/eooptic/linkfiles/dielectric_chart%5B1%5D.pdf ™ Conversions and
[¢] s-factors are calculated using methods from Kagan and coworkers.”? Methods can be found in
Section 2.1.8. 9 Dielectric constants reported in this table were obtained and adapted from
https://monumentchemical.com/uploads/files/TDS/MTBE _TDS.pdf?v=1635378633113

To understand this correlation, I compared these solvents based on their permittivity or the
measurement of how each solvent can sustain charged substrates in solution. Examining the data,
these nonpolar solvents possessed similar dielectric constants (i.e., €) to that of CCls. These
nonpolar solvents like CCls which possess € < 3 likely are unable to promote a stabilization of
charges generated over the course of the reaction. Because of this reason, the cationic charge from
the quaternary ammonium salt-based catalyst becomes less insulated by these types of solvents.
From this, I inferred that the cationic catalyst may be encouraged to form a tighter salt bridge with
the anionic thiophenol and lead to stronger H-bonding interactions with PPY 21 over the course

of the SnAr reaction. While atroposelectivity was improved, I found that the yields for these
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reactions tend to be slower since the substrate, base, and sometimes catalyst were not very soluble
in these solvents.

We also examined solvents with larger dielectric constants of € > 3 and found that these
SnAr reactions led to overall better yields (based on the limit of 50% conversion). This was
anticipated: generally, nucleophilic substitutions perform better in polar, aprotic solvents as the
nucleophile (which in this case is deprotonated thiophenol) is more exposed and the overall
reaction is more soluble. However, these experiments observed overall poor enantioselectivity for
these SnAr reactions. For example, the s-factor was completely degraded in chloroform (i.e.,
e =4.81, slightly improved in toluene (i.e., € = 2.38, and significantly improved at a faster rate in
MTBE (i.e., € = 2.6. From these studies, MTBE possessed the physical properties that facilitated
the most optimal atroposelective SnAr based on the s-factor, and the reaction components were by
far more soluble to make the reaction more homogenized for overall better yields. I and the team
could have continued to focus on a screen of ether-based solvents that would possess similar
characteristics to MTBE. However, we thought that MTBE was quite accessible and cost

advantageous while still being quite optimal to performing these SNAr reactions.

2.1.5. Catalyst and Base Evaluation (i.e., Charged Species in the Atroposelective SNAr)

With MTBE as the most optimal solvent, we next screened catalysts that were similar in
properties to that of N-benzylquininium chloride (i.e., catalyst 15). I examined catalysts with
various counter anions, catalysts that diversify the electronics of the benzyl substitution off the
quaternary ammonium, and catalysts that change the chiral hydroxyl-group into other moieties
(Table 1, entries 5-8). In many of these changes, the s-factors for these reactions were significantly

lowered suggesting that these three factors impart crucial atroposelectivity. Many of these
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reactions also found poor conversions. As we were urgently pushing this project forward in favor
of impacting the medicinal chemistry efforts of atroposelective PPY syntheses, I and the team
decided that this catalyst screen would suffice. We were content to affect enantioselectivity of this
reaction with the general substrate with s-factor > 20. From this catalyst screening, we decided
that N-benzylquininium chloride was the most tolerated for this atroposelective SnAr. For the
completed catalyst screen, please refer to Section 2.1.9, Table 4.

After this short catalyst evaluation, we examined a set of various bases (Table 1, entries 5
and 9-12). Weaker bases (i.e., higher pKy) generally performed better, with dibasic potassium
phosphate as the most desirable near 50% conversion with an s-factor of over 27. Conversely, the
SNAr conversion was slightly improved with stronger bases, but also led to a 10-fold drop in s-
factor. Please refer to Section 2.1.9, Table 5 for more information about the base optimization of

this SNATr reaction.

2.1.6. Temperature and Reaction Concentration

Second to last, I studied the temperature profile of this reaction and was unsurprised to find
that enantioselectivity was completely degraded at elevated temperatures (Table 13-15). SnAr is
much faster under the higher reaction temperatures as there is no bias for either enantiomer of the
starting material PPY 21 to yield the corresponding sulfide atropisomeric PPY 21. Essentially, the
chiral catalyst for KR becomes inconsequential. I and my colleagues were a bit surprised however
to find that the colder SnAr reactions did lose selectivity. From this observation, we think the
atroposelective SNAT reaction is perhaps too sluggish for this desired KR to occur via the catalyst
interaction with the starting material. As such, a background reaction might be happening over the

course of the SnAr, which will scramble the enantiopurity of the final product PPY. This is

22



evidenced when we ran a test reaction at a starting temperature of -78 °C, which was then gradually
warmed to ambient reaction conditions over 24 hours. The result of this experiment led to a modest
40% conversion to product PPY 22, yet poor enantioselectivity of an s-factor of 2.30.

Lastly, we explored the potential effect of reaction concentration for this atroposelective
SnAr. Generally, nucleophilic substitution reactions are dependent on reaction concentration;
wherein the success of this kinetic resolution is greatly affected ability of the chiral catalyst to
engage with the starting material PPY. We thought it would be important to see what effect
concentration would have on the overall enantioselectivity. I was a bit surprised to see the
conversions seemingly fluctuate between 0.01 and 0.05 M MTBE runs (which I equate as within
error averaging between several trials per experiment). More interestingly, I found that the most
ideal condition for SNAr was in the middle of range of concentrations. From these conclusions, we
decided to stick with the original dilution of 0.1 M anhydrous MTBE.

After a few months of developing this atroposelective SNnAr, we were eager to see if this
would be a viable method for our group’s medicinal chemistry efforts about PPY-based kinase
inhibiting scaffolds. We next designed and tested a varied substrate scope which served to perform

library syntheses using our antiquated atroposelective SnAr synthetic strategy.

24 Atroposelective SNAr of Thiophenol towards 3-aryl PPYs

From readily available 4-chloro-7H-pyrrolo[2,3-d]pyrimidine, we prepared our C-4
chlorinated, racemic PPY substrates through this below general synthesis (i.e., numbering of

atoms in the PPY is shown in Table 1, compound 19):

1) Iodination of the C-3 position via electrophilic aromatic substitution (i.e., EAS)
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2) N-alkylation of the pyrrole (i.e., changing the substitution off the N-1 nitrogen; adding

R? functionality that mimic the ribose of the native kinase ligand ATP).

3) A selective Ar-Ar coupling where the iodinated C-3 position is via Suzuki-Miyaura

conditions establishes the atropisomeric bond, which is stabilized lastly via

4) Functionalization of the C-2 position (e.g., halogenation via Lewis-base catalyzed EAS,
Stille couplings, etc.).”® Please refer to Sections 2.1.10 to 2.1.16 for more details of the syntheses

towards the PPY substrates involved in the atroposelective SnAr library.

As mentioned in Section 2.3, the first round of chloro-PPY substrates were primarily
focused on trifluoromethyl substitution off the 3-aryl (i.e., adjacent to atropiosomeric axis). We
synthesized a set of analogues that switched the pyrrole’s N-1 aliphatic groups, as these were
features that were desirable to test in potential kinase inhibiting compounds. There were no
observable differences in the enantioselectivity between analogues, wherein the optimal SnAr
conditions led to excellent s-factors ranging from ~15-40. These results were extremely exciting
and very promising, since the success for atroposelective SxAr towards the desired sulfide products
was unaffected from these changes made to the PPY scaffold.

During the time of this project, our group was focused on the C-3 aryl-group of the
atropisomeric PPY scaffold as a key driver of the ongoing medicinal chemistry campaign. Straying
away from the trifluoromethyl group, we synthesized many analogues that changed the size and
electronics off the R3-group about the 3-aryl (i.e., adjacent to the axis of chirality, Equation 2).

From relevant work of similar PP scaffolds and from our previous studies, it is shown that this
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moiety acts as an anchor to engage the ‘gatekeeper’ (i.e., a unique residue embedded in the
hydrophobic region) of the kinase.’® By tuning the substitution off the 3-aryl (i.e., the R3-group),
our team hypothesized this would likely result in the most marked improvement of kinase inhibitor
selectivity for this scaffold. We were particularly eager to apply the atroposelective SnAr to
synthesize these types of PPY analogues. Another consideration was that changing the substitution
off'this 3-aryl position (i.e., adjacent to the atropiosomeric axis of the PPY) would drastically affect
the stereochemical stability for these compounds. To confirm this we took barrier to racemization
measurements for some of the starting material PPY's, and found that all of them existed as Class-
3 atropisomers which means that these compounds would still be KR viable substrates for
atroposelective SnAr. More details for the synthetic exploration can be found in Section 2.1.24 for
Racemization Kinetics of some of the PPY scaffolds.

After examining SnAr across this panel of substrates, we found that compared to the
reaction of PPY 21 there was about a 2 to 5-fold loss of enantioselectivity at the optimal KR
conversion. For example, changing the trifluoromethyl to a naphthyl group in PPY 37 yielded a
modest s-factor about 13 at the 50% KR conversion limit. This PPY represented an
atropisomerically stable analogue of the chemical probe NA-PP1 (i.e., binds strongly to kinases,
closely resembles ATP). Across many of these substrates, we found decent enantioselectivities
with s-factors >10. Despite the lowered selectivity of the SNnAr to access these PPYs, I and my
colleagues found that limiting the conversion from the 50% threshold to around 40-45% allowed
us to achieve workable enantiopurity for both the isolated sulfide products and recovered starting

material PPYs.
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Table 3. Scope of Enantioenriched PPY Sulfides obtained from Atroposelective SNAr

X X X X
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| P cl DR | P cl DR
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)\ Me
23 (X = Cl, 38%, 10:90 e.r.)
—_ d . b 3 3
21 (X=Cl 41%%, 7:04 ex®) 5" opl 469, 8717 ex) 25 (X = CI, 30%, 18:82exr) 27 (X = Cl, 46%, 5:95 e.r.)
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29 (X=Cl, 43%,6:94 err) 32 (X =SPh, 48%, 13:87 e.r.) 34 (X =SPh, 48%, 27:73 e.r.) 36 (X = SPh, 50%, 17:83 e.r.)
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38 (X = SPh,'46%, 2416 e.r.) 39 X CI 34% 946 e. r) conversion = 47% conversion = 40%
conversion =51.2% 49 (x SPh, 47%, 88:11 e.r.) s=16 $=9.0
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46 (X = SPh, 68%, 17:83 e.r.) conversion = 41% conversion = >5% conversion = >5%
s=20 s=n.d. s=n.d.

conversion = 70%

stel = 12 (from 47)
[alReactions were performed on a 25 mg scale of 1. [PReported isolated yield and e.r. are
determined for one trial of the SnAr of each substrate and its product. “/Conversion and s-factors
were determined using HPLC. [YResults are reported as an average of at least 3 trials. [°le.r. and s-
factor were determined from the aminated substrate. n.d. means value was not determined. Please
refer to Section 2.1.17 for more details.
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We next synthesized a few PPYs that varied the C-2 position (i.e., the R?-group from the
pyrrole that is adjacent to the atropisomeric axis) and evaluated each correspondent SnAr reaction.
Firstly, this position of the PPY required substitution to achieve Class-3 atropisomeric stability. In
addition, our group found that we could exploit this C-2 substitution to gain further selectivity by
engaging non-conserved residues. Lastly, this substitution can greatly regulate electrophilicity of
the pyrimidine ring that forms crucial hydrogen bonding interactions with the hinge region of the
kinase. Upon experimentation, we found that these substitutions had led to the most drastic
changes in enantioselectivity. For one, this SNAr chemistry was amenable to substitutions such as
a C-2 bromide (i.e., s-factor = 16) or alkenyl group, to even a difluoromethyl group (an important
functional group within the pantheon of drug discovery, much like the trifluoromethyl group). I
observed SnAr reactions with s-factors in modest conversions comparable to PPY 21. At scaling
the reaction from the ‘mg to gram’-scale, I and my colleagues found that the SxAr performed
better, yielding an s-factor of almost 60 for the synthesis of C-2 bromo-PPY 41. This example
represented the first time our lab was able to access a large quantity of atropoisomerically enriched,
Class-3 stereochemically stable PPY.

Straying away from this, I and my colleagues tested PPY substrates with stronger electron
withdrawing groups (e.g., C-2 nitro-group, PPY 48) which found small s-factors (i.e., within >20-
fold loss in enantioselectivities). This was a noteworthy departure from the enantioselectivities we
previously observed, and we considered that introducing these substitutions made the pyrimidine
ring more electrophilic, thus making these PPY substrates more reactive towards S~Ar. [ and my
colleagues thought that perhaps a significant background reaction was able to outcompete the
chiral catalyst’s influence to undergo the desired KR. To test this theory, I had set up the exact

reaction using PPY 48 in the absence of any catalyst and found racemic sulfide product PPY 49

27



was being formed. This result suggested that the SNAr reaction would need to be reoptimized to
suit highly reactive PPYs, and lead to desirable yields and observed enantioselectivities.

While it may be that atroposelectivity of our S~Ar approach would be negatively
influenced by a competing background reaction from such reactive substrates, this was not the
only source of interest for substrates within this class. In some instances, we recovered the starting
material PPYs after the atroposelective SnAr reactions in unexpectedly poor enantiopurity. More
specifically, this conundrum was spurred after we recovered the starting material PPY 48 at 36:64
e.r.; an isolated enantiopurity that would be useful for the ongoing medicinal chemistry campaign.
From canonical KR, this recovered starting material should (based on theory, and as mentioned
earlier) be isolated in a higher enantiopurity around (or at) the 50% conversion limit. This striking
and perplexing result of 28 ee% for PPY 48, at the time of this reporting, did not have a complete
hypothesis to understand what potentially might be happening. Our working theory was that these
PPY substrates that contained these reactive substrates were somehow unstable (despite how all
SNAr reactions led to clean purifications of product sulfide PPY and recovered starting material
chloride PPY during FCC normal phase separation). This observation was reencountered within
the context of a completely different project (i.e., the atroposelective syntheses of 3-aryl
quinolines, Section 2.12). From more in-depth interrogation and furthered exploration in that
future project, we were able to propose a more comprehensive and plausible theory. I and my
colleagues working on these atroposelective methodologies had later learned that kinetic resolution
was more multilayered than what the current field of enantioselective catalysis perceives.

Regardless, I and my colleagues moved forward with these results and synthesized PPYs
fashioned with electron donating substituents (e.g., alkyl groups like the C-2 methyl PPY 50).

Running in parallel, our medicinal chemistry efforts found that putting more electron donating
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groups would impart more potency towards kinases of interest. After evaluating our SNAr approach
in the context of these PPY's, we were dismayed as we found minimal to no conversions to sulfide
product PPYs. Unlike in the previous set of molecules, we attributed these PPY's as weakly reactive
substrates for successful atroposelective SxAr. Running a test reaction, I took PPY 50 (which
possesses the C-3 naphthyl group and a C-2 methyl) and found no conversion even after a week
of allowing the reaction to stir at room temperature.

Lastly, I tested one of the most common N-heterocyclic analogues to the PPY scaffold, an
azaindole scaffold compound 52. This switched the reactive pyrimidine to a pyridine, which should
reduce the electrophilicity. The result of this test was within our expectation, and I found no

conversion to product using these SnyAr conditions upon this substrate.

2.5 Enantiodivergent Syntheses Towards Selective Kinase Inhibitor PPYs

The typical amination conditions required microwave conditions: a pressure sealed
reaction of the PPY in ammonium hydroxide, at 140 °C with stirring (Equation 1). It would be
remiss to perform this procedure on our newly acquired enantioenriched PPYs, since these
extremely hot amination conditions would indubitably cause racemization. After isolating the
recovered starting material and respective sulfide products, I found that these could be transformed
into the final kinase inhibiting aminopyrimidines (i.e., -NH2 at C-4 position) with no observed
racemization via a different 2 (or 3-step in the case of the sulfide) amination process (Equation 4).
Before I began developing an alternative amination method, I required a more substantial amount
of both the sulfide product and recovered chloride starting material PPYs. Because I was able to
perform an SnAr reaction towards enantioenriched PPY sulfide 22 on ‘gram-scale’ (with large

improvement in enantioselectivity based on the resulting s-factor), I synthesized PPYs 37, 39, and
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41 in larger yields successfully. I was happy to find these results comparable to the small-scale

syntheses of these compounds, but also to see that in some cases enantioselectivity of the final

product was greatly improved.

R"'\’,\

MeO OMe
T W I
R
NN H,N

neat, rt (3-4 d)

A\ R2
N~ N
R1
19
21 (88:12 er)
37 (85:15 er.)

39 (93:7 er)
41 (90:10 e.r)

S

2) TFA, CH,Cl,

(Sa)-54
from 21, 61%] 89:11 e.r.[2l)

60
61
62

from 37, 77%, 85:15 e.r.)
from 39, 91%, 96:4 e.r.)

63 (from 41, 87%, er=92:8 e.r.)
MeO OMe
1)
H,N
b neat, rt (3-4 d)
. —_—
2) TFA, CH,Cl,
(Ra)-56
22 (88:12 er) 64 (from 22, 24%, 91:9 e.r))
38 (82:18 e.r) 65 (from 38, 35%, 82:18 e.r.)
40 (87:13 eur.) 66 (from 40, 40%, 87:13 e.r.)
42 (96:4 er) 67 (from 42, 84%, 96:4 e.r.)
NH, NH, NH, OQ
N CF3 N CF; N
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c | L N—ph L N—Me
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(Sa)-57 (from 63, 55%, 92:8 e.r.)
(Ra)-57 (from 67, 53%, 94:6 e.r.)

7/

(S.)-58 (from 63, 70%, 92:8 e.r.)
(R4)-58 (from 67, 48%, 97:3 e.r.)

~

(Sa)-59 (from 61, 58%, 85:15 e.r.)
(Ra)-59 (from 65, 50%, 93:7 e.r.)

Equation 4. a. Transformation of enantioenriched starting materials, and b. transformation of
enantioenriched products towards C-4 aminated kinase inhibitors. Reported [lisolated yields and
blenantioselectivity via e.r. are for one trial. c. Modification of the C-2 position using modern Pd-
coupling reaction conditions. See Section 2.1.17 for more details.

Taking inspirations from “PMB-protection followed by deprotection” of amines, I found
that quantitative aminated intermediate to the atropisomerically enriched, chloride PPY occurred
via SNAr in neat 2,4-dimethoxybenzylamine within 24-48 hours at room temperature (Equation
4.a.). Upon reaction completion and then a subsequent purification, I treated the isolated 2,4-
dimethoxybenzyl substituted aniline intermediate with TFA to expose the -NH> amine over the

course of an hour. These steps resulted in aminated PPY's without observable enantiodegradation
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for any of the cases evaluated. Moreover learnings from Smith and coworker’s desymmetrization
work, we then oxidized a handful of sulfide products to sulfone based PPYs using mCPBA®! in
ethyl acetate at room temperature (Equation 4.b.). Making the sulfide into a sulfone made for a
better leaving group, which then immediately transformed to the aminated PPYs also with no
observable degradation in enantiopurity. This synthetic sequence represents how the sulfide PPY
from the atroposelective SxAr and its counterpart recovered starting material chloride PPY can
lead to aminated products in an enantiodivergent manner. In principle, I and my colleagues were
successful in separating the (R)a- and (S)a- atropisomers of the kinase inhibiting PPY.

It is also worth noting that we found increased enantioenrichment (i.e., improved e.r.) after
the amination, which we believe is because these compounds were likely isolated after an in-situ
trituration. Trituration is using a solvent with low solubility for the substrate to either dissolve or
crash out the enantiomer in excess. This leaves the other enantiomer as the precipitate or in the
solution, respectively. As the last step requires deprotection of the PMB-like group, the aminated
PPY was isolated as a TFA salt which was then triturated during workup of the final reaction. For
example, we performed the above-described synthetic sequence to yield PPY 66 from PPY 40 and
found the enantiopurity of this material was slightly improved. This PPY 66 was vital to make into
the aminated PPY since this substrate was already previously characterized from the original 2014
PPY work via small molecule crystallography from enantiopure material. Using this information,
we assigned the stereoinduction traced back to atroposelective SnAr of thiophenol. From the
investigation, the final sulfide product obtained from the kinetic resolution was the (Ra)-
atropisomer.

Atroposelective SNAr towards analogues that changed the C-2 substitutions were limited,

since enantioselectivity often was within s-factor < 10. To address this shortcoming, alternative
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methods were used to install these electrons donating C-2 substitutions through using these final
products obtained from this atroposelective SNAr reaction. In doing these chemistries, I and my
colleagues hoped to avoid racemization. We examined PPYs 65 and 67 which possess either
chloride or bromide at the C-2 position, respectively. Using these as launching points, we fully
protected the C-4 amine using Boc anhydride to avoid further synthetic complications. The Boc-
protected 67 was readily functionalized to C-2 methylated 57 using chemistry developed from
Schoenebeck’® and C-2 arylated 58 using conditions from Buchwald”® each in good yields. Once
we confirmed we had these desired PPY products, we removed the Boc-group using acid and found
that over these two steps there was no observed racemization. Separately, we took the naphthyl
based aminated PPY 61 easily transformed the chloride at this C-2 chloride to a methylated
analogue (PPY 59) using Organ’s PEPPSI-iPent catalyst’® with no observed degradation in e.r.
Upon removal of the Boc-group, as in the previous case we found that the enantiomeric
purity could be further improved from trituration using a mixture of hexanes in IPA. In this work,
we measured that the many of these aminated PPYs possessed lower barriers to racemization
compared to the chloride or sulfone (i.e., AGrac = 28 kcal/mol). For this reason, we decided that
PPYs that such as 57 and 59 which correspond to #12) of racemization of over a year at room
temperature (2-3 months at 37 °C), stabilities that would be appropriate for chemical probes and

to subject to test in kinase inhibition assays.
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(Sa)*-59 (>99% enantiopurity)

Src ICs >15000 nM
Brk |Cso nM

(Ra)*-59 (>99% enantiopurity)

Src IC5¢ >15000 nM
Brk ICsp >15000 nM

Src ICsg >15000 nM
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Brk |Cso nM

Figure 8. Evaluation of enantioenriched PPYs across Src and Brk kinases.’>?° ICsos were
determined using Promega’s ATP Glo Kinase Inhibition Assay in duplicate. Please see Section
2.1.25 for more details.

We examined PPY's 63 (and its atropisomer 67), both atropisomers of 57 (enantioenriched),
and both atropisomers of 59 (enantiopure, after trituration) for inhibitory activity across kinases
Src (which in the previous study had a preference to bind the (S).-atropisomer of the PPY scaffold)
and Breast Tumor kinase (Brk).’®”” From these experiments, we found that the C-2 brominated
(Sa)-63 or (R.)-67 were inactive as neither atropisomer for this PPY inhibited these kinases.
However, the (R)-atropisomer of C-2 methylated 57 led to a ICso of 25 uM towards Brk kinase.
Based on these results, we evaluated the C-2 methylated 59, with the putative (R).-atropisomer
inhibiting Src with an ICso of 13 uM and Brk with an ICso of 0.005 uM. This exciting >250-fold
preference for Brk over Src was very promising, and (R)-atropisomer of 59 became an intriguing
lead towards a selective Brk inhibitor. Eventually, this work served to springboard the medicinal

chemistry exploration towards our best PPY inhibitor of RET kinase.
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2.6 Conclusion and Future Directions for this Work
PhSH (8.5 egiuv) R%
KoHPO, (14.5 equiv) cl
0.1 M MTBE . R3
R
X

15 (10 mol %) Nl N_R2

rt N/ N

16-96 h ¥
racemic 19 (Ra)-20 (Sa)-19

AG,4c >27 kcal/mol
Class-3 atropisomer

~50% conversion, s < 58
AG;5c >27 kcal/mol
Class-3 atropisomer

Equation 5. Atroposelective SxAr towards PPY-based Kinase Inhibitors

I and my colleagues disclosed an atroposelective selective SyAr approach to the kinetic
resolution of an important class of kinase inhibitors. This chemistry proved quite robust and
became a standard for accessing large quantities of enantioenriched PPY analogues. In addition,
these compounds were amenable to post asymmetric induction modification. Excitingly, this work
accelerated the medicinal chemistry campaigns, highlighted by the discovery of sub-digit nM

potent and selective inhibitor of Breast Tumor Kinase (Brk).

RUTN PhSH 69 H R4
K,HPO = -
F — 2 4 amination
k3 68 (10 mol %) OMe e NH2 ¥ ks
NN g2 0.1 [50:50 - SN'[Alr N
R . : 3-step'®
lN/ N hexanes in PhMe] . (—p)> m p > R?
‘R1 rt N N\
16-96 h A R
68 (R.)-20 S” NH (Ra)-12
AGiac >27 kcallmol AG,4, >27 kealimol tBu ~60% overall yield
ti2 (25°C)~6h Class-3 atropisomer 99:1er.

Class-3 atropisomer

26 examples

<87:13 e.r,, <97% yield
<99:1 e.r. after trituration

Equation 6. Atroposelective SnAr towards PPY-based kinase inhibitors via Dynamic Kinetic
Resolution (DRK)

It should be mentioned that since this atroposelective synthetic strategy towards

atropisomeric PPY's was published, other group members quickly followed up on this work and
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modified this strategy to make it more accessible. While a viable strategy to access both
atropisomers of the PPY scaffold on gram-scale, we found that the 50% conversion limitation was
not going to be a sustainable, long-term solution. Also at this point, we wanted to focus our efforts
on synthesizing the more active (R).-atropisomer of our PPY analogues and effectively ‘throwing
away half of the material’ seemed egregious. To address this, we reoptimized my SnAr strategy to
undergo dynamic kinetic resolution (i.e., DKR).”38 DKR is a subtype of the kinetic resolution —
an enantioselective reaction in which the asymmetrical starting material (i.e., yielding two distinct
enantiomers) is stereochemically unstable due to various factors such as epimerization,
planarization, etc. Due to this instability, the highly reactive enantiomer depletes over the course
of the reaction which then facilitates equilibration of the starting material via Le Chatelier's
principle. As a result, this cycle drives the reaction further achieving higher conversions while
retaining high enantioselectivity.

In the case of these PPY's, we found replacing the leaving group C-4 chloride with a smaller
C-4 fluoride group would possess a rate of racemization that is faster than the rate of SNnAr. After
reoptimizing the atroposelective SxAr conditions and subjecting a set of PPYs (some new and
some from the original substrate scope), enantioselectivities were very comparable. Additionally,
trituration of the recovered products after following my general amination procedure led to 99:1
e.r.s in <70% yield, proving DKR as more efficient to access this class of kinase inhibitors. As of

this thesis report, this work is still ongoing.

35



Acknowledgements

Chapter 2, Section 1 in full, is a reprint of the material as it appears in Organic Letters,
2018, 20, 2037-2041. Cardenas, Mariel M.; Toenjes, Sean. T.; Nalbandian, Chris J.; Gustafson,
Jeffrey L.? The dissertation author was the primary investigator and first author of this paper.

Chapter 2 also contains material that is in part a reformatted reprint of the following review,
with permission from Arkivoc, 2021, i, 20-47. Copyright 2021 ARKAT USA, Inc. Cardenas,
Mariel M.; Nguyen, Mariel M. Cardenas, Ashley D.; Brown, Zachary E.; Heydari, Beeta S.;
Heydari, Bahar S.; Vaidya, Sagar D.; Gustafson, Jeffrey L.” The dissertation author was the

primary investigator and author of this paper.

36



2.7 Experimental Section

This section is a reformatting of the Supporting Information from the original manuscript.
Compound numbering is bolded to represent the preparation of that substrate. In other cases, the
numbering format is not bolded.

'H and '3C NMR spectra were recorded on Varian VNMRS 400 MHz, Varian Inova 500 MHz
and Varian VNMRS 600 MHz at room temperature. All chemical shifts were reported in parts per
million (8) and were internally referenced to residual protio solvents unless otherwise noted. All
spectral data were reported as follows: & = chemical shift (/= multiplicity [singlet (s), doublet (d),
triplet (£), quartet (¢), quintet (p), and multiplet ()], coupling constants [Hz], integration). '*C
spectra were recorded with complete 'H and °F decoupling. '°F spectra were recorded with
internal fluorine standards (trifluoroacetic acid or trifluorotoluene). Conventional mass spectra

were obtained using Advion expression®* CMS APCI/ASAP.

For cross-coupling reactions, 1,4-dioxane and deionized H2O were sparged with N2 for 30
minutes. For the chlorination of substrates, purchased (N)-chlorosuccinimide was recrystallized
before use. Chemicals were purchased from Sigma Aldrich, TCI, Frontier Scientific, Acros
Organics, Strem, Oakwood, Cambridge Isotope Laboratories, or Fischer and were used as received
without further purification. All flash column chromatography (FCC) was performed using Grade
60 Silica gel (230-400 mesh) purchased from Fisher Scientific. TLC preparatory plates were
performed from Grade 60 Silica gel with fluorescent indicator F2s4 and purchased from Fischer.

Enantiomeric ratios (er or e.r.) were determined by HPLC analysis employing chiral stationary
phase column specified for each individual experiment. All data acquired was recorded on HP
Agilent 1100 HPLC using Chiral Technologies Inc. Daicel Group Chiralpak IA, IB, and IC Normal

Phase chiral columns.
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2.1.7 Helpful Tips and Tricks

1. We found that K;HPOg4 is universally the most effective base for the cation-directed SnAr of
anionic thiophenol based on highest determined selectivity factor (s). However, KoCO3 and
KHCO;3 also provided comparable conversions and selectivity.

2. Our developed reaction ratio is 1.0:1.7 thiophenol to K;HPO4 as more non-nucleophilic base
is necessary to acquire comparable ~50% conversions.

3. Our optimized reaction conditions are 8.5 equiv of thiophenol and 14.5 equiv of KoHPOa.
However, each PPY analogue yielded varying conversions at these reaction conditions.

4. In general, we found that more electron deficient PPY substrates required >3.0 equiv of

thiophenol, and more electron rich PPY substrates required <3.0 equiv of thiophenol.

2.1.8 Formula to Determine All Conversions and s-factors of Each Substrate:

Equation 7. From every trial, conversion is calculated using the methods of Fiaud.””

eegm

—) 100
eegMm + €€pRr

conversion(%) = (

where eesum is the ee of the starting material
and eepr 1s the ee of the product
The reported conversion for this dissertation represents every substrate as an average of >3 trials.
For each trial, s is calculated from eesm and the calculated conversion (not percentage) for

that given trial using the following equation.

Equation 8. Calculating s-factor from conversion and enantioenriched percentage.’”

e In[(1 — conv)(1 — eegy)]
S =kpe = In[(1 — conv)(1 + eegy)]

The reported s for this dissertation represents every substrate as an average of >3 trials.
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2.1.9 Reaction Development and Optimization

Table 4. Catalyst Index

A1 R=H, X =Cl (conv¥ = 559%, s’/ = 237)
A2 R =H, X=Br(conv=38.0%, s=12.0)
A3 R=H, X=1(conv=234.0%, s =6.00)

A4 R=H, X=F (conv >5.0%, s NTD)

A5 R =Ac, X=Br(conv>5.0%, s NTD)

A6 R =CHgj, X =F (conv >5.0%, s NTD)

B1
B2
B3
B4

CF,

R =H, X =ClI (conv = 28.0%, s = 3.00)
R =H, X =Br (conv = 26.0%, s = 2.00)
R=H, X=F (conv = 8.54%, s = 1.88)
R =Ac, X=Br (conv =8.71%, s = 1.08)

C1 (conv >5.0%, s NTD) C2 (conv=28.2%, s=2.52)
OCH;

achiral catalyst
X~ for standards:

Bu
Lpn Bu-N-Bu X~

Bu

- - - 0, -

D1 R =H, X=ClI (conv =40.0%, s =1.00) X = Cl. Br. or |

D2 R =Ac, X=Br(conv=27.9%, s=1.45)

With 0.0267 mmol (10 mg, 1.0 equiv) 74, 0.0027 mmol of catalyst, and 0.1 M solvent, 0.167 mmol
HSPh and 0.878 mmol base were added to the reaction and stirred overnight. See Table 1.
Reaction Optimization for SNAr of PPYs for more details on the rest of the reaction

development.

Catalyst Legend (Referenced to Section 1 of this Dissertation):

A1l = Compound 15
A2 = Compound 23
A3 = Compound 24
B1 = Compound 25

39



Table 5. Complete Reaction Optimization for SNAr of PPY's

catalyst A1 (10 mol%)
Cl HSPh SPh Cl

CF, CF; CF;
N~ \ K2HPO4 N \ + N \
tN/ \ Cl X M solvent l PN Cl KN/ y Cl
\ X temperature \ \

iPr 18-48 h iPr iPr

1.1a ee-1.2a ee-1.1a

(21) (Ry-22) (S5-21)
Entry Solvent  Base Temp. (°C) Conc.(M) conv(%) st
128l CCly K>CO3 r.t. 0.1 22.2 5.64
P CCly K>COs r.t. 0.1 25.8 9.48
31k CDCl3 K>CO3 r.t. 0.1 30.7 1.64
4lel CH3CsHs KoCO3 r.t. 0.1 20.7 11.2
50l CH.Cl K>COs r.t. 0.1 41.3 2.25
64 THF K>CO3 r.t. 0.1 67.5 1.53
7 MTBE Cs:COs 1t 0.1 14.5 2.93
8 MTBE K3POg4 r.t. 0.1 7.77 1.51
9 MTBE NaHCO3 r.t. 0.1 21.8 2.23
10t MTBE KHCO3 rt. 0.1 48.2 16.3
1111 MTBE K:HPO4 rt. 0.1 50.7 27.9
125 MTBE KoHPO; 95 0.1 81.7 1.02
13M1 MTBE KoHPO; 60 0.1 62.8 1.09
14(f] MTBE KoHPO;, 4 0.1 16.4 5.99
1501 MTBE K,HPOs -78tor.t. 0.1 40.4 2.30
16!1 MTBE K>,HPO4 rt. 0.01 43.6 1.35
1711 MTBE K>,HPOs4 r.t. 0.05 25.1 8.16
181 MTBE K>,HPOs4 rt. 0.13 66.5 2.50

[210.0267 mmol (10 mg, 1.0 equiv) 74, 0.0027 mmol of catalyst (10 mol%), and 0.1 M solvent, 0.167 mmol HSPh and 0.878 mmol
base were added to the reaction and stirred overnight. [#10.401 mmol HSPh and 0.878 mmol base were added instead of previous
conditions. ["10.251 mmol HSPh and 0.351 mmol base were added instead of previous conditions. [€10.401 mmol HSPh and 0.561
mmol were added instead of previous conditions. [410.0335 mmol HSPh and 0.0468 mmol base were added instead of previous
conditions. [¢10.234 mmol HSPh and 1.54 mmol base were added instead of previous conditions. [10.488 mmol HSPh and 0.802
mmol base were added instead of previous conditions. [ETK2CO3(aq.) was added as 50% w/w aqueous solution. MPressure vial was
used. Results are reported as an average of at least 3 trials. MIConversions and s-factors are determined using HPLC. Percent
conversion is calculated by Equation 7. s-factors are calculated from the isolated starting materials via Equation 8.
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2.1.10 General Procedure for PPY Substrates Prior to Suzuki Coupling

Equation 9. Synthesis of PPY Core

o] cl cl
NIS, DMF Cs,CO3, DMF
K N \ Rz Mt.24hr K ~ \ R? R'-X Nl TN _ge
rt., 24 hr N~ N
H H R
R? = H, CHj R? = H, CHjg

Step 1. To PPY (1.0 equiv) in a 25-mL Erlenmeyer was (N)-iodosuccinimide (i.e., NIS, 1.1
equiv) added and dissolved in 2.6 M DMF. The reaction was stirred at r.z. for 30 min to overnight.
The resulting mixture was added to a 125-mL Erlenmeyer flask with distilled room temperature
water. The desired precipitate was obtained after vacuum filtration.

Step 2. To PPY (1.0 equiv) in a 250-mL round-bottom flask was added Cs2COs (1.5 equiv) and
0.36 M DMF. The mixture was stirred at r.t. for 5 minutes, and alkyl halide R%-X (1.1 equiv) was
added. The reaction was left to stir overnight. The resulting mixture was added to 125-mL
Erlenmeyer flask with distilled room temperature water. The desired precipitate was filtered by
vacuum filtration to yield product (yield varies amongst different alkyl halides) as a yellowish
sienna colored solid. If the solid did precipitate out, the mixture was taken in 50-mL EtOAc and
extracted, dried with Na>SO4 and concentrated in vacuo to yield product. Column chromatography

was used to purify these PPYs via 15:1 Hexanes:EtOAc or 100% dichloromethane.

4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine

Cl | Following the general procedure: to 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (1.00 g,
X
Nl _ N 6.5 mmol, 1.0 equiv) was NIS (1.61 g, 7.15 mmol, 1.1 equiv) added and stirred for
N N
H
30 minutes in DMF. The product was recrystallized from DMF by the addition of

water to yield pure 4-chloro-3-iodo-7H-pyrrolo[2,3-d]pyrimidine as a yellow solid. Quantitative
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yield. Spectral data for this compound is attained in agreeance in U.S. patent: Goldstein, D. M.;
Al Brameld, K. Preparation of substituted pyrazolopyrimidinamines as tyrosine kinase inhibitors,

2015, Application Number: US 2013-13859569.

4-chloro-5-iodo-6-methyl-7H-pyrrolo[2,3-d]pyrimidine
Cl | Following the general procedure: to 4-chloro-6-methyl-7H-pyrrolo[2,3-d]
N
—

L

I\} CH3 pyrimidine (1.70 g, 10.2 mmol, 1.0 equiv) was NIS (2.52 g, 11.2 mmol, 1.1
N
H

equiv) added and stirred overnight in 5 mL DMF. The crude product was diluted
with water and extracted with EtOAc. The collected organic layers were rinsed with brine, dried
with NaxSOs, concentrated in vacuo. Trituration with hexanes afforded 4-chloro-3-iodo-2-
methyl-7H-pyrrolo[2,3-d]pyrimidine moved on without any methods of purification. Spectral
data for this compound is attained in agreeance with Singer, M.; Jaschke, A. J. Am. Chem. Soc.

2010, 732 (24), 8372.

4-chloro-3-iodo-1H-pyrrolo[2,3-b]pyridine

Cl | Following the general procedure: to 4-chloro-/H-pyrrolo[2,3-b]pyridine (1.00 g, 6.5
(j\/é mmol, 1.0 equiv) was NIS (1.61 g, 7.15 mmol, 1.1 equiv) added and stirred for 30

o minutes in DMF. The product was recrystallized from DMF by the addition of water
to yield crude 4-chloro-3-iodo-1H-pyrrolo[2,3-b]pyridine as a brown solid. Quantitative yield.
Spectral data for this compound is attained in agreeance in U.S. patent: Bahceci, S.; Chan, B.;
Diva, S.; Chen, J.; Forsyth, T. P.; Franzini, M.; Jammalamadaka, V.; Jeong, J. W.; Jones, L. R.;
Kelley, R. M.; Kim, M. H.; Leahy, J. W.; Mac, M. B.; Noguchi, R. T.; Rao, P.; Ridgway, B. H.;

Xu, W.; Wang, Y. Preparation of pyrrolo[2,3-b]pyridine, I H-pyrazolo[3,4-d]pyrimidine, and 3H-

42



imidazo[4,5-b]pyridine derivatives as cyclin-dependent kinase (CDK) modulators, 2010. PCT Int.

Appl., 2010003133,

4-chloro-5-iodo-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine
cl | Following the general procedure: to 4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine
Nf\j\/N\g (5.59 g, 20.03 mmol, 1.0 equiv) was Cs2CO3 (9.79 g, 30.05 mmol, 1.5 equiv) added
iPr and dissolved into 55.9 mL DMF. After 3 minutes, 2-iodopropane (2.20 mL, 22.04
mmol, 1.1 equiv) was added. The reaction was left to stir overnight. The product was recrystallized
from DMF by the addition of water to yield pure 4-chloro-5-iodo-7-isopropyl-7H-pyrrolo|2,3-
d]pyrimidine as a yellow solid. 100% isolated yield. Spectral data for this compound is attained
in agreeance in U.S. patent: Buffa, L.; Menichincheri, M.; Motto, I.; Quartieri, F. Preparation of
6-amino-7-bicyclo-7-deazapurine derivatives as protein kinase inhibitors, 2016. Application No.

WO 2016075224.

4-chloro-5-iodo-7-isopropyl-6-methyl-7H-pyrrolo[2,3-d]pyrimidine
N T I Following the general procedure: to crude 4-chloro-5-iodo-2-methyl-7H-
tN/ ,; CHs pyrrolo[2,3-d]pyrimidine (6.9 g, 23.5 mmol, 1.0 equiv) was Cs2CO3 (10.50 g,
32.3 mmcl)lir 1.5 equiv) added and dissolved into 38 mL DMF. After 3 minutes, 2-iodopropane (1.5
mL, 15.0 mmol, 1.1 equiv) was added. The reaction was left to stir overnight. The crude product
was diluted with water and then extracted with EtOAc x5 times. The collected EtOAc layers were
rinsed with brine, dried with Na>SOs. After filtering, the combined organic layers were

concentrated in vacuo. Trituration with hexanes afforded 4-chloro-5-iodo-7-isopropyl-6-methyl-

7H-pyrrolo[2,3-d]pyrimidine without the need for any methods of purification.
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'H NMR (400 MHz, CDCl3) § (ppm) = 8.54 (s, 1H), 4.99 — 4.90 (m, 1H), 2.58 (s, 3H), 1.65 (d,
6H).
13C NMR (101 MHz, CDCls) & (ppm) = 151.5, 150.7, 149.6, 148.9, 140.7, 117.1, 49.2, 21.4, 15.2.

MS (APCI) = 336.0 [M+H]" for C1oH;2CIIN3; experimental 336.0 m/z.

4-chloro-5-iodo-7-methyl-7H-pyrrolo[2,3-d]pyrimidine

)ﬁ\/\g Following the general procedure: to 4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine
N” NCH (5.59 g,20.03 mmol, 1.0 equiv) was Cs2CO3 (9.79 g, 30.05 mmol, 1.5 equiv) added
and dissolve::d into 55.9 mL DMF. After 3 minutes, iodomethane (2.20 mL, 22.04 mmol, 1.1 equiv)
was added. The reaction was left to stir overnight. The product was recrystallized from DMF by
the addition of water to yield pure 4-chloro-5-iodo-7-methyl-7H-pyrrolo[2,3-d]pyrimidine as a

yellow solid. Quantitative yield. Spectral data for this compound is attained in agreeance with

Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. L. Org. Lett. 2015, 17 (4), 1042.

7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine
cl | The synthesis and spectra data of 7-(fert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-
N'k)j\/é d]pyrimidine was prepared and obtained in agreeance with Smith, D. E.; Marquez,
" tBu I.; Lokensgard, M. E.; Rheingold, A. L.; Hecht, D. a.; Gustafson, J. L. Angew.

Chem., Int. Ed. 2015, 54 (40), 11754. 2015. Quantitative yield.

44



4-chloro-5-iodo-7-isobutyl-7H-pyrrolo[2,3-d|pyrimidine
cl | Following the general procedure: to 4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine

m (7.3 g, 26.17 mmol, 1.0 equiv) was Cs>2CO3 (12.8 g, 39.3 mmol, 1.5 equiv) added
/
N

\

iBu and dissolved into 87 mL DMF. After 3 minutes, 1-iodo-2-methylpropane (7.85 mL,
78.51 mmol, 3.0 equiv) was added. The reaction was left to stir overnight. The product was ran
through a silica plug and flushed with dichloromethane to yield pure 4-chloro-5-iodo-7-isobutyl-
7H-pyrrolo[2,3-d]pyrimidine as a yellowish-orange solid. 100% isolated yield. Spectral data for
this compound is attained in agreeance with Angiolini, M.; Buffa, L.; Menichincheri, M.; Motto,
I.; Polucci, P.; Traquandi, G.; Zuccotto, F. Preparation of pyrrolo[2,3-d]pyrimidine derivatives as

kinase inhibitors, 2014. PCT Int. Appl., 2014184069.

4-chloro-7-cyclopentyl-5-iodo-7H-pyrrolo[2,3-d|pyrimidine
c The synthesis and spectra data of 4-chloro-7-cyclopentyl-5-iodo-7H-pyrrolo[2,3-
I
N)ﬁ\/\g d]pyrimidine was prepared and obtained in agreeance with Smith, D. E.; Marquez,
—

LN

i I.; Lokensgard, M. E.; Rheingold, A. L.; Hecht, D. a.; Gustafson, J. L. Angew.

Chem., Int. Ed. 2015, 54 (40), 11754. Quantitative yield.

4-chloro-3-iodo-1-isopropyl-1H-pyrrolo[2,3-b]|pyridine
Cl | Following the general procedure: to 4-chloro-3-iodo-/H-pyrrolo[2,3-b]pyridine (1.0

X
(j\/\g g, 3.59 mmol, 1.0 equiv) was Cs2CO3 (1.75 g, 5.39 mmol, 1.5 equiv) added and
N N

\

iPr dissolved into 11 mL DMF. After 3 minutes, 2-iodopropane (395 uL, 3.95 mmol, 1.1
equiv) was added. The reaction stirred overnight. Purification through column chromatography
afforded pure 4-chloro-3-iodo-1-isopropyl-1H-pyrrolo[2,3-b]pyridine as a yellow-orange solid.

21% isolated yield.
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H NMR (500 MHz, CDCls) § (ppm) = 8.15 (d, J= 5.1 Hz, 1H), 7.45 (s, 1H), 7.02 (d, J= 5.1 Hz,
1H), 5.16 (hept, J = 6.6 Hz, 1H), 1.47 (d, J = 6.8 Hz, 6H).

13C NMR (101 MHz, CDCl3) & (ppm) = 147.0, 143.1, 136.5, 130.8, 117.7, 117.4, 117.4, 46.4,
22.8.

MS (APCI) = 321.0 [M+H]" for C1oH;CIIN3; experimental 321.0 m/z.

2.1.11 General Procedure for the Suzuki Coupling of PPY Substrates

Equation 10. Synthesis of 3-aryl PPY Intermediate

Pd(Phs),
K>CO3 (aq.)

Cl |
R4 — 1,4-dioxane
N™™ X ’
N” N 80°C, 12-24 h
R' R3

To PPY (1.0 equiv) in a 100-mL round-bottom flask was added (0)-R>*-R*-phenylboronic

acid (1.1 eq), Pd(Ph3)4, (0.05 equiv), and K2CO3 (2.5 equiv). The mixture was thoroughly purged
with vacuum then argon. To this mixture was added degassed 1,4-dioxane (100 mg/mL) and
distilled, deionized water (300 mg/mL). The reaction was refluxed 12-48 hours at 80 °C. To the
resulting mixture was added 5% w/w lithium chloride (aq.) and partitioned in EtOAc. The organic
layer was collected, and the aqueous was extracted twice with EtOAc. The organic layers were
combined, dried with Na;SO4 and concentrated in vacuo to yield crude products. Purification
through FCC (99:1 = 9:1) Hexanes/EtOAc afforded the desired product (~40-95% comparable
yields). In some of our reported NMR spectra, we observed 5-10% of protio-dehalogenated side

products and >90% of the product of the Suzuki coupling. Products that contained these minor
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impurities were taken onto the last steps of the syntheses to yield the (+)-1 analogues for our

substrate scope and were rigorously purified at that stage.

4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine

Following the general procedure: to 4-chloro-5-iodo-7-isopropyl-7H-

cl CF pyrrolo[2,3-d]pyrimidine (4.61 g, 14.35 mmol, 1.0 equiv), was added 2-
3
N
{N/ ,: triflouromethylphenylboronic acid (3.00 g, 15.78 mmol, 1.1 equiv), Pd(Ph3)4

iP
r (828 mg, 0.717 mmol, 0.05 equiv), and K2COs (4.96 g, 35.88 mmol, 2.5 equiv).

The mixture was thoroughly purged with vacuum then argon. To this mixture were added degassed
1,4-dioxane (46.1 mL) and water (15.4 mL). The reaction was refluxed 48 hours at 80 °C. Workup
and purification were followed according to the general procedure to afford 4-chloro-7-isopropyl-
5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine as a yellowish-orange semi-solid.
70% isolated yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.65 (s, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.58 (t, J = 7.0 Hz,
1H), 7.52 (t, J= 7.3 Hz, 1H), 7.46 (d, J= 7.5 Hz, 1H), 7.32 (s, 1H), 5.21 (hept, /= 6.7 Hz, 1H),
1.57 (d, J= 6.8 Hz, 6H).

3BC NMR (126 MHz, CDCls) § (ppm) = 151.6, 150.1, 150.0, 134.0, 131.7 (q, J = 1.8 Hz), 130.5,
130.1 (q, /=29 Hz), 127.7, 125.4 (q, J=5.3 Hz), 125.3 (q, J= 2.1 Hz), 122.8, 116.0, 111.7, 46.6,
22.2.

F NMR (470 MHz, CDCl;3) § (ppm) = -58.29.

MS (APCI) = 340.1 [M+H]" for C16H14CIF3N3; experimental 340.3 m/z.
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4-chloro-7-methyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine

The synthesis and spectral data for compound 4-chloro-7-methyl-5-(2-

Cl CF (trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine is attained in
3
N
{ _ ,: agreeance with Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J.
N \
CH,

L. Org. Lett. 2015, 17 (4), 1042. 29% isolated yield.

7-(tert-butyl)-4-chloro-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine

The synthesis and spectral data for compound 7-(tert-butyl)-4-chloro-5-(2-
\ CF, (trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine is attained in
tN/ N agreeance with Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J.

L. Org. Lett. 2015, 17 (4), 1042. 63% isolated yield.

4-chloro-7-isobutyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine

Following the general procedure: to 4-chloro-5-iodo-7-isobutyl-7H-

cl o pyrrolo[2,3-d]pyrimidine (1.3023 g, 3.88 mmol, 1.0 equiv), was added 2-
3
N
L _ '\T triflouromethylphenylboronic acid (885 mg, 4.66 mmol, 1.2 equiv), Pd(Ph3)4
N \
iBu

(224.2 mg, 4.66 mmol, 0.12 equiv), and K>CO3 (1.34 g, 9.7 mmol, 2.5 equiv).
The mixture was thoroughly purged with vacuum then argon. To this mixture were added degassed
1,4-dioxane (12.5 mL) and water (4.16 mL). The reaction was refluxed for 2 days at 80 °C. Workup
and purification were followed according to the general procedure to afford 4-chloro-7-isobutyl-
5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine as a yellowish-white solid. 36%

isolated yield.
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H NMR (400 MHz, CDCl3) § (ppm) = 8.61 (s, 1H), 7.72 (d, J= 8.3 Hz, 1H), 7.55 — 7.44 (m, 2H),
7.42 (d, J=7.5 Hz, 1H), 7.19 (s, 1H), 4.10 (ddd, J=91.1, 13.2, 7.4 Hz, 2H), 2.22 (dh, J = 13.6,
6.8 Hz, 1H), 0.90 (d, J = 6.7 Hz, 6H).

13C NMR (101 MHz, CDCl3) § (ppm) = 152.0, 151.0, 150.7, 134.3, 131.7 (q, J = 1.4 Hz), 130.8,
130.2 (q, J=29.3 Hz), 129.2 (q, J= 2.4 Hz), 128.1, 125.7 (q, J = 5.3 Hz), 122.7 (q, J = 274.5 Hz),
116.0, 111.7, 52.5, 29.5, 19.9.

19F NMR (376 MHz, CDCl3) & (ppm) = -58.27.

MS (APCI) = 354.1 [M+H]" for C17H;6CIF3N3; experimental 354.4 m/z.

4-chloro-7-cyclopentyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d|pyrimidine

Following the general procedure: to 4-chloro-7-cyclopentyl-5-iodo-7H-

¢ CF, pyrrolo[2,3-d]pyrimidine (500 mg, 1.44 mmol, 1.0 equiv), was added 2-
N™ N\
KN/ N triflouromethylphenylboronic acid (355 mg, 1.82 mmol, 1.3 equiv), Pd(Ph3)s

@ (161.7 mg, 0.14 mmol, 0.1 equiv), and KoCO3 (457 mg, 3.312 mmol, 2.3 equiv).
The mixture was thoroughly purged with vacuum then argon. To this mixture were added degassed
1,4-dioxane (7.2 mL) and water (1.8 mL). The reaction was refluxed overnight at 80 °C. Workup
and purification were followed according to the general procedure to afford 4-chloro-7-
cyclopentyl-5-(2-(trifluoromethyl)phenyl)- 7H-pyrrolo|2,3-d]pyrimidine as a white solid. 45%
isolated yield.
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.65 (s, 1H), 7.77 (d, J= 7.8 Hz, 1H), 7.61 — 7.49 (m, 2H),
7.47—-7.43 (m, 1H), 7.29 (s, 1H), 5.31 (dt, J=13.8, 7.3 Hz, 1H), 2.36 — 2.23 (m, 2H), 1.97 — 1.85

(m, 4H), 1.84 — 1.77 (m, 2H).
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13C NMR (101 MHz, CDCls) § (ppm) = 151.8, 150.7, 150.3, 134.2, 131.8 (g, J = 2.1 Hz), 130.7
(q, J= 1.1 Hz), 130.4, 130.1, 127.9, 126.1 (g, J = 2.17 Hz), 125.7 (q, J = 5.2 Hz), 124.0 (q, J =
273.9 Hz), 111.9, 55.8, 33.0, 24.1.

1F NMR (376 MHz, CDCl3) & (ppm) = -58.25.

MS (APCI) = 366.1 [M+H]" for C1sH;6CIF3N3; experimental 366.0 m/z.

5-(2-bromophenyl)-4-chloro-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine

Following the general procedure: to 4-chloro-5-iodo-7-isopropyl-7H-

cl B pyrrolo[2,3-d]pyrimidine (363.88 mg, 1.13 mmol, 1.0 equiv), was added 2-
N
[N _ ’: bromophenylboronic acid (250 mg, 1.245 mmol, 1.1 equiv), Pd(Ph3)s (65 mg,
iPr

0.057 mmol, 0.05 equiv), and K>CO3 (390.44 mg, 2.825 mmol, 2.5 equiv). The
mixture was thoroughly purged with vacuum then argon. To this mixture were added degassed
1,4-dioxane (3.66 mL) and water (1.64 mL). The reaction was refluxed overnight at 80 °C. Workup
and purification were followed according to the general procedure to afford 5-(2-bromophenyl)-
4-chloro-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine as a white solid. 80% isolated yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.57 (s, 1H), 7.60 (dd, J = 8.0, 0.9 Hz, 1H), 7.35 — 7.23
(m, 3H), 7.21 — 7.14 (m, 1H), 5.12 (hept, /= 6.8 Hz, 1H), 1.50 (d, /= 6.8 Hz, 6H).

3C NMR (126 MHz, CDCl3) § (ppm) = 152.1, 150.4, 150.3, 134.2, 133.0, 132.5, 129.3, 126.8,
125.8, 125.1, 115.8, 115.0, 46.8, 22.7.

MS (APCI) = 350.0 [M+H]" for C1sH;4BrCIN3; experimental 350.3 m/z.

4-chloro-7-isopropyl-5-(4-methoxy-2-methylphenyl)-7H-pyrrolo[2,3-d]pyrimidine
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OCH, Following the general procedure: to 4-chloro-5-i0odo-7-isopropyl-7H-

pyrrolo[2,3-d]pyrimidine (500 mg, 1.56 mmol, 1.0 equiv), was added 2-

Cl
CH
N\ ° methyl-4-methoxyphenylboronic acid (335 mg, 2.02 mmol, 1.3 equiv),
(g
N
N \pr Pd(Ph3)4 (180.18 mg, 0.156 mmol, 0.1 equiv), and K>CO3 (495 mg, 3.58 mmol,

2.3 equiv). The mixture was thoroughly purged with vacuum then argon. To this mixture were
added degassed 1,4-dioxane (10 mL) and water (2.5 mL). The reaction was refluxed overnight at
80 °C. Workup and purification were followed according to the general procedure to afford 4-
chloro-7-isopropyl-5-(4-methoxy-2-methylphenyl)- 7H-pyrrolo[2,3-d]pyrimidine as a white
solid. 62% isolated yield.

TH NMR (500 MHz, CDCl3) 8 (ppm) = 8.55 (s, 1H), 7.17 (s, 1H), 7.11 (d, J = 8.3 Hz, 1H), 6.77
(s, 1H), 6.70 (d, J= 8.3 Hz, 1H), 5.12 (hept, J = 6.6 Hz, 1H), 3.75 (s, 3H), 2.10 (s, 3H), 1.50 (d, J
=6.9 Hz, 6H).

3C NMR (101 MHz, CDCls) § (ppm) = 159.3, 152.1, 150.4, 150.2, 139.5, 132.4, 131.5, 125.0,
124.2,116.2,115.2,110.4, 55.2, 46.6, 22.7, 20.8.

MS (APCI) = 316.1 [M+H]" for C17H19CIN30; experimental 316.1 m/z.

4-chloro-5-(2-chloro-4-methylphenyl)-7-isopropyl-7H-pyrrolo|2,3-d]pyrimidine
CH, Following the general procedure: to 4-chloro-5-iodo-7-isopropyl-7H-
pyrrolo[2,3-d]pyrimidine, (500 mg, 1.56 mmol, 1.0 equiv) was added 2-chloro-
N\ “ 4-methylboronic acid (291 mg, 1.71 mmol, 1.1 equiv), Pd(Ph3)s (90 mg, 0.078
. mmol, 0.05 equiv), and K,CO3 (328 mg, 2.34 mmol, 1.5 equiv). The mixture was
thoroughly purged with vacuum then argon. To this mixture were added degassed 1,4-dioxane
(5.00 mL) and water (1.67 mL). The reaction was refluxed overnight at 80 °C. Workup and

purification were followed according to the general procedure to afford 4-chloro-5-(2-chloro-4-
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methylphenyl)-7-isopropyl-7H-pyrrolo[2,3-d]pyrimidine as a yellowish-orange semi-solid.
85% isolated yield.

'"H NMR (400 MHz, CDCI3) § (ppm) = 8.57 (s, 1H), 7.23 (s, 2H), 7.21 (s, 1H), 7.03 (d, J = 7.6
Hz, 1H), 5.12 (p, J = 6.8 Hz, 1H), 2.31 (s, 3H), 1.50 (d, /= 6.8 Hz, 6H).

3C NMR (101 MHz, CDCls) § (ppm) = 152.0, 150.4, 150.2, 139.3, 134.7, 132.7, 129.7, 129.0,
127.0, 125.2, 115.9, 113.0, 46.8, 22.6, 20.9.

MS (APCI) = 320.1 [M+H]" for C16Hi6CL2N3; experimental 320.3 m/z.

4-chloro-7-isopropyl-5-(naphthalen-1-yl)- 7H-pyrrolo[2,3-d]|pyrimidine
Following the general procedure: to 4-chloro-5-iodo-7-isopropyl-7H-
Cl OQ pyrrolo[2,3-d]pyrimidine, (1.0 g, 3.11 mmol, 1.0 equiv) was added 1-
’\iN\/ N\ naphthylboronic acid (535 mg, 3.11 mmol, 1.0 equiv), Pd(Ph3)4 (113 mg,
iPr 0.078 mmol, 0.05 equiv), and K2CO3 (1.3 g, 0.098 mmol, 0.3 equiv). The
mixture was thoroughly purged with vacuum then argon. To this mixture were added degassed
1,4-dioxane (5.00 mL) and water (1.67 mL). The reaction was refluxed overnight at 80 °C. Workup
and purification were followed according to the general procedure to afford 4-chloro-7-isopropyl-
5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidine as a yellowish-orange semi-solid. 55%
isolated yield.
'TH NMR (500 MHz, CDCl3) & (ppm) = 8.69 (s, 1H), 7.92 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.6 Hz,
1H), 7.56 — 7.47 (m, 3H), 7.43 — 7.39 (m, 2H), 5.26 (hept, J = 6.8 Hz, 1H), 1.62 (t, J = 6.9 Hz,
6H).
13C NMR (126 MHz, CDCls) & (ppm) = 152.2, 150.4, 150.3, 133.5, 133.3, 130.7, 128.9, 128.2,

128.0, 126.0, 126.0, 125.7, 125.2, 124.9, 116.6, 114.1, 46.7, 22.6.
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MS (APCI) = 322.1 [M+H]" for C19H;7CIN3; experimental 322.3 m/z.

5-(2-bromo-5-methoxyphenyl)-4-chloro-7-cyclopentyl-7H-pyrrolo[2,3-d|pyrimidine

HsCO The synthesis and spectra data of 5-(2-bromo-5-methoxyphenyl)-4-chloro-7-
cl cyclopentyl-7H-pyrrolo[2,3-d]|pyrimidine was prepared and obtained in
Br
'\i TN agreeance with Smith, D. E.; Marquez, I.; Lokensgard, M. E.; Rheingold, A. L.;
b
N N

@ Hecht, D. a.; Gustafson, J. L. Angew. Chem. Int. Ed. 2015, 54 (40), 11754.

4-chloro-1-isopropyl-3-(2-(trifluoromethyl)phenyl)-7 H-pyrrolo[2,3-b]pyridine

Following the general procedure: to 4-chloro-3-iodo-1-isopropyl-/H-

Cl oF pyrrolo[2,3-b]pyridine, (330.4 mg, 1.03 mmol, 1.0 equiv) was added 2-chloro-
3
X
| _ ’: 4-methylboronic acid (235 mg, 1.24 mmol, 1.2 equiv), Pd(Ph3)s (60 mg, 0.052
N \
iPr

mmol, 0.05 equiv), and K,COs3 (356 mg, 2.58 mmol, 2.5 equiv). The mixture
was thoroughly purged with vacuum then argon. To this mixture were added degassed 1,4-dioxane
(3 mL) and water (1.5 mL). The reaction was refluxed at 80 °C for 48 hours. Workup and
purification were followed according to the general procedure to afford 4-chloro-1-isopropyl-3-
(2-(trifluoromethyl)phenyl)-7 H-pyrrolo[2,3-b]pyridine as an orange semi-solid. 88% isolated
yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.23 (d, J = 5.1 Hz, 1H), 7.76 (d, J = 7.8 Hz, 1H), 7.54 —
7.48 (m, 2H), 7.48 — 7.41 (m, 1H), 7.34 (s, 1H), 7.03 (d, J=5.1 Hz, 1H), 5.34 —5.25 (m, 1H), 1.56

(d, J= 6.8 Hz, 6H).
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13C NMR (101 MHz, CDCl3) § (ppm) = 147.5, 143.0, 136.1, 134.6, 133.6 (q, J = 1.9 Hz), 130.7,
130.5, 127.5, 125.6 (q, J = 5.4 Hz), 124.7 (q, J = 2.2 Hz), 122.9 (q, ] = 274.4 Hz), 118.1, 117.0,
98.2, 46.0, 22.8, 22.7.

19F NMR (376 MHz, CDCl3) & (ppm) = -58.28.

MS (APCI) = 339.1 [M+H]" for C17H;5CIF3N3; experimental 339.3 m/z.

4-chloro-7-isopropyl-6-methyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (1.10)

Following the general procedure: to 4-chloro-5-iodo-7-isopropyl-6-methyl-

I
¢ 7H-pyrrolo[2,3-d]pyrimidine (175 mg, 0.566 mmol, 1.0 equiv) was added 2-
N™ S\
CH
KN/ N ’ naphthylboronic acid (116.86 mg, 0.68 mmol, 1.2 equiv), Pd(Ph3)4 (64.76 mg,

0.056 mmol, 0.1 equiv), and K3PO4(276.9 mg, 1.302 mmol, 2.3 equiv). The
mixture was thoroughly purged with vacuum then argon. To this mixture were added degassed
1,4-dioxane (2.3 mL) and water (0.75 mL). The reaction was refluxed overnight at 80 °C. Workup
and purification were followed according to the general procedure to afford 1.10 as a white solid.
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.60 (s, 1H), 7.92 (d, J= 8.2 Hz, 2H), 7.57 — 7.36 (m, 5H),
5.01 (dq, J=13.9, 6.8 Hz, 1H), 2.26 (s, 3H), 1.79 (t, J = 6.6 Hz, 6H).
13C NMR (101 MHz, CDCIs) & (ppm) = 151.3, 150.5, 149.1, 137.3, 134.1, 133.6, 131.0, 129.8,
128.4,128.3,126.3, 126.1, 125.9, 125.2, 117.1, 110.9, 48.2, 21.6, 21.6, 12.1.

MS (APCI) = 336.1 [M+H]" for C20H9CIN3; experimental 336.1 m/z.
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2.1.12 General Chlorination Procedure to Generate Racemic PPYs (R!=H)

Equation 11. Scheme for the Chlorination of PPY towards PPY Starting Materials for
Atroposelective SNAT

CH,CI, or CHC|3
rt, 24 h

Chlorination method is adapted from Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson,
J.L. Org. Lett. 2015, 17 (4), 1042.7

To PPY (1.0 equiv) in a 20-gram vial was added 10% mol triphenylphosphine sulfide
catalyst (TPPS) and (N)-chlorosuccinimide (i.e., NCS, 1.1 equiv) in 0.1 M CH2Cl, or CHCI3. The
resulting mixture was stirred for 24 hours at room temperature. The resulting mixture was
concentrated in vacuo and purified in FCC (99:1 = 9:1) Hexanes/EtOAc. Isolated yields were

between 60-90%.

4,6-dichloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (21)

Following the general procedure: to  4-chloro-7-isopropyl-5-(2-

Cl
NS CFs (trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (1.47 g, 4.32 mmol, 1.0
t _ Cl

NN equiv), was added TPPS (254 mg, 0.864 mmol, 0.2 equiv) and dissolved in

iPr
21.6 mL CH2Cl,. After 3 minutes, NCS (750 mg, 5.62 mmol, 1.3 equiv) was added and the reaction

was stirred for 5 hours at room temperature. Workup and purification were followed according to

the general procedure to afford 21 as a white solid. 97% isolated yield.
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H NMR (400 MHz, CDCls) & (ppm) = 8.62 (s, 1H), 7.80 (d, J = 7.5 Hz, 1H), 7.59 (dq, J = 14.9,
7.3 Hz, 2H), 7.38 (d, J= 7.3 Hz, 1H), 5.19 (hept, J= 6.7 Hz, 1H), 1.74 (d, J = 5.6 Hz, 6H).

13C NMR (101 MHz, CDCl3) § (ppm) = 160.1, 150.6, 147.6, 135.3, 134.0, 131.6 (q, J = 1.2 Hz),
129.2, 129.0, 128.5, 126.3 (q, J= 5.18 Hz), 125.3 (q, J=274.5 Hz), 115.6, 109.5, 48.5, 21.3, 21.3.
19F NMR (376 MHz, CDCl3) & (ppm) = -61.82.

MS (APCI) = 374.0 [M+H]" for Ci6H13C12F3N3; experimental 374.1 m/z.

4,6-dichloro-7-methyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (23)

The synthesis and spectral data for compound 23 is attained in agreeance with

Cl
CF; Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. L. Org. Lett.
N
P e R
N~ N 2015, 17 (4), 1042. 29% 1isolated yield.
CH;

-(tert-butyl)-4,6-dichloro-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (25)

The synthesis and spectral data for compound 2S5 is attained in agreeance with

Cl

N CF; Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. L. Org. Lett.
N A\
| Cl
kN/ N 2015, 17 (4), 1042. 76% isolated yield.”

4,6-dichloro-7-isobutyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (27)

Following  the  general procedure: to  4-chloro-7-isobutyl-5-(2-

Cl (trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (488 mg, 1.38 mmol,
CF,
X
le _ N—cl 1.0 equiv), was added TPPS (41 mg, 0.138 mmol, 0.1 equiv) and dissolved in
N~ N
iBu 11.38 mL CH2Cl,. After 3 minutes, NCS (203 mg, 1.52 mmol, 1.1 equiv) was
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added and the reaction was stirred overnight at room temperature. Workup and purification were
followed according to the general procedure to afford 27 as a white solid. 89% isolated yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.51 (s, 1H), 7.63 (d, J = 7.3 Hz, 1H), 7.38 (dd, J = 28.7,
7.1 Hz, 3H), 4.02 (d, J=92.8 Hz, 2H), 2.26 — 2.02 (m, 1H), 0.81 (d, J= 6.3 Hz, 6H).

I3C NMR (101 MHz, CDCI3) & (ppm) = 151.0, 150.8, 150.2, 133.6, 131.6 (q, J = 1.0 Hz), 131.0
(q,/=29.6 Hz), 130.0 (q, /=2.1 Hz), 129.0, 128.5, 126.2 (q, /=5.0 Hz), 122.5 (q, /= 274.0 Hz),
116.1, 109.0, 50.4, 29.0, 19.9, 19.8.

19F NMR (376 MHz, CDCl3) & (ppm) = -61.50.

MS (APCI) = 388.1 [M+H]" for Ci7H;5C12F3N3; experimental 387.5 m/z.

4,6-dichloro-7-cyclopentyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d|pyrimidine (29)

Following the general procedure: to 4-chloro-7-cyclopentyl-5-(2-

Cl
cF, (trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (245 mg, 0.671 mmol,
N™ S\
Cl
tN/ N 1.0 equiv), was added TPPS (19.7 mg, 0.067 mmol, 0.1 equiv) and dissolved

@ in 5 mL CH2Cl,. After 3 minutes, NCS (116.4 mg, 0.872 mmol, 1.3 equiv) was
added and the reaction was stirred overnight at room temperature. Workup and purification were
followed according to the general procedure to afford 29 as a white solid. 79% isolated yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.61 (s, 1H), 7.79 (d, J= 7.7 Hz, 1H), 7.64 — 7.53 (m, 2H),
7.38 (d, J=8.0 Hz, 1H), 5.30 — 5.21 (m, 1H), 2.44 (ddd, J = 20.0, 15.5, 8.0 Hz, 2H), 2.19 — 2.02
(m, 4H), 1.80 — 1.68 (m, 2H).

I3C NMR (101 MHz, CDCls) & (ppm) = 150.9, 150.1, 149.9, 133.6, 131.5, 130.9 (q, J = 30.2 Hz),
130.2 (q, /= 2.1 Hz), 128.9, 128.2, 126.1 (q, J = 6.0 Hz), 122.5 (q, J = 274.7 Hz), 116.5, 109.4,

56.8,30.7, 25.1.
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19F NMR (376 MHz, CDCl3) & (ppm) = -61.59.

MS (APCI) = 400.1 [M+H]" for CisH;sC12F3N3; experimental 400.1 m/z.

5-(2-bromophenyl)-4,6-dichloro-7-isopropyl-7H-pyrrolo[2,3-d|pyrimidine (31)

Following the general procedure: to 5-(2-bromophenyl)-4-chloro-7-isopropyl-

Cl
NS Br  7H-pyrrolo[2,3-d]pyrimidine (319 mg, 0.909 mmol, 1.0 equiv), was added TPPS
| Cl
kN/ N (27 mg, 0.0909 mmol, 0.1 equiv) and dissolved in 9.09 mL CHCIls. After 3

iPr

minutes, NCS (158 mg, 1.18 mmol, 1.3 equiv) was added and the reaction was stirred overnight
at room temperature. Workup and purification were followed according to the general procedure
to afford 31 as a white solid. 87% isolated yield.

TH NMR (500 MHz, CDCl3) & (ppm) = 8.63 (s, 1H), 7.74 — 7.68 (m, 1H), 7.42 — 7.35 (m, 2H),
7.34 —-7.28 (m, 1H), 5.21 (dq, J=13.9, 6.9 Hz, 1H), 1.76 (dd, /= 6.9, 4.2 Hz, 6H).

13C NMR (126 MHz, CDCIs) & (ppm) = 150.8, 150.0, 149.8, 133.0, 132.5, 132.4, 130.0, 127.4,
127.0, 126.2, 115.7, 112.0, 49.0, 21.1, 21.1.

MS (APCI) = 384.0 [M+H]" for CisH3BrCIoNs; experimental 386.0 m/z.

4,6-dichloro-7-isopropyl-5-(4-methoxy-2-methylphenyl)-7H-pyrrolo[2,3-d|pyrimidine (33)
OCH; Following the general procedure: to 4-chloro-7-isopropyl-5-(4-methoxy-2-

methylphenyl)-7H-pyrrolo[2,3-d]pyrimidine (300 mg, 0.950 mmol, 1.0 equiv),

Cl
CH
N'k\ N¢ ® was added TPPS (27.3 mg, 0.095 mmol, 0.1 equiv) and dissolved in 9.5 mL
=
N
N iPr CHCl,. After 3 minutes, NCS (127 mg, 0.950 mmol, 1.0 equiv) was added and

the reaction was stirred overnight at room temperature. Workup and purification were followed

according to the general procedure to afford 33 as a white solid. 57% isolated yield.

58



H NMR (400 MHz, CDCls) § (ppm) = 8.61 (s, 1H), 7.14 (d, J = 8.4 Hz, 1H), 6.86 (d, J=2.7 Hz,
1H), 6.81 (dd, J = 8.4, 2.7 Hz, 1H), 5.20 (hept, J = 7.0 Hz, 1H), 3.85 (s, 3H), 2.10 (s, 3H), 1.74
(dd, J= 7.0, 3.1 Hz, 6H).

13C NMR (126 MHz, CDCls) § (ppm) = 159.9, 151.0, 150.1, 150.0, 140.0, 132.7, 127.0, 122.9,
116.1, 115.4, 112.0, 111.0, 55.3, 49.0, 21.3, 20.6.

MS (APCI) = 350.1 [M+H]" for C17H1sC12N30; experimental 350.2 m/z.

4,6-dichloro-5-(2-chloro-4-methylphenyl)-7-isopropyl-7H-pyrrolo[2,3-d|pyrimidine (35)

CH; Following the general procedure: to 4-chloro-5-(2-chloro-4-methylphenyl)-7-
isopropyl-7H-pyrrolo[2,3-d]pyrimidine (425 mg, 1.327 mmol, 1.0 equiv), was

NN Ccl:l added TPPS (39 mg, 0.1327 mmol, 0.1 equiv) and dissolved in 13.27 mL CHCls.

\pr After 3 minutes, NCS (177 mg, 1.327 mmol, 1.0 equiv) was added and the

reaction was stirred overnight at room temperature. Workup and purification were followed

according to the general procedure to afford 35 as a white solid. 79% isolated yield.

'TH NMR (500 MHz, CDCl3) & (ppm) = 8.64 (s, 1H), 7.36 (s, 1H), 7.28 (s, 1H), 7.18 (d, J = 7.8

Hz, 1H), 5.22 (hept, J = 6.9 Hz, 1H), 2.44 (s, 3H), 1.83 — 1.75 (m, 6H.

13C NMR (126 MHz, CDCls) & (ppm) = 150.9, 150.1, 150.0, 140.4, 135.5, 132.9, 130.0, 127.4,

127.3,127.2,116.0, 110.2,49.2, 21.3, 21.3, 21.3.

MS (APCI) = 354.0 [M+H]" for C16H;5CI3N3; experimental 354.1 m/z.
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4,6-dichloro-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d|pyrimidine (37)

« OO

N \
L A~ TPPS (39 mg, 0.1327 mmol, 0.1 equiv) and dissolved in 13.27 mL CHCL.

Following the general procedure: to 4-chloro-7-isopropyl-5-(naphthalen-1-

yl)-7H-pyrrolo[2,3-d]pyrimidine (425 mg, 1.327 mmol, 1.0 equiv), was added

After 3 minutes, NCS (177 mg, 1.327 mmol, 1.0 equiv) was added and the
reaction was stirred overnight at room temperature. Workup and purification were followed
according to the general procedure to afford 37 as a whitish solid. 84% isolated yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.67 (s, 1H), 8.01 — 7.90 (m, 2H), 7.62 — 7.55 (m, 1H),
7.55-7.46 (m, 3H), 7.46 — 7.39 (m, 1H), 5.27 (hept, J="7.1 Hz, 1H), 1.92 — 1.71 (m, 6H).

13C NMR (101 MHz, CDCIs) & (ppm) = 151.2, 150.2, 133.6, 133.3, 129.9, 129.0, 128.8, 128.5,
127.8,127.3, 126.5, 126.0, 125.8, 125.2, 116.7, 110.8, 49.2, 21.3, 21.3.

MS (APCI) = 356.1 [M+H]" for C19H;6C12N3; experimental 335.9 m/z.

5-(2-bromo-5-methoxyphenyl)-4,6-dichloro-7-cyclopentyl-7H-pyrrolo[2,3-d|pyrimidine (39)

H3CO The synthesis and spectra data of 39 was prepared and obtained in agreeance
Cl with Smith, D. E.; Marquez, 1.; Lokensgard, M. E.; Rheingold, A. L.; Hecht, D.;
Br
N . ..
| d—cl Gustafson, J. L. Angew. Chem. Int. Ed. 2015, 54 (40), 11754.% Yield is in
N N

agreeance with report, 81% isolated yield.”*:

O
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2,4-dichloro-1-isopropyl-3-(2-(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (52)

Following the general procedure: to  4-chloro-1-isopropyl-3-(2-

¢ CF, (trifluoromethyl)phenyl)- / H-pyrrolo[2,3-b]pyridine (425 mg, 1.327 mmol, 1.0
X
A\
| NZ N cl equiv), was added TPPS (39 mg, 0.1327 mmol, 0.1 equiv) and dissolved in

13.27 mL CHCIs. After 3 minutes, NCS (177 mg, 1.327 mmol, 1.0 equiv) was
added and the reaction was stirred overnight at room temperature. Workup and purification were
followed according to the general procedure to afford 52 as a white solid. 56% isolated yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.17 (d, J = 5.2 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.64 —
7.51 (m, 2H), 7.41 (d, J=7.1 Hz, 1H), 7.02 (d, J= 5.2 Hz, 1H), 5.32 (hept, /= 7.0 Hz, 1H), 1.74
(d, J=7.0 Hz, 6H).

13C NMR (101 MHz, CDCl3) & (ppm) = 146.5, 142.5, 135.3, 134.0, 131.8, 131.5 (q, J = 2.0 Hz),
131.3 (g, /= 1.0 Hz), 128.5, 126.8, 126.0 (q, J = 5.3 Hz), 125.4 (q, J = 274.3 Hz), 118.4, 117.5,
109.0, 48.3,21.3, 21.2.

19F NMR (376 MHz, CDCl3) & (ppm) = -60.90.

MS (APCI) = 373.1 [M+H]" for C17H14C12F3N3; experimental 372.0 m/z.

61



2.1.13 Bromination Procedure of 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-

pyrrolo[2,3-d]pyrimidine Towards 41

Equation 12. General Scheme for C-2 Bromination of PPY

Cl Cl
CF, NBS CFs
NS DMF NS\
m _ rt., 48h m _ Br
NN N~ N
iPr iPr

41
To -chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)- 7H-pyrrolo[ 2,3-d]pyrimidine (534 mg, 1.57
mmol, 1.0 eq) was added (V)-bromosuccinimide (i.e, NBS, 336 mg, 1.886 mmol, 1.2 eq) in 0.314
mL DMF. The resulting mixture was stirred for 48 hours at room temperature. The resulting
mixture was concentrated in vacuo and purified in FCC (40:1 = 4:1) Hexanes/EtOAc) to yield 6-
bromo-4-chloro-7-isopropyl-5-2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine
(41) as a light yellow solid. 98% isolated yield.
TH NMR (500 MHz, CDCl3) 8 (ppm) = 8.60 (s, 1H), 7.80 (d, J = 7.7 Hz, 1H), 7.60 (dt, J =22.2,
7.6 Hz, 2H), 7.37 (d, J= 7.4 Hz, 1H), 5.15 (m, J=9.7, 5.1 Hz, 1H), 1.76 (d, J= 6.9 Hz, 6H).
I3C NMR (126 MHz, CDCl3) & (ppm) = 150.9, 150.5, 150.0, 133.5, 131.5 (q, J = 2.0 Hz), 131.3,
131.0 (q, J=30.0 Hz), 129.1, 128.8, 126.1 (q, J = 5.2 Hz), 124.8 (q, J=274.2 Hz), 117.3, 112.7,
50.7,21.1, 21.0.
1F NMR (376 MHz, CDCl3) & (ppm) = -60.62.

MS (APCI) = 418.0 [M+H]" for C1¢Hi3BrCIF;N3; experimental 420.0 m/z.

62



2.1.14 Stille Coupling Procedure of 41 to yield 43

Equation 13. General Scheme for Stille Coupling

Z>8n(n-Bu),

Cl Cl
CF,4 Pd(PPh3)4 CF
N N\ — > N N\ 3
lN/ . Br toluene, lN/ N\
o]
\iPr 110 °C, 16 h \iPr
41 43

To (x)-41 (2.0 g, 4.80 mmol, 1.0 equiv) was added vinyl-Sn(nBu3) (1.0 mL, 3.42 mmol, 0.713
equiv) in 68 mL PhMe. The resulting mixture was stirred for 10 minutes with bubbling argon
through, and then Pd(PPh3)s (554.5 mg, 0.48 mmol, 0.1 equiv) was added. The reaction was left
overnight to stir (~16 hrs) at 110°C. The mixture was filtered through a Celite plug. The filtrate
was rinsed with brine and then extracted 3x with EtOAc. The combined organic layers were dried
over Na;SOs4 and then concentrated in vacuo. The crude product was purified in FCC (100:0 -
95:5) Hexanes/EtOAc to afford 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-6-vinyl-
7H-pyrrolo[2,3-d]pyrimidine (43) as a white solid. 57% isolated yield.

'TH NMR (400 MHz, CDCl3) § (ppm) = 8.58 (s, 1H), 7.77 (d, J= 8.6 Hz, 1H), 7.62 — 7.49 (m, 2H),
7.40 (d, J = 7.4 Hz, 1H), 6.63 (dd, J=17.7, 11.8 Hz, 1H), 5.37 (dd, /= 11.8, 1.1 Hz, 1H), 5.17
(dd,J=17.7, 1.1 Hz, 1H), 5.06 (hept, J = 6.9 Hz, 1H), 1.72 (dd, /= 7.0, 2.4 Hz, 6H).

13C NMR (126 MHz, CDCl3) & (ppm) = 151.6, 150.8, 149.9, 136.6, 133.9, 132.7 (q, J = 2.1 Hz),
131.3, 130.9 (q, J = 29.4 Hz), 128.2, 126.1 (q, J = 5.1 Hz), 124.9, 123.0 (q, J = 274.3 Hz), 122.8,
116.9, 110.0, 48.2, 21.6, 21.5.

1F NMR (470 MHz, CDCl3) & (ppm) = -60.58.

MS (APCI) = 366.1 [M+H]" for C1sHi6CIF3N3; experimental 365.6 m/z.
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2.1.15 Procedure for the -CF:2H addition Towards 46

Equation 14. Ketone to DAST Synthesis towards Difluoromethyl Analogue

K;,0s04 in H,O
Cl NalO,4 DAST
CF3 HQO/acetone CHZCIz
DR \ \ \ \ CFH
L _ A rt, 18 h “o0%Ctort 2
N~ N

18 h |Pr
43 45

Step 1. To 1.11 (495 mg, 1.35 mmol, 1.0 equiv) was added K2OsO4 (49.7 mg, 0.135 mmol,
0.1 equiv) and NalO4 (1.01 g, 4.73 mmol, 3.5 equiv) in 1:1 mixture of deionized, distilled
water:acetone (13.5 mL total solvent mixture). The reaction was stirred at room temperature,
overnight. The solids were filtered off in Celite plug, and the resulting filtrate was concentrated in
vacuo. The crude product was dissolved in dichlormethane, and then rinsed with thiosulfate. The
resulting organic layer was rinsed with brine, and then dried with Na>SO4. The combined organic
layers were concentrated in vacuo. The crude product was purified in FCC (100:0 - 80:20)
Hexanes/EtOAc to afford 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidine-6-carbaldehyde as a white solid. 40% isolated yield. This PPY intermediate was
immediately taken on to Step 2 without any further characterization.

MS (APCI) = 368.1 [M+H]" for C17H14CIF3N4O; experimental 365.6 m/z.

Step 2. To crude 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidine-6-carbaldehyde (203 mg, 0.557 mmol, 1.0 equiv) was added DAST (120 pL, 0.908
mmol, 1.6 equiv) in 4.25 mL CH2Cl. The reaction was stirred at 0°C, and then warmed to room
temperature overnight. The resulting mixture was quenched with saturated NaHCO3 and extracted
with dichloromethane. The organic layer was rinsed with brine, and the combined organic layers
were dried over Na;SOs. The dried organic layer was concentrated in vacuo. The crude product

was purified in 97:3 to 80:20 Hexanes:EtOAc to afford 45 as a white solid. 54% isolated yield.
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'H NMR (400 MHz, CDCls) & (ppm) = 8.71 (s, 1H), 7.85 — 7.79 (m, 1H), 7.66 — 7.58 (m, 2H),
7.41(d,J= 6.2 Hz, 1H), 6.39 (t, 1H), 5.04 (p, J= 6.9 Hz, 1H), 1.83 (s, 6H).

13C NMR (126 MHz, CDCl3) § (ppm) = 154.1, 151.8, 151.4, 133.8, 131.6 (q, J = 29.2 Hz), 131.2,
129.8, 129.6, 129.4, 126.3 (q, J = 5.43 Hz), 122.6 (q, J = 274.2 Hz), 116.4, 114.4 (t, J= 9.5 Hz),
109.8 (t, J=236.6 Hz), 51.4, 51.4, 21.2.

19F NMR (376 MHz, CDCl3) & (ppm) = -60.00, -110.07, -111.04, -113.34, -114.17.

MS (APCI) = 390.1 [M+H]" for C17H14CIFsN3; experimental 389.5 m/z.

2.1.16 Nitration Procedure Towards 48

Equation 15. EAS towards Nitro-group at C-2 position of PPY

NH4NO,

cl TFAA cl

Q CF,  CHClL CF,
N A\ =~ N A\
L rt,18h U _ NO,

N~ N N~ N

iPr iPr
48

To 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)- 7H-pyrrolo[2,3-d]pyrimidine (1.20 g, 3.53
mmol, 1.0 equiv) was added NH4NO: (1.27 mg, 15.89 mmol, 4.5 equiv), 9.0 mL TFAA, and 35
mL dry CH2Clz. The reaction was stirred at room temperature overnight. After about 20 hrs, the
resulting mixture was neutralized with saturated sodium bicarbonate, and the crude product was
extracted into an organic layer with dichloromethane. The resulting organic layer was rinsed with
brine; the combined organic layers were dried over Na;SO4 and then concentrated in vacuo. The
crude product was purified with FCC (100:0 - 70:30) Hexanes/EtOAc to afford 48 as a white
solid. 70% isolated yield.

'TH NMR (500 MHz, CDCl3) 8 (ppm) = 8.85 (s, 1H), 7.83 (dd, J= 7.8, 1.5 Hz, 1H), 7.71 — 7.60

(m, 2H), 7.46 (ddd, J="7.3, 1.6, 0.8 Hz, 1H), 5.34 (p, /= 6.9 Hz, 1H), 1.84 (t, /= 7.1 Hz, 6H).
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13C NMR (126 MHz, CDCl3) § (ppm) = 156.3, 153.7, 149.1, 140.1, 132.3, 131.6, 129.6 (q, J =
30.3), 129.3, 128.4 (q, J=2.1), 1263 (q, J=5.2), 123.7 (q, J=273.3), 114.8, 112.8, 51.7, 21..1.
19F NMR (376 MHz, CDCl3) & (ppm) = -61.88.

MS (APCI) = 385.1 [M+H]" for Ci6H13CIF3N4O2; experimental 384.5 m/z.

2.1.17 General Procedure for the Cation-Directed SNAr of (+)-PPYs

Equation 16. General Scheme for Atroposelective SNAr of 3-aryl PPY's

PhSH
K,HPO,
0.1 M MTBE

catalyst (10% mol)
rt, 1-5d

(£)-19

To the reaction vessel containing the (+)-19, 10% mol catalyst and the base was added.
MTBE was then added to the reaction. The reaction was stirred until all the non-dissolved solids
were suspended and then followed with the addition of thiophenol (PhSH). The reaction was sealed
and then stirred vigorously (up to 1500 rpm) at room temperature. The reaction was left to stir for
~1-5 days. (Note: Reaction time is substrate dependent). The reaction was filtered through a Celite
plug to remove excess base, and the reaction filtrate was diluted in dichloromethane. 1 M NaOH
was added to the reaction to remove excess thiophenol. The organic layer was isolated and re-
extracted again with additional 1 M NaOH. The organic layer was extracted with brine rinse and
dried over sodium sulfate. The reaction was concentrated in vacuo at 25 °C to afford the crude
mixture of enantionenriched 20 and 19. Purification was performed via FCC (99:1 - 9:1)

Hexanes/EtOAc or TLC preparatory plate (9:1) Hexanes/EtOAc. HPLC spectra used for
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determination of ee% for each substrate are included in this Experimental Section of this

dissertation.

6-chloro-7-isopropyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidine (22)
Following the general procedure: to 21 (25 mg, 0.0668 mmol, 1.0 equiv), was
CF3 added 10% mol catalyst 15 (3.01 mg, 0.00686 mmol, 0.1 equiv) and K;HPO4
N o (169.0 mg, 0.970 mmol, 14.5 equiv). The mixture was suspended in 668 pL
MTBE. After 3 minutes of stirring, PhSH (58 pL, 0.568 mmol, 8.5 equiv) was added and the
reaction at room temperature for 20 h. Workup and purification was followed according to the

general procedure to afford 22 and 21 as white solids. Isolated Yield (22): 42.3%, Isolated Yield

(19): 40.6%. (Conversion = 51.2%, s = 28.3).

Scale-up Procedure of 22: To 21 (1.0 g, 2.67 mmol, 1.0 equiv), was added 10% mol catalyst 15
(120.6 mg, 0.267 mmol, 0.1 equiv) and KoHPO4 (6.75 g, 38.8 mmol, 14.5 equiv). The mixture was
suspended in 26.7 mL MTBE. After 3 minutes of stirring, PhSH (2.32 mL, 22.7 mmol, 8.5 equiv)
was added and the reaction at room temperature for 96 h. Workup and purification was followed
according to the general procedure to afford 22 and 21 as white solids. Isolated Yield (22): 38.6%,

Isolated Yield (21): 38.2%. (Conversion = 46.8%, s = 14.4).

H NMR (400 MHz, CDCl3) § (ppm) = 8.52 (s, 1H), 7.83 (d, J=7.7 Hz, 1H), 7.69 — 7.57 (m, 2H),
7.48 (d, J = 7.7 Hz, 1H), 7.46 — 7.39 (m, 2H), 7.39 — 7.32 (m, 3H), 5.19 (hept, J = 6.7 Hz, 1H),

1.73 (dd, J= 7.0, 1.8 Hz, 6H).
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13C NMR (126 MHz, CDCls) § (ppm) = 160.0, 150.4, 147.4, 135.2, 133.8, 131.5, 131.4, 131.2,
131.1 (q, J=2.3 Hz), 129.1, 129.1, 128.9, 128.3, 126.2 (q, J = 5.3 Hz), 125.5, 123.8 (q, J=274.2
Hz), 115.5, 109.5, 48.4, 21.2, 21.1.

19F NMR (376 MHz, CDCl3) & (ppm) = -61.56.

MS (APCI) = 448.1 [M+H]" for C22H13CIF3N3S; experimental 448.1 m/z.

6-chloro-7-methyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidine (24)
SPh oF Following the general procedure: to 23 (25 mg, 0.0723 mmol, 1.0 equiv), was
3
N7
L ': Cl added 10% mol catalyst 15 (3.26 mg, 0.00723 mmol, 0.1 equiv) and KoHPO4
c

N

Hs (182.0 mg, 0.105 mmol, 14.5 equiv). The mixture was suspended in 722 pL

MTBE. After 3 minutes of stirring, PhSH (63 pL, 0.0614 mmol, 8.5 equiv) was added and the
reaction at room temperature for 43 h. Workup and purification was followed according to the
general procedure to afford 24 and 23 as white solids. Isolated Yield (24): 45.6%, Isolated Yield
(23): 38.1%. (Conversion = 46.2%, s = 14.9).

'TH NMR (500 MHz, CDCl3) § (ppm) = 8.56 (s, 1H), 7.85 (d, J = 7.7 Hz, 1H), 7.64 (dt, J= 27.6,
7.5 Hz, 2H), 7.49 — 7.42 (m, 3H), 7.39 — 7.34 (m, 3H), 3.88 (s, 3H).

13C NMR (126 MHz, CDCl3) & (ppm) = 160.3, 151.2, 147.9, 135.4, 134.0, 131.6, 131.3, 130.9,
129.3,129.2,129.1, 128.4, 127.2, 127.1, 126.3, 125.0, 115.4, 109.1, 29.1.

YF NMR (470 MHz, CDCl;3) & (ppm) = -60.71.

MS (APCI) = 420.1 [M+H]" for C20H14CIF3N3S; experimental 420.4 m/z.
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7-(tert-butyl)-6-chloro-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidine (26)

Following the general procedure: to 25 (25 mg, 0.0644 mmol, 1.0 equiv), was

SPh
cF, added 10% mol catalyst 15 (2.91 mg, 0.00644 mmol, 0.1 equiv) and KaHPOq4
N™ S\
Cl
lN/ N (163.0 g, 0.0935 mmol, 14.5 equiv). The mixture was suspended in 644 mL

MTBE. After 3 minutes of stirring, PhSH (56 uL, 0.0548 mmol, 8.5 equiv) was
added and the reaction at room temperature for 40 h. Workup and purification was followed
according to the general procedure to afford 26 and 25 as white solids. Isolated Yield (26): 42.8%,
Isolated Yield (25): 30.0%. (Conversion = 48.8%, s = 29.9).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.51 (s, 1H), 7.83 (d, J = 7.6 Hz, 1H), 7.62 (dt, J = 29.3,
7.6 Hz, 2H), 7.45 (d, J="7.5 Hz, 1H), 7.41 (dd, J=7.0, 2.7 Hz, 2H), 7.36 (dd, J=5.2, 1.8 Hz, 3H),
2.01 (s, 9H).

13C NMR (126 MHz, CDCls) & (ppm) = 159.8, 149.6, 149.3, 135.4, 133.9, 131.7, 131.7, 131.6,
131.6, 131.6, 131.3, 129.3, 129.0, 128.6, 126.7, 126.4, 125.1, 115.7, 111.8, 63.2, 31.4.

19F NMR (376 MHz, CDCl3) & (ppm) = -61.89.

MS (APCI) = 462.1 [M+H]" for C23H20CIF3N3S; experimental 461.2 m/z.

6-chloro-7-isobutyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidine (27)
SPh Following the general procedure: to 27 (25 mg, 0.0644 mmol, 1.0 equiv), was
CF;

NN cl added 10% mol catalyst 15 (2.91 g, 0.00644 mmol, 0.1 equiv) and KoHPO4

Bu (163.0 g, 0.0935 mmol, 14.5 equiv). The mixture was suspended in 644 mL
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MTBE. After 3 minutes of stirring, PhSH (56 pL, 0.0548 mmol, 8.5 equiv) was added and the
reaction at room temperature for 26 h. Workup and purification was followed according to the
general procedure to afford 28 and 27 as white solids. Isolated Yield (28): 47.5%, Isolated Yield
(27): 45.6%. (Conversion = 53.7%, s = 36.9).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.55 (s, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.64 (dt, J = 28.3,
7.4 Hz,2H), 7.48 (d, J=7.4 Hz, 1H), 7.44 (dd, J=6.9, 2.7 Hz, 2H), 7.37 (dd, J=5.1, 1.8 Hz, 3H),
4.17 (ddd, J=68.2, 13.9, 7.7 Hz, 2H), 2.38 (dh, /= 14.0, 6.7 Hz, 1H), 0.95 (d, J= 7.7 Hz, 6H).
13C NMR (126 MHz, CDCls) & (ppm) = 160.2, 151.0, 147.8, 135.3, 133.9, 131.7, 131.5, 131.4,
131.3,131.0,130.9 (q, /= 1.9 Hz), 129.2, 129.1, 129.0, 128.3, 126.2 (q, /= 5.3 Hz), 124.9 (q, J =
274.2 Hz), 115.1, 109.0, 50.0, 28.9, 19.8, 19.8.

19F NMR (470 MHz, CDCl3) & (ppm) = -60.61.

MS (APCI) = 462.1 [M+H]" for C23H20CIF3N3S; experimental 461.5 m/z.

6-chloro-7-cyclopentyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidine (30)

Following the general procedure: to 29 (25 mg, 0.0625 mmol, 1.0 equiv), was

SPh
CF, added 10% mol catalyst 15 (2.82 mg, 0.00625 mmol, 0.1 equiv) and KoHPO4
N™ TN
| I
kN/ N (332.2 mg, 0.906 mmol, 14.5 equiv). The mixture was suspended in 625 uL

MTBE. After 3 minutes of stirring, PhSH (54 pL, 0.531 mmol, 8.5 equiv) was
added and the reaction at room temperature for 46 h. Workup and purification was followed
according to the general procedure to afford 30 and 29 as white solids. Isolated Yield (30): 34.0%,

Isolated Yield (29): 43.0%. (Conversion = 52.0%, s = 39.8).
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H NMR (400 MHz, CDCl3) § (ppm) = 8.53 (s, 1H), 7.84 (d, J=7.2 Hz, 1H), 7.69 — 7.57 (m, 2H),
7.48 (d, J= 6.7 Hz, 1H), 7.44 — 7.40 (m, 2H), 7.36 (dd, J = 5.1, 1.8 Hz, 3H), 5.27 (m, J = 8.7 Hz,
1H), 2.51 - 2.36 (m, 2H), 2.18 — 2.02 (m, 4H), 1.80 — 1.69 (m, 2H).

13C NMR (126 MHz, CDCl3) § (ppm) = 160.0, 150.4, 147.6, 135.2, 133.9, 131.5, 131.4, 131.2 (q,
J=1.9Hz), 131.1, 131.1, 129.1, 129.1, 128.9, 128.4, 126.2 (q, J= 5.1 Hz), 125.8, 123.8 (q, J =
274.1 Hz), 115.5, 109.6, 56.3, 30.6, 30.6, 25.0, 25.0.

19F NMR (470 MHz, CDCls) 5 (ppm) = -61.66.

MS (APCI) = 474.1 [M+H]" for C24H20CIF3N3S; experimental 473.5 m/z.

5-(2-bromophenyl)-6-chloro-7-isopropyl-4-(phenylthio)-7H-pyrrolo[2,3-d|pyrimidine (32)

SPh . Following the general procedure: to 31 (25 mg, 0.0649 mmol, 1.0 equiv), was
'\i \/ N—¢| r added 10% mol catalyst 15 (2.93 mg, 0.00649 mmol, 0.1 equiv) and KoHPO4
iPr (164 mg, 0.942 mmol, 0.1 equiv). The mixture was suspended in 649 uL MTBE.
After 3 minutes of stirring, PhSH (56 pL, 0.552 mmol, 14.5 equiv) was added and the reaction at
room temperature for 16 h. Workup and purification was followed according to the general
procedure to afford 32 and 31 as white solids. Isolated Yield (32): 48.3%, Isolated Yield (31)
30.8%. (Conversion = 54.2%, s = 36.4).
'TH NMR (500 MHz, CDCl3) & (ppm) = 8.55 (s, 1H), 7.73 (d, J= 8.7 Hz, 1H), 7.50 — 7.41 (m, 4H),
7.38 (qd, J=3.9, 1.9 Hz, 3H), 7.34 (ddd, J = 8.0, 6.8, 2.4 Hz, 1H), 5.20 (p, /= 7.0 Hz, 1H), 1.74
(dd, J=17.0, 2.1 Hz, 6H).
13C NMR (126 MHz, CDCls) & (ppm) = 160.1, 158.8, 150.4, 147.6, 135.3, 133.4, 133.3, 132.5,

130.1, 129.1, 129.1, 128.4, 127.1, 126.6, 126.6, 125.1, 114.7, 112.1, 48.4, 21.2, 21.2.

MS (APCI) = 458.0 [M+H]" for C21H;sBrCIN3S; experimental 459.4 m/z.
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6-chloro-7-isopropyl-5-(4-methoxy-2-methylphenyl)-4-(phenylthio)-7H-pyrrolo|2,3-
d]pyrimidine (34)
OCH;  Following the general procedure: to 33 (25 mg, 3.22 mmol, 1.0 equiv), was

added 10% mol catalyst 15 (3.22 mg, 0.00714 mmol, 0.1 equiv) and K;HPO4

SPh
CH
le N Cl ’ (180.3 mg, 0.607 mmol, 14.5 equiv). The mixture was suspended in 714 pL
—
N N
iPr MTBE. After 3 minutes of stirring, PhSH (62 pL, 0.607 mmol, 8.5 equiv) was

added and the reaction at room temperature for 16 h. Workup and purification was followed
according to the general procedure to afford 34 and 33 as white solids. Isolated Yield (34): 48.0%,
Isolated Yield (33): 30.0%. (Conversion = 65.4%, s = 6.06).

"H NMR (400 MHz, CDCls) & (ppm) = 8.51 (s, 1H), 7.46 (dd, J = 6.6, 3.1 Hz, 2H), 7.41 — 7.35
(m, 3H), 7.23 (d, J = 8.3 Hz, 1H), 6.89 (d, J = 2.8 Hz, 1H), 6.85 (dd, J = 8.3, 2.7 Hz, 1H), 5.20
(dq, J=14.0, 6.9 Hz, 1H), 3.87 (s, 3H), 2.18 (s, 3H), 1.73 (dd, /= 7.0, 2.0 Hz, 6H).

13C NMR (126 MHz, CDCIs) & (ppm) = 160.2, 159.9, 150.2, 147.5, 140.2, 135.3, 135.3, 132.8,
129.1, 129.1, 128.4, 124.5, 123.7, 115.3, 115.0, 111.9, 110.9, 110.8, 55.2, 48.3, 21.2, 20.6.

MS (APCI) = 424.1 [M+H]" for C23H23CIN3OS; experimental 423.5 m/z.

6-chloro-5-(2-chloro-4-methylphenyl)-7-isopropyl-4-(phenylthio)-7H-pyrrolo|[2,3-

d]pyrimidine (36)

CH;  Following the general procedure: to 35 (25 mg, 0.0705 mmol, 1.0 equiv), was
added 10% mol catalyst 15 (3.18 mg, 0.00705 mmol, 0.1 equiv) and KoHPO4

N™ S\ Ccl:l (178.0 mg, 1.02 mmol, 14.5 equiv). The mixture was suspended in 705 pL

N
Pr MTBE. After 3 minutes of stirring, PhSH (61 pL, 0.599 mmol, 8.5 equiv) was
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added and the reaction at room temperature for 16 h. Workup and purification was followed
according to the general procedure to afford 36 and 35 as white solids. Isolated Yield (36): 49.5%,
Isolated Yield (35) 29.4%. (Conversion = 63.2%, s = 13.9).

'TH NMR (500 MHz, CDCl3) & (ppm) = 8.53 (s, 1H), 7.48 (dd, J = 6.6, 3.0 Hz, 2H), 7.38 (d, J =
2.5 Hz, 4H), 7.34 (d, /= 7.8 Hz, 1H), 7.19 (d, J = 8.7 Hz, 1H), 5.20 (h, J = 6.9 Hz, 1H), 2.43 (s,
3H), 1.74 (dd, J=17.0, 3.7 Hz, 6H).

13C NMR (101 MHz, CDCIs) & (ppm) = 160.1, 150.3, 147.6, 140.3, 135.6, 135.3, 135.3, 133.0,
129.9,129.1, 129.1, 128.4, 128.1, 127.3, 127.3, 125.2, 114.9, 110.1, 48.4, 21.2.

MS (APCI) = 428.1 [M+H]" for C22H20C12N3S; experimental 428.1 m/z.

6-chloro-7-isopropyl-5-(naphthalen-1-yl)-4-(phenylthio)-7H-pyrrolo[2,3-d]pyrimidine (38)
Following the general procedure: to 37 (25 mg, 0.0702 mmol, 1.0 equiv), was
SPh OQ added 10% mol catalyst 15 (3.16 mg, 0.00702 mmol, 0.1 equiv) and K;HPO4

N
. _ ': Cl (177.2 g, 1.02 mmol, 14.5 equiv). The mixture was suspended in 702 uL
N

iPr MTBE. After 3 minutes of stirring, PhSH (61 pL, 0.596 mmol, 8.5 equiv) was
added and the reaction at room temperature for 18 h. Workup and purification was followed
according to the general procedure to afford 38 and 37 as white solids. Isolated Yield (38): 45.6%,

Isolated Yield (37): 39.7%. (Conversion = 51.2%, s = 12.7).

Scale-up Procedure of 38: to 37 (1.25 mg, 3.51 mmol, 1.0 equiv), was added 10% mol catalyst
15 (158.25 mg, 0.351 mmol, 0.1 equiv) and KoHPO4 (8.86 g, 50.9 mmol, 14.5 equiv). The mixture
was suspended in 35 mL MTBE. After 3 minutes of stirring, PhSH (3.04 mL, 29.8 mmol, 8.5

equiv) was added and the reaction at room temperature for 96 h. Workup and purification was
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followed according to the general procedure. Isolated Yield (38): 47.8%, Isolated Yield (37):
40.8%. (Conversion = 50.9%, s = 15.0).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.57 (s, 1H), 7.97 (dd, J = 18.4, 7.8 Hz, 2H), 7.66 — 7.56
(m, 3H), 7.56 — 7.44 (m, 2H), 7.31 (d, J = 2.4 Hz, 5H), 5.27 (hept, J = 6.8, 6.4 Hz, 1H), 1.79 (dd,
J=16.9,5.0 Hz, 6H).

13C NMR (126 MHz, CDCIs) & (ppm) = 160.5, 150.4, 147.9, 135.4, 133.7, 133.5, 130.1, 129.7,
129.2, 129.1, 129.1, 128.5, 128.4, 127.2, 126.5, 126.2, 126.1, 125.6, 125.3, 115.6, 111.0, 48.6,
21.4,21.4.

MS (APCI) = 430.1 [M+H]" for C25H21CIN3S; experimental 429.5 m/z.

5-(2-bromo-5-methoxyphenyl)-6-chloro-7-cyclopentyl-4-(phenylthio)-7H-pyrrolo[2,3-

d]pyrimidine (40)
HACO Following the general procedure: to 39 (100 mg, 0.227 mmol, 1.0 equiv), was
<ph added 10% mol catalyst 15 (10.2 mg, 0.0227 mmol, 0.1 equiv) and KoHPO4 (572
N{ A C?r mg, 3.29 mmol, 14.5 equiv). The mixture was suspended in 2.27 mL MTBE.
~
N

A\

N After 3 minutes of stirring, PhSH (197 pL, 1.93 mmol, 8.5 equiv) was added and
@ the reaction at room temperature for 30 h. Workup and purification was followed
according to the general procedure to afford 40 and 39 as white solids. Isolated Yield (40) 46.7%,
Isolated Yield (39): 33.6%. (Conversion = 54.1%, s = 17.1).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.55 (s, 1H), 7.60 (d, J = 8.8 Hz, 1H), 7.49 (pd, J = 4.3,
1.3 Hz, 2H), 7.41 — 7.35 (m, 3H), 7.00 (d, J= 3.1 Hz, 1H), 6.90 (dd, J= 8.8, 3.1 Hz, 1H), 5.28 (p,
J=28.8 Hz, 1H), 3.85 (s, 3H), 2.53 —2.39 (m, 2H), 2.10 (ddd, /= 12.9, 10.7, 6.4 Hz, 4H), 1.74 (dt,

J=13.4,6.8 Hz, 2H).
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13C NMR (101 MHz, CDCls) & (ppm) = 160.1, 158.6, 150.5, 147.8, 135.4, 134.2, 133.2, 129.3,
129.3,129.2, 128.5, 127.6, 125.7, 118.7, 117.1, 116.3, 114.7, 112.3, 56.4, 55.7, 30.8, 30.7, 25.1.

MS (APCI) = 514.0 [M+H]" for C24H2:BrCIN;S; experimental 515.3 m/z.

6-bromo-7-isopropyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidine (42)
Following the general procedure: to 41 (50 mg, 0.119 mmol, 1.0 equiv), was

SPh
CFs  added 10% mol catalyst 15 (5.39 mg, 0.0119 mmol, 0.1 equiv) and K,HPO4

'\i \/ N Br
N N\iPr (301.6 mg, 1.73 mmol, 14.5 equiv). The mixture was suspended in 1.19 mL
MTBE. After 3 minutes of stirring, PhSH (104 pL, 1.02 mmol, 8.5 equiv) was added and the
reaction at room temperature for 40 h. Workup and purification was followed according to the
general procedure to afford 42 and 41 as white solids. Isolated Yield (42): 42.0%, Isolated Yield
(41): 41.0%. (Conversion =47.1%, s = 15.5).
Scale-up Procedure of 42: to 41 (3.0 g, 7.17 mmol, 1.0 equiv), was added 10% mol catalyst 15
(323.2 mg, 0.717 mmol, 0.1 equiv) and KoHPO4 (18.1 g, 104.0 mmol, 14.5 equiv). The mixture
was suspended in 72 mL MTBE. After 3 minutes of stirring, PhSH (6.2 mL, 60.9 mmol, 8.5 equiv)
was added and the reaction at room temperature for 50 h. Workup and purification was followed
according to the general procedure to afford 42 and 41 as a white solid. Isolated Yield (42): 41.6%,
Isolated Yield (41) 44.0%. (Conversion = 46.7%, s = 58.0).
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.53 (s, 1H), 7.84 (d, J= 8.1 Hz, 1H), 7.72 — 7.56 (m, 2H),
7.52 =7.39 (m, 3H), 7.39 - 7.31 (m, 3H), 5.15 (ddd, J=26.6, 13.4, 6.5 Hz, 1H), 1.76 (dd, /= 7.0,

2.2 Hz, 6H).
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13C NMR (126 MHz, CDCls) § (ppm) = 160.0, 150.5, 150.3, 148.4, 135.2, 133.8, 132.2, 131.4,
131.4, 131.1, 130.9, 129.1, 128.9, 128.5, 126.2 (q, J = 5.24), 124.9, 123.8 (q, J = 273.49), 116.3,
112.9, 50.1, 48.4, 21.1,

19F NMR (376 MHz, CDCl3) & (ppm) = -60.39.

MS (APCI) = 492.0 [M+H]" for C22H;sBrF3Ns; experimental 493.3 m/z.

7-isopropyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-6-vinyl-7H-pyrrolo|[2,3-
d]pyrimidine (44)
Following the general procedure: to 43 (50 mg, 0.137 mmol, 1.0 equiv), was

SPh
NN A CFs  added 10% mol catalyst 15 (6.16 mg, 0.00137 mmol, 0.1 equiv) and K,HPO4

mN/ N‘iPr \ (345 mg, 1.98 mmol, 14.5 equiv). The mixture was suspended in 6.16 mL
MTBE. After 3 minutes of stirring, PhSH (118.5 pL, 1.16 mmol, 8.5 equiv) was added and the
reaction at room temperature for 48 h. Workup and purification was followed according to the
general procedure to afford 44 and 43 as white solids. Isolated Yield (44): 24.3%, Isolated Yield
(43): 22.9%. (Conversion = 39.5%, s = 8.74).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.51 (s, 1H), 7.80 (d, J= 7.8 Hz, 1H), 7.65 — 7.60 (m, 1H),
7.54 (dd, J=20.4, 7.5 Hz, 2H), 7.45 — 7.39 (m, 2H), 7.35 (dt, J = 3.7, 2.2 Hz, 3H), 6.65 (dd, J =
17.7, 11.8 Hz, 1H), 5.30 (dd, J=11.8, 1.1 Hz, 1H), 5.13 (dd, J=17.7, 1.2 Hz, 1H), 5.10 — 5.00
(m, 1H), 1.71 (dd, J=17.0, 3.5 Hz, 6H).
13C NMR (101 MHz, CDCIs) & (ppm) = 150.1, 148.7, 135.7, 134.7, 131.8, 131.6, 131.3, 130.4,
129.8, 129.6, 129.5, 128.9, 127.2, 126.8 (q, J = 7.45 Hz), 125.6, 123.0 (q, J = 273.5 Hz), 122.5,
116.5,111.1, 48.3, 30.2, 22.1, 22.1.

19F NMR (376 MHz, CDCl3) & (ppm) = -60.45.
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MS (APCI) = 440.1 [M+H]" for C24H21F3N3S; experimental 439.5 m/z.

6-(difluoromethyl)-7-isopropyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-
pyrrolo[2,3-d]pyrimidine (46)

Following the general procedure: to 45 (25 mg, 0.0641 mmol, 1.0 equiv), was

SPh
NS A CFs  added 10% mol catalyst 15 (2.89 mg, 0.00641 mmol, 0.1 equiv) and KsHPO4
P CF,H

N N\ (76.2 mg, 0.438 mmol, 6.83 equiv). The mixture was suspended in 641 mL

iPr

MTBE. After 3 minutes of stirring, PhSH (56 pL, 0.257 mmol, 4.0 equiv) was added and the
reaction at room temperature for 20 h. Workup and purification was followed according to the
general procedure to afford 46 and 45 as white solids. Isolated Yield (46): 68.3%, Isolated Yield
(45): 29.9%. Note: ee-SM 46 was aminated to yield (Sa)-47 for s-factor determination via HPLC
analysis. (Conversion = 69.8%, Determined s = 11.5).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.61 (s, 1H), 7.85 (d, J = 7.4 Hz, 1H), 7.65 (p, J= 7.6, 7.0
Hz, 2H), 7.51 (d, J = 6.8 Hz, 1H), 7.46 — 7.35 (m, 5H), 6.39 (t, J = 52.1 Hz, 2H), 5.03 (dq, J =
13.7, 6.8 Hz, 1H), 1.82 (t, /= 6.7 Hz, 6H).

13C NMR (101 MHz, CDCIs) & (ppm) = 163.3, 151.6, 149.0, 135.4, 134.0, 131.5, 131.3, 131.0,
130.0, 129.5, 129.3, 129.2, 127.8, 127.6, 126.2 (q, J = 5.1 Hz), 125.0, 122.3 (q, J = 275.1 Hz),
115.1, 114.6 (t,J="7.7 Hz), 109.9 (t, J=233.5 Hz), 50.8, 21.2, 21.1.

1F NMR (376 MHz, CDCl3) & (ppm) = -59.77, -109.23, -110.20, -112.67, -113.50.

MS (APCI) = 464.1 [M+H]" for C23HasFsN3S; experimental 463.5 m/z.
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7-isopropyl-6-nitro-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidine (49)
Following the general procedure: to 48 (25 mg, 0.0650 mmol, 1.0 equiv), was

SPh
CFs added 10% mol catalyst 15 (5.86 mg, 0.130 mmol, 0.2 equiv) and KxHPO4

'\i \/ N—No,
N N‘iPr (9.65 mg, 0.056 mmol, 0.85 equiv). The mixture was suspended in 578 mL
MTBE. The reaction was cooled to 4 °C and stirred for 3 minutes. PhSH (72 pL, 0.0325 mmol,
0.5 equiv) from a 50 mg/mL stock solution in MTBE was then added to the reaction. The reaction
was left to stir at 4 °C for 20 h. Workup and purification was followed according to the general
procedure to afford 49 and 48 as white solids. Isolated Yield (49): 40.5%, Isolated Yield (48):
44.4%. (Conversion = 40.8%, s = 2.02).
'TH NMR (500 MHz, CDCl3) & (ppm) = 8.64 (s, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.67 (dt, J = 33.9,
7.4 Hz, 2H), 7.54 (d, J= 7.4 Hz, 1H), 7.44 — 7.37 (m, 5H), 5.38 (hept, /= 6.3 Hz, 1H), 1.82 — 1.78
(m, 6H).
13C NMR (126 MHz, CDCls) & (ppm) = 167.1, 154.0, 147.5, 138.9, 135.6, 135.4, 132.5, 131.9,
130.0, 129.8, 129.7, 129.5, 129.4, 129.3, 127.2, 126.6 (q, J = 5.4 Hz), 125.0 (q, J = 274.6 Hz),
114.2,113.7,51.1, 21.3, 21.3.
19F NMR (376 MHz, CDCl3) & (ppm) = -61.87.

MS (APCI) = 459.1 [M+H]" for C22H;sF3N4O0,S; experimental 458.5 m/z.

7-isopropyl-6-methyl-5-(naphthalen-1-yl)-4-(phenylthio)-7H-pyrrolo[2,3-d]pyrimidine (51)
Following the general procedure: to 50 (45 mg, 0.149 mmol, 1.0 equiv), was
added 10% mol catalyst 15 (6.04 mg, 0.0149 mmol, 0.1 equiv) and KoHPO4

&N/ N : (1.13 mg, 6.48 mmol, 43.5 equiv). The mixture was suspended in 1.34 mL
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MTBE. After 3 minutes of stirring, PhSH (387 pL, 3.8 mmol, 25.5 equiv) was added and the
reaction at room temperature for 48 h. Workup and purification was followed according to the
general procedure. Conversion is >5%, and thus isolated yields of 51 and 50 and s-factor were not

determined.

2-chloro-1-isopropyl-4-(phenylthio)-3-(2-(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-
b]pyridine (53)

Following the general procedure: to 52 (25 mg, 0.0670 mmol, 1.0 equiv), was

Ph :
I cF, added 10% mol catalyst 15 (3.02 mg, 0.00670 mmol, 0.1 equiv) and K>HPO4
X
N—ci
| Z~N (169 mg, 0.972 mmol, 14.5 equiv). The mixture was suspended in 670 pL

iPr
MTBE. After 3 minutes of stirring, PhSH (58 pL, 0.569 mmol, 8.5 equiv) was

added and the reaction at room temperature for 96 h. Workup and purification was followed
according to the general procedure. Conversion is >5%, and thus the isolated yields of 53 and 52

and s-factor were not determined.

2.1.18 General Procedure for the Amination of (S2)-19 to 54

Equation 17. General Scheme for Amination of PPYs to Final Kinase Inhibitors

1) H3CO OCH;
4 R4
R \@/NHz ’

cl NH
R3 5M CH20|2, r.t. X 2 R3
X X
"i N_R2 2)TFA, CH,Cl, "i N_R?
“ N rt, 18 h “ N
N | N \
R’ R’
(Sa)'19 54

Step 1. To 1.0 equiv of (S2)-19 was added 20.0 equiv of 2,4-dimethoxybenzylamine and ~0.4
M CH>ClL. The reaction was stirred at room temperature for 2-4 days. The reaction was quenched

with saturated aqueous citric acid and diluted with CH>Cly. The organic layer was extracted out
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and then partitioned with brine. The organic layers were recombined, dried with Na>SOa, and then
concentrated in vacuo. The crude product was purified in FCC (90:10 = 6:4) Hexanes/EtOAc to
afford the intermediate PPY. The intermediate PPY was taken onto Step 2 without
characterization.

Step 2. To 1.0 equiv of intermediate PPY was added 0.15 M TFA and 0.45 M CH2Cl,, and the
reaction was stirred at room temperature. After about 5 hours to overnight, the resulting mixture
was cooled down to 0 °C and diluted with CH>Cl,. The reaction was slowly quenched with
saturated aqueous NaHCO3, and the mixture was slowly warmed up to room temperature. The
organic layer was rinsed with brine, and the combined organic layers were dried over Na>SOs. The
dried organic layer was concentrated in vacuo. The crude product was purified in FCC (8:2 - 2:8)
Hexanes/EtOAc to afford 54 with the (Sa) configuration as a white solid. Isolated yields varied

between 60-90%.

S-atropisomer  of  6-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine (60)
Following the general procedure: To ee-21 (386.2 mg, 1.03 mmol, 1.0 equiv)
was added 2,4-dimethoxybenzylamine (3.05 mL, 20.6 mmol, 20.0 equiv) and
L N 0.53 M (1.96 mL) CH>Cl», and the reaction was left to stir for 96 h at room
temperature. Workup and purification were followed according to Step 1. To
this intermediate PPY (373.1 mg, 0.74 mmol, 1.0 equiv) was added 4.9 mL TFA and 1.64 mL
CH>Cl,. The reaction was left to stir at room temperature for 16 h. Workup and purification was

followed according to Step 2 to afford 60 as a white solid. 61% overall yield.
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H NMR (500 MHz, CDCl3) & (ppm) = 8.26 (s, 1H), 7.86 — 7.80 (m, 1H), 7.62 (dt, J = 30.6, 7.5
Hz, 2H), 7.45 (d, J= 7.5 Hz, 1H), 5.15 (hept, J = 6.9 Hz, 1H), 4.68 (s, 2H), 1.69 (d, J = 7.0 Hz,
6H).

13C NMR (101 MHz, CDCl3) § (ppm) = 155.1, 149.9, 148.6, 133.6, 132.2 (q, J = 1.25 Hz), 131.4,
131.1, 129.4, 126.8 (q, J = 5.3 Hz), 125.0 (q, J = 273.5 Hz), 122.3, 108.7, 102.9, 48.3, 21.4, 21.3.
19F NMR (376 MHz, CDCl3) & (ppm) = -60.72.

MS (APCI) = 355.1 [M+H]" for C16H;5CIF3N4; experimental 354.6 m/z.

S-atropisomer of 6-chloro-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (61)

Following the general procedure: To ee-37 (510.8 mg, 1.43 mmol, 1.0 equiv)

temperature. Workup and purification were followed according to Step 1. To this
intermediate PPY (613.2 mg, 1.26 mmol, 1.0 equiv) was added 8.0 mL TFA and 3.0 mL CH>Cl,.
The reaction was left to stir at room temperature for 16 h. Workup and purification was followed
according to Step 2 to afford 61 as a white solid. 77% overall yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.29 (s, 1H), 7.96 (t, J= 7.6 Hz, 2H), 7.66 (d, J = 8.4 Hz,
1H), 7.62 —7.51 (m, 3H), 7.48 (ddd, /= 8.2, 6.8, 1.4 Hz, 1H), 5.23 (hept, J = 6.8 Hz, 1H), 4.96 (s,
2H), 1.77 (dd, /= 7.0, 3.9 Hz, 6H).

13C NMR (101 MHz, CDCls) & (ppm) = 155.0, 149.6, 148.9, 134.0, 132.4, 129.5, 129.4, 129.3,
128.7,127.1, 126.6, 125.8, 125.6, 122.2, 110.3, 102.8, 48.4, 21.5, 21 4.

MS (APCI) = 337.1 [M+H]" for C19H3CIN4; experimental 336.7 m/z.
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S-atropisomer of 5-(2-bromo-5-methoxyphenyl)-6-chloro-7-cyclopentyl-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (62)

Following the general procedure: To ee-39 (64.6 mg, 0.146 mmol, 1.0 equiv) was

H,CO
NH added 2,4-dimethoxybenzylamine (433 puL, 2.93 mmol, 20.0 equiv) and 0.25 M
2
NN : (260 uL) CH2Cl,, and the reaction was left to stir for 96 h at room temperature.
L
N

z:l Workup and purification were followed according to Step 1. To this intermediate

PPY (75.5 mg, 0.138 mmol, 1.0 equiv) was added 922 uL TFA and 307 pL
dichloromethane. The reaction was left to stir at room temperature for 16 h. Workup and
purification was followed according to Step 2 to afford 62 as a white solid. 91% overall yield.
Spectral data agrees with Smith, D. E.; Marquez, I.; Lokensgard, M. E.; Rheingold, A. L.; Hecht,

D. a.; Gustafson, J. L. Angew. Chem., Int. Ed. 2015, 54 (40), 11754. 2015.%°

S-atropisomer of  6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine (63)

Following the general procedure: To 41 (1.32 g, 3.14 mmol, 1.0 equiv) was

NH,

NN CF; added 2,4-dimethoxybenzylamine (9.30 mL, 62.7 mmol, 20.0 equiv) and 0.31
A\

| Br

kN/ N M (9.30 mL) CH2Cly, and the reaction was left to stir for 112 h at room

iPr
temperature. Workup and purification was followed according to Step 1. To this intermediate PPY

(2.5 g, 4.6 mmol, 1.0 equiv) was added 30.7 mL TFA and 10.2 mL CH:Cl>. The reaction was left
to stir at room temperature for 16 h. Workup and purification was followed according to Step 2 to
afford 63 as a white solid. 87% overall yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.24 (s, 1H), 7.85 (d, J= 7.0 Hz, 1H), 7.70 — 7.58 (m, 2H),

7.44 (d,J=7.4Hz, 1H), 5.17 - 5.04 (m, 1H), 4.87 (s, 2H), 1.73 (d, J = 7.0 Hz, 6H).
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13C NMR (101 MHz, CDCl3) § (ppm) = 154.9, 149.7, 149.6, 133.6, 132.2 (q, J= 1.2 Hz), 132.1
(q,J=2.0Hz), 131.2 (q, J=29.7 Hz), 129.4, 126.8 (q, J= 5.2 Hz), 125.0 (q, J=273.7 Hz), 112.1,
111.2, 103.9, 50.0, 21.4, 21.3.

19F NMR (376 MHz, CDCl3) & (ppm) = -60.50.

MS (APCI) = 399.0 [M+H]" for C16H;sBrF3N4; experimental 400.7 m/z.

S-atropisomer of 6-(difluoromethyl)-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (47)

Following the general procedure: To ee-45 (5.26 mg, 0.0135 mmol, 1.0 equiv)

NH, was added 2,4-dimethoxybenzylamine (41 pL, 0.27 mmol, 20.0 equiv) and 0.2

CF;
AN
| b CFoH M (65 pnL) CH2Cly, and the reaction was left to stir for 48 h at room
— n

N7 N
iPr temperature. Workup and purification were followed according to Step 1. To
this intermediate PPY (2.03 mg, 0.00401 mmol, 1.0 equiv) was added 26.7 pL. TFA and 9.0 pL
dichloromethane. The reaction was left to stir at room temperature for 16 h. Workup and
purification was followed according to Step 2 to afford 47 as a white solid. 28% isolated yield.
TH NMR (500 MHz, CDCl3) § (ppm) = 8.23 (s, 1H), 7.85 (d, J=9.2 Hz, 1H), 7.70 — 7.63 (m, 2H),
7.45 —7.40 (m, 1H), 6.24 (t, J = 51.9 Hz, 1H), 4.94 (hept, J= 6.9 Hz, 1H), 3.72 (s, 2H), 1.73 (d, J
= 6.9 Hz, 6H).

13C NMR (126 MHz, CDCl3) & (ppm) = 156.6, 155.7, 149.8, 148.5 (q, J = 6.7 Hz), 133.4, 132.4,
130.1, 129.5,127.0 (q, J = 6.4 Hz), 124.5 (q, J=273.5 Hz), 111.6, 109.7 (t, J = 240.0 Hz), 102.6,
56.0,32.1,29.9,22.8,21.5, 21.4.

YF NMR (470 MHz, CDCls) & (ppm) = -60.03, -109.86, -110.0, -110.52, -110.63, -112.57, -
112.68, -113.23, -113.34.

MS (APCI) = 371.1 [M+H]" for C17H;6FsNa4; experimental 370.6 m/z.
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2.1.19 General Procedure for the Amination of 1.2 to (Ra)-1.3

Equation 18. General Scheme for Oxidation of Sulfide PPY to Sulfone

. _ 1) HsCO OCHj,4
mCPBA . \©;NH2

0.1 M EtOAc
r_t_, 18 h 5M CH20|2, r.t.

2) TFA, CH,CI,
rt, 18 h

Step 1. To 1.0 equiv of (R.)-20 was added 4.5 equiv of (m)-chloroperoxybenzoic acid
(mCPBA) and 0.1 M EtOAc. The reaction was stirred at room temperature for 1-3 days. The
reaction was quenched with saturated aqueous sodium bicarbonate and diluted with EtOAc. The
organic layer was extracted out, and then quenched with additional wash of aqueous sodium
bicarbonate. The organic layers were recollected and subsequently rinsed with brine. The organic
layers were recombined, and then dried with Na;SO4. The combined organic layers were
concentrated in vacuo. The crude product was purified in FCC (99:1 = 9:1) Hexanes/EtOAc to
afford the intermediate PPY (sulfone). This sulfone was then taken onto Step 2 without
characterization.

Step 2. To 1.0 equiv of the sulfone was added 20.0 equiv of 2,4-dimethoxybenzylamine
and ~0.4 M CHxCla. The reaction was stirred at room temperature for 2-4 days. The reaction was
quenched with saturated aqueous citric acid and diluted with CH2Cl. The organic layer was
extracted out and then partitioned with brine. The organic layers were recombined, dried with
Na»S0s, and then concentrated in vacuo. The crude product was purified in FCC (90:10 = 6:4)
Hexanes/EtOAc to afford the intermediate PPY. The intermediate PPY was taken onto Step 2

without characterization.
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Step 3. To 1.0 equiv of intermediate PPY was added 0.15 M TFA and 0.45 M CH»Cl, and
the reaction was stirred at room temperature. After about 5 hours to overnight, the resulting mixture
was cooled down to 0 °C and diluted with CH>Cl,. The reaction was slowly quenched with
saturated aqueous NaHCO3, and the mixture slowly warmed up to room temperature. The organic
layer was rinsed with brine, and the combined organic layers were dried over Na>SOs. The dried
organic layer was concentrated in vacuo. The crude product was purified in FCC (8:2 = 2:8)
Hexanes/EtOAc to afford 56 with the (R.)-configuration as a white solid. Isolated yields varied

between 60-90%.

R-atropisomer  of  6-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine (64)
Following the general procedure: To ee-22 (458.2 mg, 1.023 mmol, 1.0 equiv)
NH, was added mCPBA (794 mg, 4.603 mmol, 4.5 equiv) and 10 mL EtOAc. The
L \ reaction was stirred at room temperature for 50 h. Workup and purification was
followed according to Step 1. To this sulfone (282 mg, 0.588 mmol, 1.0 equiv)
was added 2,4-dimethoxybenzylamine (1.74 mL, 11.8 mmol, 20.0 equiv) and 0.6 M (1.0 mL)
CH2Cl,, and the reaction was left to stir for 48 h at room temperature. Workup and purification
were followed according to Step 2. To this intermediate PPY (236 mg, 0.467 mmol, 1.0 equiv)
was added 3.11 mL TFA and 1.04 mL CH>Cl,. The reaction was left to stir at room temperature
for 16 h. Workup and purification was followed according to Step 3 to afford 64 as a white solid.

28% overall yield. All spectral data was obtained in agreement with 60.
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R-atropisomer of 6-chloro-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]|pyrimidin-4-
amine (65)

O’ Following the general procedure: To 38 (598 mg, 1.39 mmol, 1.0 equiv) was

NH,
NN added mCPBA (1.08 g, 6.26 mmol, 4.5 equiv) and 11.4 mL EtOAc. The reaction
A\
| Cl
kN/ N was stirred at room temperature for 90 h. Workup and purification was followed
iPr

according to Step 1. To this sulfone (377.2 mg, 0.820 mmol, 1.0 equiv) was added 2,4-
dimethoxybenzylamine (2.43 mL, 16.4 mmol, 20.0 equiv) and 0.6 M (1.5 mL) CH2Cl, and the
reaction was left to stir for 98 h at room temperature. Workup and purification were followed
according to Step 2. To this intermediate PPY (269.2 mg, 0.553 mmol, 1.0 equiv) was added 3.5
mL TFA and 1.23 mL CH>Cl,. The reaction was left to stir at room temperature for 16 h. Workup
and purification was followed according to Step 3 to afford 65 as a white solid. 24% overall yield.

All spectral data was obtained in agreement with 61.

R-atropisomer of 5-(2-bromo-5-methoxyphenyl)-6-chloro-7-cyclopentyl-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (66)

Following the general procedure: To 40 (87.2 mg, 0.178 mmol, 1.0 equiv) was
added mCPBA (138 mg, 0.802 mmol, 4.5 equiv) and 1.78 mL EtOAc. The
N\ ol reaction was stirred at room temperature for 20 h. Workup and purification was
N followed according to Step 1. To this sulfone (94.5 mg, 0.181 mmol, 1.0 equiv)
@ was added 2,4-dimethoxybenzylamine (573 pL, 3.63 mmol, 20.0 equiv) and 0.7
M (260 uL) CH:Cl», and the reaction was left to stir for 96 h at room temperature. Workup and
purification were followed according to Step 2. To this intermediate PPY (39.7 mg, 0.071 mmol,

1.0 equiv) was added 475 uL TFA and 158 uL CH2Cl,. The reaction was left to stir at room
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temperature for 16 h. Workup and purification was followed according to Step 3 to afford 66 as a
white solid. 40% overall yield. Spectral data was obtained in agreement with Smith, D. E.;
Marquez, 1.; Lokensgard, M. E.; Rheingold, A. L.; Hecht, D. a.; Gustafson, J. L. Angew. Chem.,

Int. Ed. 2015, 54 (40), 11754.

R-atropisomer of  6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (67)

Following the general procedure: To 42 (1.47 g, 2.98 mmol, 1.0 equiv) was

NH, added mCPBA (2.32 g, 13.4 mmol, 4.5 equiv) and 16.6 mL EtOAc. The
CF;
X
Nl P N—Br  reaction was stirred at room temperature for 40 h. Workup and purification
N" N
iPr were followed according to Step 1. To intermediate PPY (3.3 g, 6.29 mmol,

1.0 equiv) was added 2,4-dimethoxybenzylamine (18.6 mL, 125.9 mmol, 20.0 equiv) and 1.26 M
(5.0 mL) CHCl,, and the reaction was left to stir for 98 h at room temperature. Workup and
purification were followed according to Step 2. To this intermediate PPY (1.56 g, 2.84 mmol, 1.0
eq) was added 19 mL TFA and 6.3 mLCH>Cl. The reaction was left to stir at room temperature
for 16 h. Workup and purification was followed according to Step 3 to afford 67 as a white solid.

24% overall yield. All spectral data was obtained in agreement with the 64.
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2.1.20 General Procedure for the Boc-protection of Both (Ra.)- and (Sa)-1.3

Equation 19. General Scheme for Boc-protection to Further Elaborate Kinase Inhibitor PPY

10% DMAP
Boc,0 (5 equiv)
0.1 M THF

B

rt,2h

To 1.0 equiv of 1.3 in ~0.1 M THF was added 5.0 eq di-tert-butyl dicarbonate (Boc2O) and
10% mol 4-(dimethyl)aminopyridine (DMAP). The reaction was stirred at room temperature for
2-4 hours. The reaction was quenched with distilled water and extracted with EtOAc. The organic
layers were recollected, and then rinsed with brine. The resulting organic layers were recombined,
and then dried with Na>xSO4. The subsequent organic layers were concentrated in vacuo, and the

product was immediately taken onto further functionalization.

(S)-atropisomer of tert-butyl (tert-butoxycarbonyl)(6-chloro-7-isopropyl-5-(naphthalen-1-
yl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)carbamate
Following the general procedure: to 61 (280 mg, 0.83 mmol, 1.0 equiv) in 1.0

-N OQ mL THF was added Boc20 (904 mg, 4.15 mmol, 5.0 equiv) and DMAP (10

mg, 0.08 mmol, 0.13 equiv). The reaction was stirred at room temperature for
3 h. Workup and purification were followed accordingly to afford product as
a white solid. 62% overall yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.85 (s, 1H), 7.92 (dd, J = 6.1, 3.4 Hz, 1H), 7.89 (d, J =
7.7Hz, 1H), 7.59 (d, /= 7.7 Hz, 1H), 7.53 — 7.48 (m, 2H), 7.48 — 7.37 (m, 2H), 5.27 (hept, J= 6.7

Hz, 1H), 1.80 (dd, J=7.0, 4.2 Hz, 6H), 1.42 (s, 9H), 0.80 (s, 9H).
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13C NMR (101 MHz, CDCls) & (ppm) = 152.3, 150.6, 150.2, 134.0, 132.3, 129.1, 128.8, 128.7,
128.4,128.1, 126 .4, 126.4, 126.0, 125.4, 115.5, 109.9, 48.9, 28.1, 27.3, 21.3, 21.3.

MS (APCI) = 537.2 [M+H]" for C C29H34CIN4O4; experimental 536.4 m/z.

(R)-atropisomer of tert-butyl (tert-butoxycarbonyl)(6-chloro-7-isopropyl-5-(naphthalen-1-
yl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)carbamate
Following the general procedure: to 65 (120 mg, 0.224 mmol, 1.0 equiv) in

1.0 mL THF was added Boc>O (244 mg, 1.12 mmol, 5.0 equiv) and DMAP

(4 mg, 0.03 mmol, 0.13 equiv). The reaction was stirred at room temperature

iPr

for 3 h. Workup and purification were followed accordingly to afford product as a white solid.

70% overall yield. All spectral data was obtained in agreement with the (Sa)-configuration.

(S)-atropisomer of 6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine

Following the general procedure: to 63 (~200 mg, 0.5 mmol, 1.0 equiv) in 2.0
mL THF was added Boc2O (450 mg, 2.0 mmol, 4.0 equiv) and DMAP (11.0

mg, 0.05 mmol, 0.1 equiv). The reaction was stirred at room temperature for

3 h. Workup and purification were followed accordingly to afford product as
a white-beige solid. 83% overall yield.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.81 (s, 1H), 7.77 (dt, J = 7.6, 3.7 Hz, 1H), 7.59 — 7.53
(m, 2H), 7.38 (dd, J= 5.4, 3.6 Hz, 1H), 5.16 (dt, J=13.7, 6.4 Hz, 1H), 1.76 (d, J= 7.0 Hz, 6H),

1.32 (s, 18H).
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13C NMR (101 MHz, CDCl3) § (ppm) = 152.8, 150.6, 149.8, 133.4, 131.7 (q, J = 2.0 Hz), 131.3,
131.0 (q, J=29.9 Hz), 128.7, 126.6 (q, J = 4.83 Hz), 125.2 (q, /= 274.8 Hz), 117.9, 116.5, 112.1,
83.5, 50.6, 28.0, 21.2, 21.2.

19F NMR (470 MHz, CDCl3) & (ppm) = -60.07.

MS (APCI) = 600.4 [M+H]" for C26H31BrF3N4O4; experimental 600.0 m/z.

(R)-atropisomer of 6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine

Following the general procedure: to 67 (108 mg, 0.27 mmol, 1.0 equiv) in 2.7

Boc,
Boc” CcF, mL THF was added Boc,O (589 mg, 1.35 mmol, 5.0 equiv) and DMAP (4.3
N™ S\
Br
tN/ N mg, 0.035 mmol, 0.13 equiv). The reaction was stirred at room temperature

iPr
for 3 h. Workup and purification were followed accordingly to afford product as a white solid.

83% overall yield. All spectral data was obtained in agreeance with the (.Sa)-configuration.

2.1.21 Methylation of Both (Ra)- and (S2)-4k via Schoenebeck Conditions

Equation 20. C-2 Methylation of PPY's (1)
1)

(tBu)sP-py-I.
Boc "I-Pd-p(tBu),
B °N 3.0 M MeMg| NH,
oc CF; rt., 30 min CF3
NTN - N —cn
L _ Br  2)TFA 0.1 CH,CI, L Ay 3
NT N rt, 1h N©A
iPr iPr

57
To either enantiomer of 6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (1.0 equiv) in 0.2 M dry toluene was 2.5 mol% Pd(I) dimer

catalyst added, followed by the slow addition of 3 M MeMgl (150 mL, 1.5 equiv) at room
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temperature. After 30 minutes of stirring, the reaction was then quenched with 0.1 M TFA and
then stirred for an additional 1.5 h. The resulting reaction mixture was then concentrated in vacuo,
and then purified with FCC (10:1 - 1:1) Hexanes/EtOAc to afford both atropisomers of 57 as

pure white solids.

S-atropisomer of  7-isopropyl-6-methyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine ($2-57)
Following the general procedure: to (Sa)-atropisomer of 6-bromo-7-isopropyl-

A ((3;3 5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (60 mg, 0.1
lN/ N ’ mmol, 1.0 equiv) in 0.5 mL (0.2 M) dry toluene was 2.5 mol% Pd(I) dimer
catalyst (IZPI) mg, 0.0025 mmol) added, followed by the slow addition of 3 M MeMgI (150 mL, 1.5
equiv) at room temperature. Workup and purification were followed accordingly to afford (Sa)-
1.3q as a white solid. 55% overall yield.
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.20 (s, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.60 (dt, J = 26.5,
7.3 Hz, 2H), 7.42 (d, J= 7.4 Hz, 1H), 5.03 (s, 2H), 4.93 — 4.84 (m, 1H), 2.15 (s, 3H), 1.68 (dd, J
=7.0,2.4 Hz, 6H).
13C NMR (126 MHz, CDCl3) § (ppm) = 154.7, 149.5, 147.7, 134.0, 133.5, 132.7, 132.3 (q, J= 1.0
Hz), 131.7 (q,J=2.2 Hz), 129.1, 126.9 (q, J= 5.2 Hz), 123.0 (q, J=274.2 Hz), 109.3, 103.1, 47.9,
22.0,21.9, 12.1.
19F NMR (376 MHz, CDCl3) & (ppm) = -61.99.

MS (APCI) = 335.2 [M+H]" for C17H;sF3Na; experimental 334.7 m/z.
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R-atropisomer of  7-isopropyl-6-methyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine [(Ra)-1.3q]

The synthesis and spectra data of (Ra)-57 was prepared from the (R.)-

CF; atropisomer of  6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-

NN e,

pyrrolo[2,3-d]pyrimidin-4-amine and obtained in agreeance with (Sa)-57. 53%
iPr
overall yield.

2.1.22 Arylation of Both (Ra)- and (S2)-4k via Buchwald conditions

Equation 21. Arylation of PPY's

RuPhos precatalyst

s o BOH),  [GF0s(aa) NH,
2 /4-dioxane CF,
le\ Nog  * ot 30min - NTNTN
NN then TFA, CHyCl,  °N° N
iPr rt, 1h iPr
1.4k 1.3r

To either atropisomer of 6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (1.0 equiv) was added phenylboronic acid (2.0 equiv), 0.3 mol%
RuPhos precatalyst, and K3POj4 (3.0 equiv). The mixture was thoroughly purged with vacuum then
argon. To this mixture was added degassed 1.6 M 1,4-dioxane and 3.3 M distilled, deionized water.
After addition of the solvents, the biphasic reaction was left to stir at 30 minutes at room
temperature. The resulting reaction was then diluted in water and partitioned with CH2Clz. The
resulting organic layer was extracted out, dried with Na;SO4 and then concentrated in vacuo.
Purification through TLC preparatory plate (9:1) Hexanes/EtOAc afforded both atropisomers of

58 as white solids.
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S-atropisomer of  7-isopropyl-6-phenyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine (52-58)
Following the general procedure: to (Sa)-atropisomer of 6-bromo-7-isopropyl-5-

NH, (2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (60 mg, 0.1
CF;

X
Nl P N—ph mmol, 1.0 equiv) was added phenylboronic acid (24 mg, 0.2 mmol, 2.0 equiv),
N

N

\

iPr 0.3 mol% RuPhos precatalyst (2.5 mg, 0.3 mmol), and K3PO4 (50 mg, 0.4 mmol,
3.0 equiv). The mixture was thoroughly purged with vacuum then argon. To this mixture was
added degassed 0.6 mL (1.6 M) dioxane and 0.3 mL (3.3 M) water. Workup and purification were
followed accordingly to afford (Sa)-58 as a white solid. 70% overall yield.
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.21 (s, 1H), 7.72 (d, J= 8.5 Hz, 1H), 7.60 — 7.49 (m, 2H),
7.41 (d, J=7.0 Hz, 1H), 7.38 — 7.31 (m, 3H), 7.21 (dd, J = 7.5, 1.9 Hz, 2H), 4.78 (s, 2H), 4.50
(hept, J=6.9 Hz, 1H), 1.68 (dd, J = 28.5, 6.9 Hz, 6H).
13C NMR (101 MHz, CDCIs) & (ppm) = 162.9, 162.5, 152.0, 147.1, 140.3, 138.7, 134.0, 132.2,
130.6, 130.4, 129.6 (q, J = 5.3 Hz), 129.5, 129.1, 128.7, 127.0, 124.9 (q, J = 275.5 Hz), 117.4,
112.0, 102.2, 50.3, 21.8, 21.7.
19F NMR (376 MHz, CDCl3) & (ppm) = -60.25.

MS (APCI) = 397.2 [M+H]" for C22H20F3N4; experimental 397.1 m/z.

R-atropisomer of  7-isopropyl-6-phenyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo|2,3-
d]pyrimidin-4-amine (Ra-58)

The synthesis and spectra data of (Ra)-58 was prepared from the (Ra)-

NH,

NS CF3 atropisomer of  6-bromo-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-
| Ph

kN/ N pyrrolo[2,3-d]pyrimidin-4-amine and obtained in agreeance with (Sa)-58. 48%

iPr
overall yield.
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2.1.23 Methylation of Both (Ra)- and (Sa)-4i via Organ conditions

Equation 22. Methylation of PPYs (2)

O 1) Pd-PEPPSI-IPent O
Boc.\ Q 3 M MeMg| NH, Q

B°:l § toluene, 40 °C, 2 h N
L N—c g N—CcH,
N“ N 2) TFA, CH,Cl, NZ N
iPr rt.1h iPr
1.4i 1.3s

To a reaction vial equipped with a stirbar was added either atropisomer of tert-butyl (tert-
butoxycarbonyl)(6-chloro-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)carbamate (1.0 equiv) and 5 mol% Pd-PEPPSI-IPent catalyst. The reaction apparatus was then
purged of O to argon, and degassed toluene was subsequently added. After two minutes of stirring
atr.t., 3.4 equiv of 3 M MeMgl was added dropwise. The reaction was heated to 40 °C and stirred
at this temperature for 1 h. An additional 3.4 equiv of 3 M MeMgl was added, and the reaction
was stirred for an additional 30 min. The resulting reaction mixture was first cooled to r.t., and
then subsequently quenched with 0.45 M TFA. The reaction was stirred at this temperature for an
additional hour. The resulting reaction mixture was then concentrated in vacuo, and then pulled
through a silica plug to remove excess TFA. Purification through TLC preparatory plate (4:1)

Hexanes/EtOAc afforded both atropisomers of 1.3s as white solids.

S-atropiosomer of 7-isopropyl-6-methyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (52-59)

To a reaction vial equipped with a stirbar was added (S.)-atropisomer of tert-

NH, OQ butyl (tert-butoxycarbonyl)(6-chloro-7-isopropyl-5-(naphthalen-1-yl)-7H-

Nl\/ N CH, pyrrolo[2,3-d]pyrimidin-4-yl)carbamate (60 mg, 0.11 mmol, 1.0 equiv) and 5
N N

\

iPr mol% Pd-PEPPSI-IPent catalyst (4.4 mg, 0.005 mmol). The reaction apparatus
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was then purged of O, to argon, and degassed toluene was subsequently added. After two minutes
of stirring at r.t., 3.4 equiv of 3 M MeMgl was added dropwise. The reaction was heated to 40 °C
and stirred at this temperature for 1 h. An additional 125 pLL 3 M MeMglI (0.374 mmol, 3.4 equiv)
was added, and the reaction was stirred for an additional 30 min. Workup and purification were
followed accordingly to afford (Sa)-59 as a white solid. 58% overall yield.

'TH NMR (400 MHz, CDCls) & (ppm) = 8.13 (s, 1H), 7.98 (t, J= 7.8 Hz, 3H), 7.60 — 7.56 (m, 2H),
7.53 —7.46 (m, 3H), 7.44 (dd, /="7.0, 1.2 Hz, 1H), 4.96 — 4.90 (m, 1H), 2.26 (s, 3H), 1.77 (t, J =
7.0 Hz, 6H).

13C NMR (126 MHz, CDCIs) & (ppm) = 155.9, 150.4, 150.0, 134.2, 133.5, 132.5, 131.9, 129.5,
128.8, 128.6, 127.0, 126.6, 126.6, 125.8, 110.3, 103.5, 47.6, 30.1, 22.1, 12.2.

MS (APCI) = 317.2 or C20H21N4; experimental 317.3 m/z.

R-atropiosomer of 7-isopropyl-6-methyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d|pyrimidin-4-
amine (Ra-59)

O The synthesis and spectra data of (Ra)-59 was prepared from (Ra)-atropisomer

N2 Q of tert-butyl (tert-butoxycarbonyl)(6-chloro-7-isopropyl-5-(naphthalen-1-yl)-

lN/ N : TH-pyrrolo[2,3-d]pyrimidin-4-yl)carbamate and obtained in agreeance with

(82)-1.3s. 50% overall yield.
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2.1.24 Racemization Kinetics

Enantiomerically enriched atropisomeric analogues post-SnAr were tested for barrier to
rotation (AGrac) measurements using the similar procedures from Smith, D. E.; Marquez, I;
Lokensgard, M. E.; Rheingold, A. L.; Hecht, D. a.; Gustafson, J. L. Angew. Chem., Int. Ed. 2015,

54 (40), 11754.33

General Procedure:’

Enantiomerically enriched atropisomeric analogue of interest (<50 mg) was dissolved in
~1.5 mL of high boiling solvents i.e., toluene (PhMe), diphenylether (Ph,0). This solution was
then heated at a constant temperature for 2.5 h. A total of about 5 time points were recorded. At
each time point, a 100-200 pL aliquot was isolated and quenched in an HPLC vial with room
temperature 100% hexanes. Each sample was then injected into the chiral HPLC system. Each

AGrac measurement is determined from an average of two experiments.

Barrier to Racemization (AGrac) and Half-Life to Racemization (t:;) of Atropisomers:
The ee% vs. time (sec, s) was plotted to determine the rate constant kobs (i.e. the slope of

the pseudo first-order kinetics) at this constant temperature using the following equation:

Equation 23. First-order kinetics for racemization of atropisomers with respect to time.
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From this, the racemization rate constant k. was determined using the following equation:

kop
krac = 025

Equation 24. Rate constant for the degradation of enantiomeric ratio.

The average krc was determined by taking the average of the ke of each trial. From this,
substitution into the Eyring equation was performed to determine the barrier to rotation, in which
AG is the barrier to rotation measurement, R is the gas constant, T is the constant temperature, ky,

is the Boltzmann distribution constant, and /% is Planck’s constant.:

Equation 25. Calculating barrier to racemization (otherwise known as the barrier to rotation of

atropisomeric compounds), AGrac.

To determine t1» at 37 °C (physiological temperatures), the calculated AGiac is then factored
into this below equation in which ti is the half-life to racemization in seconds. This unit can be

converted into hours (h), days (d), or years (y):

_AGrac
kb Te RT
In 2

t1/2 B In2

Equation 26. Half-life to racemization for atropisomeric compounds.
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Figure 9. Barrier to Racemization of 21 at 140 °C, Ph,O (1st order Racemization)

Table 6. Time-dependent Enantiodegredation of 21

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 67.154 -4.20698849 66.428 -4.196118654
1800 58.012 -4.06064989 60.822 -4.107951566
3600 51.334 -3.93835330 52.070 -3.952588967
5400 45.778 -3.82380363 45.652 -3.821047418
9000 39.258 -3.67015525 32.678 -3.486702069

Average kobs = 6.97x107, Average krac = 3.48x107
Calculated Average AG = 33 kcal mol™! (i.e., 32.9 kcal mol™)
Calculated t12 (37 °C) = 505.2 yr (or 184,386 d)
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Figure 10. Barrier to Racemization of 22 at 140 C, Ph,O (1st order Racemization)

Table 7. Time-dependent Enantiodegredation of 22

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 80.620 -4.38974676 78.888 -4.368029125
1800 71.008 -4.26279255 74.460 -4.310262068
3600 63.174 -4.14589282 61.568 -4.120142255
5400 56.638 -4.03668014 55.090 -4.008968211
9000 50.050 -3.91302251 49.568 -3.9033454064

Average kobs = 5.42x107, Average krac = 2.71x107
Calculated Average AG = 33 kcal mol™! (i.e., 33.1 kcal mol™)
Calculated t12 (37 °C) = 706.6 yr (or 259,914 d)
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Figure 11. Barrier to Racemization of 60 at 125 °C, Ph2O (1st order Racemization)

Table 8. Time-dependent Enantiodegredation of 60

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 91.476 -4.51607664 91.528 -4.516645
1800 57.998 -4.06040853 55.074 -4.008678
3600 38.442 -3.64915061 38.098 -3.640162
4200 37.430 -3.62247252 32.514 -3.481671
7500 34.534 N/A* 35.876 N/A*

Average kobs = 2.31x10”, Average krac = 1.15x107
Calculated Average AG = 31 kcal mol™! (i.e., 30.7 kcal mol™)
Calculated ti12 (37 °C) = 14.9 yr (or 5,441 d)

* At steady-state kinetics, no observable ee% change is observed
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Figure 12. Barrier to Racemization of 61 at 125 °C, PhO (1st order Racemization)

Table 9. Time-dependent Enantiodegredation of 61

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 68.612 -4.22846745 65.498 -4.182020
1800 63.524 -4.15141779 62.626 -4.137181
3600 58.388 -4.06711039 54.656 -4.001059
5400 52.532 -3.96142251 52.652 -3.963704
9000 46.512 -3.83971034 42.366 -3.746346

Average kobs = 4.66x107, Average krac = 2.23x107
Calculated Average AG = 28 kcal/mol (i.e., 27.9 kcal/mol)
Calculated t12 (37 °C) = 0.148 yr (or 54 d)
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Figure 13. Barrier to Racemization of 64 at 127 °C, Ph2O (1st order Racemization)

Table 10. Time-dependent Enantiodegredation of 64

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 93.576 -4.53877394 94.146 -4.544846769
1800 88.852 -4.48697206 89.440 -4.493568009
3600 85.626 -4.44998898 84.858 -4.440979271
5400 81.708 -4.40315192 82.638 -4.414469623
7200 79.210 -4.37210255 78.582 -4.364142666

Average kobs = 2.39x10”, Average krac = 1.19x107

Calculated Average AG = 33 kcal/mol (i.e., 32.7 kcal/mol)
Calculated t1,2 (37 °C) = 360.5 yr (or 131,580 d)
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Figure 14. Barrier to Racemization of 57 at 140 °C, Ph2O (1st order Racemization)

Table 11. Time-dependent Enantiodegredation of 57

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 81.386 -4.399203268 82.686 -4.415050301
1800 37.456 -3.623166911 46.366 -3.836566432
3600 18.360 -2.910174385 19.722 -2.981734764
4320 12.928 -2.559395502 14.800 -2.694627181
7680 5.000 -1.609437912 7.772 -2.050527532

Average kobs = 3.41x10™, Average krac = 1.71x10*
Calculated Average AG = 32 kcal/mol (i.e., 31.6 kcal/mol)
Calculated t12 (37 °C) = 60.9 yr (or 22,217 d)
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Figure 15. Barrier to Racemization of 58 at 140 °C, PhoO (1st order Racemization)

Table 12. Time-dependent Enantiodegredation of 58

Time (s) Trial Run 1 (ee%) Trial 1 [In(1/ee%)] Trial Run 2 (ee%) Trial 2 [In(1/ee%)]
0 74.588 -4.31197964 74.534 -4.311255397
1800 64.920 -4.17315574 62.780 -4.139636551
3600 52.724 -3.96507076 55.252 -4.011904539
5400 45.275 -3.81275500 43.536 -3.773588182
9000 37.710 -3.62992531 39.536 -3.677211649

Average kobs = 7.53%10”, Average krac = 3.77x107
Calculated Average AG = 33 kcal/mol (i.e., 32.9 kcal/mol)
Calculated t12 (37 °C) = 455.4 yr (or 166,221 d)
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2.1.25 Dose-Response Data of Kinase Inhibitors

Human recombinant, full-length SRC and BRK kinase expressed in Sf9 insect cells were
purchased from SignalChem. SRC substrate (KVEKIGEGTYGVVYK-amide) was purchased
from Biomatik. BRK substrate Poly (Glu:Tyr, 4:1) was purchased from Sigma Aldrich. ATP,
reaction buffers, ADP-Glo and Kinase Detection reagents were purchased in an assay ready kit
from Promega (Promega Corporation, Madison WI 53711 USA) and used as received. Brief
procedure: Incubations were performed in 40 mM Tris buffer (pH 7.4, 1% DMSO) supplemented
with 50 uM DTT, 25 mM MgCl,, and 2mM MnCl; in a white flat-bottom 96-well plate. Kinase
(1.2 pg/mL), substrate (200 pg/mL), ATP (50 uM) and inhibitor were combined in a total reaction
volume of 25 pL and incubated for 60min at room temperature. ADP-Glo reagent was then added
and incubated for 40min. Kinase Detection reagent was then added and after 45min the
luminescence was recorded on a Tecan Infinite M200 luminometer. The light generated is
proportional to the amount ADP present and, consequently, to the kinase activity. All incubations
were done in duplicates.

simple Kinase Assay Protocol
ITH

Kinase or 5pl* Kinase Reaction
ATPase Reaction *384-well reaction velumes
v

000 A ®
00 AAA
Add Spl* ADP-Glo™ Reagent,
ADP-Glo™ incubate 40 minutes

Reagent * Stops kinase or ATPase reaction
* Remaoves unreacted ATP

Step 1: ATP Depletion
A
A AA

Add 10pl* Kinase Detection Reagent,

Kinase
incubate 30-60 minutes
i i Detect g
Atap2- ADR Dataction i * Slops ATP Depletion reaction

Reagent
hd *+ Converts ADP to ATP
« ATP converted to light by luciferase reaction

@ atP S /U
A ADP - ~
Luminescence

Record Luminescence

Figure 16. ADP-Glo™ Kinase Assay (Image Reference: https://www.promega.com/products/cell-
signaling/kinase-assays-and-kinase-biology/adp-glo-kinase-assay/?catNum=V6930)

Cell-free kinase incubation with corresponding inhibitors. The activity readout of
inhibitors was referenced to a negative control (without inhibitor). Error bars mean + standard
deviation of duplicate samples. Sigmoidal dose-response curves were generated by GraphPad

software using non-linear fitting of experimental data points.

105



ICs, Plot (Brk)

150 T T T ¥ T
@ (S,)-57
= (Ra)-57
é‘\ 1004 -
2 ! ®
)
Q
<
X 504 L "
0 | | | | | ]
-10 -9 -8 -7 -6 -5 -4
Log[inhibitor] NH, -
{Ra) 3
= T Hcny
St;.ElTor : - = N N
LogICjC' 0.1238 0.08480 \iPr
ﬁ:;:::;;nﬁdenm — 50761 4547 _ 78310 5435 (S5)-57 92:8 e.r.
[a] — - - — — —— (Ra)-57 946 e.r.
IC5, Plot (Src)
150 T T T T T
= (S,)-57
' . - (Ra)-57
21004 g u ¥ 1§ j ; ¥ !
> ° ¢ } 3
0 ®* 3
<
X 501 -

-10 -9 -8 -7 -6 -5 -4
Log[inhibitor]

Tos 0 (s
[b] Og1INNIDINCr) vs. norMmalzed response )01 converged 101 cConverge:

Figure 17. Dose-response curve for enantioenriched 57 in [a] Brk and [Src] kinase.
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2.1.26 NMR Spectra

'H, 3C, and "°F Spectral Data of 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)- 7H-
pyrrolo[2,3-d]pyrimidine
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'H, 13C, and "F Spectral Data of 4-chloro-7-isobutyl-5-(2-(trifluoromethyl)phenyl)-7H-
pyrrolo[2,3-d]pyrimidine
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'H, 13C, and "F Spectral Data of 4-chloro-7-cyclopentyl-5-(2-(trifluoromethyl)phenyl)-

7H-pyrrolo[2,3-d]pyrimidine

F400
350
300
k250
k200
k150
100
F-50

100
1 (ppm)
112

110

120

130

140

150

Q (=3
g g
f H
2 8 8 8 8 8 8 8 8 8 8 8 8 8 o 2 w
P 8 e 8 0w ¥ 8 R 8 8 ¢ 8 e ¥
TR [
e
) o
s N Lo T —
08T -/ e —
87 o'ee
8T L~
€8T
8T .
Y — - 795°T
P a— : B e
£zc €c
62T L m
T€C
1€
€€°T |«
— 9071
£
Lo
6111 —
NN 9zeT
0°T
— H\\wog m.mmﬁ/
[ — - 1971
oot o 64717
T°0€T
=00°T $0ET
e L0€T
8TIET
. TET
re €057
£0ST
. 8157
L=

200 190 180 170 160

210

20



19000

-58.25

18000
17000
16000
N 15000
14000
13000
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000

1000

~-1000

T T T T T T T T T T T T T T T T T T
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
1 (ppm)

'H and '3C Spectral Data of 5-(2-bromophenyl)-4-chloro-7-isopropyl-7H-pyrrolo[2,3-
d]pyrimidine
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'H, 13C, and "°F Spectral Data of 44
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'H, 13C, and "°F (referenced to trifluorotoluene) Spectral Data of 6-bromo-7-isopropyl-5-
(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine
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'H, 13C, and "F Spectral Data of tert-butyl (tert-butoxycarbonyl)(6-chloro-7-isopropyl-5-
(naphthalen- l-yl) 7TH- pyrrolo[2 3- d]pyrlmldln -yl)carbamate
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2.1.27 Chiral HPLC Traces

21 was measured with HPLC analysis using Chiralpak IA
cl CF Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 5.1 min (minor)
3
"i TN ¢ and tR = 5.4 min (major).
N” N
iPr
major enantiomer - Determined 6.5:93.5 e.r., 87 ee%
(8a2)-21

Racemic Standard of 21

DAD A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWIMC_01_138_A-C_E_PURIFIED 2016-06-23 18-10-43032-0201 D)
mAU 1 o
800 -
600 -
400 4
200
0 '
T T T T T T T T
i 1 2 3 4 5 6 7 i

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Ares Height Area
# [min] [min] [mAT*s] [mAT] %
g | | | S |
1 5.067 BV 0.0914 6203.22165 104Z2.72603 495.513¢6
2 5.424 VB 0.0966 6325.10791 9BB.B5168 50.4B864

Totals : 1.25283e4 2031.57971

Sample HPLC of 21

LIALIT A, SI0=25%,4 HET=30U, TUU [UIUGHEMSZ, . ARUENASIVINL U3 SA_3_SH_UHUUE 201 /-U-Z3 13-81-3/ W10 U}
maL 4 Y

200+
150

100

50 4 %
w

T
0 1 2 3 L ) ) el 6

=

mir|

Signal L1: DAD1 A, Sig=254,4 Ref=380,100

Peak RetTime Type Width Area Height Ares
#  [min] [min]  [mAU*s] [mAU] %
== I----1 l | R |
1 5.260 BV 0.0953 111.0205B 17.660435 6.5183
2 5.525 VB 0.0948 1592.20068 255.17557 93.4817

Iotals : 1703.22127 272.83602
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SPh
NN CF3
L N—cl
N~ N
iPr

major enantiomer,

(Ra)-22

Racemic Standard of 22

and tR = 7.1 min (major).

- Determined 7.9:92.1 e.r., 84.2 ee%

22 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.6 min (minor)

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASYWMC_03_3A2 3B_3C 2017-08-12 23-07-10W051-0301.0)
- L
mAL rcl-.
1750 "
1500
1250
1000
T304
500
250+
4]
T T T T 2 T T T T T
0 1 2 3 4 3 [i] T iy
Signal 5: DAD1 E, S5ig=280,16 Ref=360,100
Peak RetTime Type Widch Area Height Area
# [min] [min] [mAT*s5] [maT] %
oty o | | | R |
1 6.576 VV 0.1282 1.64532e4 1955.50183 50.2751
2 7.075 VB 0.1390 1.62731e4 1774.10085 49.724%
Totals 3.27Z6Ze4 3729.60278
Sample HPLC of 22
LML | C, SHFEL00, 10 FEISI0U, IUU [ AMERISS . FUCIA S VIV _ U 3F_ M _3M_WHUUIE 201 F-U0-22 13-4 1-31 WoL-U2u 1.L)
maLl
250 4
2004
150 4
100 o
504 o
0 : —L T
T T T T T T T T -
0 1 2 3 4 5 1] i i
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min]  [mAU*s] [mAU] %
- I-——-1 | | S |
1 6.71Z EE 0.1185 235.29710 30.00303 7.9080
2 7.370 BB 0.1382 2Z740.13989 301.02481 92.0920
Totals : 2975.43700 331.02784
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60 was measured with HPLC analysis using Chiralpak IA

NH, CF Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 7.2 min
3
le TN (major) and tR = 7.7 min (minor).
N” N
iPr

major enantiomer,

60

Racemic Standard of 60

- Determined 88.9:11.1 e.r., 77.8 ee%

DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWIMC_03_181_182 2017-11-22 17-10-43\051-0101.0)
mAU 4 7 o
i)
504
40 3
304
20
10
0
T T T T T
0 2 4 ] 8 10 mir|
Signal 1: DAD1 &, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Areas
# [min] [min] [mAT*s] [mART] %
SRR | | | S |
1 T7.191 BV 0.1589 64Z.968181 60.04250 49.251%
2 7.732 VB 0.1875 662.51392 52.41048 50.7481
Totals : 1305.49573 112.45297
Sample HPLC of 60
DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENAS\WIMC_03_181_1582 2017-11-22 17-10-43\053-0301.D)
mAU 3 3
1754
150 5
1254
100 4
754
50
254
0
T T T T T
05 ot et e B it et v g v e W it e D 10 mir|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
% [min] [min] [mAT*3] [m&1T] %
| I--—1 | | . R |
1 7.244 BV 0.1573 2183.22290 206.6202Z1 ©68.5514
Z 7.823 VB 0.1978 273.936B4 20.51527 11.1486
Totals : 2457.16174 227.13548
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major enantiomer,

64

Racemic Standard of 64

- Determined 8.4:91.6 e.r., 83.2 ee%

(minor) and tR = 7.7 min (major).

64 was measured with HPLC analysis using Chiralpak A

NH; Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 7.2 min

DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWMC_03_181_182 2017-11-22 17-10-43\051-0101.0)
mAU 3 z =
=
504
40 3
304
20
10
0
| T T T T
0 2 4 [ 10 mir|
Signal 1: DAD1 R, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Ares
$ [min] [min] [mAU*s] [mAT] %
o -1 [ R [
1 7.191 BV 0.1588 64Z.98181 60.04250 49.2519
2 T7.732 VB 0.1875 662.51392 52.41046 50.7481
Totals 1305.49573 112.45297
Sample HPLC of 64
DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDEMASWIMC_03_181_182 2017-11-22 17-10-431052-0201.0)
mALl 3 =]
120
100
&0+
60
404 =
&
20+ ~
u_
T T T T T
0 2 4 ] 10 mir
Signal 1: DAD1 &, Sig=254,4 Ref=360,100
Peak BRetTime Iype Width Ares Height Aresz
# [min] [min] [mAU*s] [mAT] 3

1 7.246 BV 0.1778
2 T7.800 VB

Iotals :

163.63228 13.85388 B.4283

0.1812 1778.29932 144.87025 91.5737

1941.93159 15B.72425
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23 was measured with HPLC analysis using Chiralpak IA
cl Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 7.6 min (minor)

CF,4
le D g and tR = 11.2 min (major).
N
CHs

major enantiomer, - Determined 10.4:89.6 e.r., 79.2 ee%

(Sa)-23

Racemic Standard of 23

DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWMC_03_3B_2_PURE 2017-06-17 13-30-27W052-0201 D}
maU =
80 V g
60
40
20
0 . .
T T T T T T T T T T
L I - - I T /- R | W T T\ F: 20 Ll

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Ares
# [min] [min] [mAT*s] [maT] %
FEEE] =] | | === =
1 T7.640 BB 0.1481 917.86295 95.07686 S50.6082

2 11.245 BB 0.2051 B895.589917 65.71040 45.3918

Totals : 1813.86212 15B.78925

Sample HPLC of 23

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASWMC_03_3B3_3I1_3E 2017-06-16 20-00-41\061-0101.00)

mAU - 2
400
300
200 -
o
&
100 3 }i
o LA

——
1] 25

L =
]
124
-
(=
s
M~
wn
i
L
i
—
Ln
[
=

i

Signal 5: DAD1 E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Lrea Height Ares
# [min] [min] [mAT*s] [m&T] %

o | l====1 | | ) P |
1 7.824 BB 0.1453 B95.23553 93.62450 10.37%94
2 11.435 BB 0.2393 7729.903B1 497.43048 B89.86206

Totals : 8625.13934 591.25498
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SPh
§ CFs4
N
» N—cl
N~ N
CHs

major enantiomer,

24 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 16.5 min (major)
and tR =20.6 min (minor).

- Determined 87.4:12.6 e.r., 74.8 ee%

(Ra)-24
Racemic Standard of 24
"DADT E, Sig=250,16 Ref=360,100 (MARIEL CARDENASMMG_D3_36_2_PURE 20170617 1330270510101.0] =
mAU = i
100 @
]
a0
&0
403
203
0 :
TN | T T T T T T T ! R T
0 25 5 75 10 125 15 175 20 i
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
#  [min) [min] [mAU*s] [m&T] x
- I-==-1 [ [ e [
1 16.457 BB 0.3861 2B25.44019 112.B3447 52.1721
2 20.560 BB 0.4751 2590.17310 B3.68762 47.B8279
Totals : 5415.61328 196.52209
Sample HPLC of 24
DADT E, Sig=250,16 Ref=360, 100 (MARIEL CARDENASTMGC_03_3B3_31_3E 2017-06-16 20-00-411062-0201.0)
maL 3 ¥
120
100 3
a0 4
60 3
40 4 &
o A
o i .
e e . e e e e el e e .=t el
0 25 5 7.5 10 125 15 17.5 20 i
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Ares Height Lres
# [min] [min] [mAT*s] [mRU] %
—-- I--—-1 [ [ e [
1 16.847 BB 0.354Z 3406.B3887 144.94890 B87.3735
2 21.061 BB 0.4038 492.32932 18.54117 12.62865
Totals : 3899.16818 163.49007
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cl
A CF,
L N—c|
N~ N
tBu

major enantiomer,

(Sa)-25

Racemic Standard of 25

25 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 5.1 min (minor)

and tR = 5.5 min (major).

- Determined 18.1:81.9 e.r., 63.8 ee%

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASWMC_03_3C3_3B3 2017-08-15 19-49-55\068-0401.0)
mAU 2 &
700 4
600
500
400 4
300
200 4
100 4
0 L
T T T T T T T T T T T T T T T v T T T T T T T
0 2 4 5] & 10 12 mirg
Signal 5: DAD1 E, Sig=280,16 Ref=380,100
Peak RetTime Type Width Area Height Ares
# [min] [min] [mAU*=2] [mAT] %
k) =] | | S e |
1 5.085 BV 0.1112 6189.62B842 B4E6.01636 52.3991
2 5.524 VvV 0.1068 562Z.83691 7T92.26917 47.6008
Totals : 1.18125e4 1640.28552
Sample HPLC of 25
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASWMC_03_3C3_3B3 2017-06-15 19-49-55\065-0101.07)
mALl 2
4004
350 3
3004
250
200 4 P
150 4 ﬁ
100 4
304 ]k
0 e T
T v T T T T y T T T T v ¥ T T T 4 T T T v T v
0 2 4 53 & 10 12 mir
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Ares Height Lres
# [min] [min] [mAT*s] [mAU] %
e ===l | | === =
1 5.217 W 0.0866 G5B7.B2611 102.93880 18.1392
2 5.559 VB 0.0BB5 2652.B1299 +451.5872Z ©681.8608
Totals : 3240.63810 554.52602
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SPh
A CF,
» N—cl

N~ N

tBu

major enantiomer,

(Ra)-26

Racemic Standard of 26

26 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 5.9 (minor) and
tR = 6.3 min (major).

- Determined 6.3:93.7 e.r., 87.4 ee%

"DADT E, Sig=250,16 Ref=360,100 [MARIEL CARDENASMMG_03_3C3_383 2017-06-15 19-3955067-0301.0) E
mAU T g
100
20
60
40
20
0
T T T T T T - ¥ . T .
0 2 4 & ) 10 12 i
Signal 5: DRD1 E, 5ig=280,16 Ref=360,100
Peak RetTime Type Width ILrea Height Area
$ [min] [min] [mAU*=] [mAaU] %
— -1 | | S R — |
X 5.811 BV 0.1111 ©907.6B8311 124.42542 49.4178
2 6.332 VB 0.1235 1929.07104 113.48219 50.5822
Totals : 1836.75415 237.90761
Sample HPLC of 26
DADA E, Sig=280, 16 Ref=360, 100 (MARIEL CARDENASIMINIC_U3_3C3_303 2017-06-15 1949-55066-0201.0)
mAU e
200 ]
150
100
w3y
50 ]
w
0 VAW
——
0 2 4 & 8 10 12 i

Signal 5: DAD1 E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*3] [mAT] %
| Fimmil | | S e |
1 6.075 VV 0.1029 137.30358 20.30781 6.3192
2 6.476 VB 0.128B8 2035.4B792 240.39420 93.8508

.79147 260.70200
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cl
A CF,
L N—c|
N~ N
iBu

major enantiomer,

(S2)-27

Racemic Standard of 27

27 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 5.9 (minor) and

tR = 8.1 min (major).

- Determined 4.9:95.1 e.r., 90.2 ee%

DAD1 A, Sig=254 4 Ref=350,100 (MARIEL CARDEMNAS\WMC_03_3D_342 3B_3C 2017-08-12 20-32-41\062-0601.D)
mAU 4
500 4 2
[-=]
4004
3004
200
100 4
0
T T T T f ¥ T 2 ) ) T T ¥ T T
. S S S T SR | S—— - 19:
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Ares Height Ares
¥ [min] [min] [mAaT*5] [m&T] %
====] === | | ERa e |
1, £.919 VB 0.1230 4774.09570 G5B6.03693 54.8601¢
2 8.102 VB 0.1450 3969.40869 409.91248 45.3984
Totals : B743.50439 955.94940
Sample HPLC of 27
DAD1T A, 5ig=254,4 Ref=360,100 (MARIEL CARDENASWMC_03 3D 342 3B 3C 2017-06-12 20-32-41'065-0301.0)
mAL 2
60
50
40
304
204 =]
104 &
0 —
T T T T T T T T =
0 2 4 & g 10 12 14 mir
Signal 1: DAD1 A, 5ig=Z54,4 Ref=380,100
Peak RetTime Type Width Ares Height Lres
# [min] [min] [mAT*s] [mAT] 5
B Fogaail | | ) |
1 5.910 EB 0.1051 36.91776 5.30730 4.8638
2 8.123 BB 0.1472 7T22.10583 T74.44534 95.1362
Totals : T759.02359 79.7532%
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SPh
A CF,
» N—cl

N~ N

iBu

major enantiomer,

(Ra)-28

Racemic Standard of 28

28 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 9.7 (major) and

tR = 14.1 min (minor).

- Determined 82.6:17.4 e.r., 65.2 ee%

DADT A, Sig=254,4 Ref=360,100 (MARIEL CARDENASIAMC_03 30 _3A2 38 30 2017-06-12 20-32-47W061-0501.0)
mAL 2
o
=
80 ¥
60
404
20
0
T T T T T T T T T
0 2 4 6 g 10 12 14 mir
Signal 1: DAD1 A, 5ig=254,4 Ref=360,100
Peak RetTime Type Width ILrea Height Lrea
# [min] [min]  [mAU*s] [maU] %
- I====1 | | O |
1 9.&656 BE 0.2047 1376.22229 10Z.49348 50.2947
2 14.142 BB 0.2964 1360.09290 70.08131 48.7053
Totals : 2736.31519 172.57478
Sample HPLC of 28
DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWIMC_03_3D_3A2 3B_3C 2017-06-12 20-32-41\066-0401.D)
mALl 5
&0 -
60+
40 o
X
o VAN
0 7 L
T T T T T T T T =
0 2 4 5] il 10 12 14 mir
Signal 1: DAD1 A, S5ig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
$# [min) [min] [MAT*5] [mAT] S
-—1 I=——=1 | | T |
1. 9.757 VB 0.2320 1e660.45508 10B.B1732 B2.6328
2 14.251 EE 0.2623 348.9BZE6 20.125815 17.3672
Totals : 2009.43796 12B8.94547
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cl
P CF,
L N—c|
N N

major enantiomer,

(S2)-29

Racemic Standard of 29

tR=6.9

min (minor).

29 was measured with HPLC analysis using Chiralpak IC
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.6 (major) and

- Determined 6.0:94.0 e.r., 88 ec%

DAD1T &, Sig=254 4 Ref=360,100 (MARIEL CARDENAS'WMMC_03_3E_SM 2017-07-13 13-57-211051-0101.0)
mALl -] oo
100
&0 -
60+
40+
204
0
T T T T T
0 2 4 [} 8 mir|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
3 [min] [min] [mAT*=s] [mAT] 5
=== I-——1 l | il Rttt |
1 6.587 BV 0.1198 914.0955Z 11B.81230 49.5156
z 6.913 VB 0.1256 931.98161 113.756684 50.48%44%
Totals : 1846.07733 232.56915
Sample HPLC of 29
DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWMC_03_3E_SM 2017-07-13 13-57-21\053-0201.00)
mAU Y
200
130
100
50 2
o
V]
T T T T T T T T T T
0 _ 1 4 ] 5] [ 8 9 mir|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Lrea
#  [min] [min] [mAT+*3] [m&1] s
- I--—-1 | | O R |
1 6.649 BV 0.1162 11Z.78B11 14.92138 5.9631
2 6.8965 VB 0.1213 1778.33374 2Z7.19726 B94.0369
Totals : 1591.10185 242.11864
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SPh
§ CF,
N
P N—c
N N

major enantiomer,

(Ra)-30

Racemic Standard of 30

30 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 10.4 (minor) and
tR = 13.6 min (major).

- Determined 9.2:90:8 e.r., 81.6 ee%

2004

130 4

100

50

DAD1 E, 5ig=280,16 Ref=360,100 (MARIEL CARDEMASWMMC_03_3M_SCALEUP1-1 2017-07-12 18-539-18\062-0201.00)

=t

13.443

Signal 5: DADL E, S5ig=280,16 Ref=360,100

Peak RetTime Type Width Ares Height Ares
# [min] [min] [mAT*3] [mRT] %
—— | | | . S— |
1 10.414 BE 0.2834 4217.74707 228.45047 49,4390
2 13.443 BB 0.6923 4313.30859 96.35287 50.5601
Totals : B531.05566 32Z4.84235

Sample HPLC of 30

DAD1 E, Sig=220,16 Ref=360,100 (MARIEL CARDENAS\MMC_03_3M_SCALEUP1-1 2017-07-12 18-59-18W054-1201.0)
mAl &
140
120 4
100
&0
60 3 o
[}
40 @
- i
0 . v
T T T T T . T T T T T T T T T T T T T
0 2 4 & ] 10 12 14 mirg
Signal 5: DAD1 E, S5ig=28B0,16 Ref=360,100
Peak RetTime Type Width Area Height Area
$#  [min] [min] [maAl*s] [r&1] %
. 1--—-1 [ [ | |
9.22Z BB 0.1E86 42Z.726494 34.10818 9.2344
2 12.587 BB 0.3501 4154.99707 156.30141 90.7656
Totals : 4577.72351 190.40860
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31 was measured with HPLC analysis using Chiralpak IC

cl " Hexanes/EtOH (99.5:0.5), flow rate = 0.7 mL/min, tR = 15.2
"i N (minor) and tR = 16.7 min (major).
N~ N
iPr

major enantiomer, - Determined 1.7:98:3 e.r., 96.6 ee%

(Sa)-31

Racemic Standard of 31

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASWMC_03_3J_SM 2017-06-21 22-18-18W61-0101.0)
mALl < w
1600
1400 4
1200
1000
800 -
600
400
200 <
0 M, L |
L S e L s e e e e L S B s B s S S e B e e e T A
0 2 4 & a 10 12 14 16 13 mirg
Signmal 5: DAD1 E, 5ig=280,16 Ref=360,100
Peak BetTime Type Width Area Height Lrea
£ [min] [min] [mAT+*s] [mAT] £
FEE lzzzm] | | T C |
1 15.236 VV 0.4233 4.79134e4 1750.52527 49.0603
2 16.746 VB 0.4255 4.974B8e4 1803.58B862 50.83%7
Totals : 9.76622e4 3554.11389
Sample HPLC of 31
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENAS\WMMC_03_3J_SM 2017-06-21 22-16-18\063-0301.D)
mAL £
600 <
500
400
3004
200 %
1004 0
0 L - T
L e L B e S e e B L R S S S B S S e e S S S
1] 2 4 B 8 10 12 14 16 18 iy
Signal 5: DADL E, Sig=280,16 Ref=360,100
Peak RetTime Type Width LArea Height Lrea
# [min] [min] [mAT*s] [mAT] £
FEE lzz7%1 | | T P |
1 15.509% BB 0.3628 300.52310 1Z.66645 1.7494
2 16.798 BB 0.3640 1.6E87E5e4 713.51758 9B8.2506
Totals : 1.71790e4 T26.18603
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32 was measured with HPLC analysis using Chiralpak IA
SPh Hexanes/EtOH (98:2), flow rate = 0.5 mL/min, tR = 11.3 (minor)
’\i TN cl and tR = 11.9 min (major).
—

major enantiomer, - Determined 12.6:87.4 e.r., 74.8 ee%

(Ra)-32

Racemic Standard of 32

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENAS\WMC_03_3J 2017-07-07 19-23-22053-0301.D)
mAU - el
50 4
404
304
20
s S
0
| 1 T T T T T
0 2 4 5] Li] 10 12 miry
Signal 5: DAD1 E, Sig=280,16 Ref=380,100
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAT*s] [mAU] s
S === | | S |
1 11.331 BV 0.2076 TEBE.54047 56.91887 50.457%9
2 11.885 VB 0.2188 T774.2295Z2 53.50144 49.54Z21
Totals : 1562.7703% 110.42031

Sample HPLC of 32

DAD1 E, 5ig=280,16 Ref=360,100 (MARIEL CARDENASWMMC_03_3J 2017-07-07 19-23-22051-0101.0)
mAU ]
60
50
40
304
20 8
=
104
0
T T T T T T
0 2 4 [ ] 10 12 mir
Signal 5: DAD1 E, S5ig=Z80,16 Ref=360,100
Peak RetTime Type Width Ares Height Area
$# [min] [min] [mAT+*s] [mAl] 5
-1 I-—--1 [ [ e |
1 11.201 BV 0.20Z1 134.80135 10.21548 12.86157
2 11.827 VB 0.2072 8934.41308 66.48373 67.3643
Totals : 1069.31444 TEB.69922
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OCH,

Cl
NN CH3
l _ N Cl
N N

major enantiomer,

(Sa)-33

Racemic Standard of 33

- Determined 1.0:99.0 e.r., 98 ec%

(minor) and tR = 10.7 min (major).

33 was measured with HPLC analysis using Chiralpak IC

Hexanes/EtOH (99.5:0.5), flow rate = 0.7 mL/min, tR = 10.3

"DADT E, Sig=250,16 Ref=360,100 (MARIEL CARDENASMIAG_03_3K_SM 2017-06-21 1758-29\064-0101.0) 2
maU ]
50
60
40
20
0
— : . — e
0 2 4 10 mir
Signal 5: DAD1 E, S5ig=280,16 Ref=360,100
Peak RetTime Type Width BArea Height Lrea
# [min] [min] [mAT*=3] [mAT] %
- 1----1 [ [ e |
1 10.343 BV 0.1731 1138.6B667 101.37023 49.1583
2 10.733 VB 0.1845 1177.8B887 99.20670 50.5417
Totals : 2316.77734 200.578693
Sample HPLC of 33
DAD1 E, Sig=250,16 Rei=360, 100 [MARIEL CARDENASMNC_03_3K_SM 2017-06-21 17-55-29\065-0201.0)
mAU 7
700
500
5003
400
300 3
2003 o
=0
100 3 =
0 I
T T T T
0 2 4 10 mir
S3ignal 5: DAD1 E, 5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Lrea
# [min] [min]  [mAU*s] [mAT] %
-1 I-—--1 [ | e [
1 10.487 VW 0.1641 114.87145 10.79732 1.0226
2 11.213 VBA 0.2249 1.11183e4 767.77875 9B8.9774
Totals : 1.1233224 778.576086
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OCH,

SPh
NN CH3
l P N Cl
N" N
iPr

major enantiomer,

(Ra)-34

Racemic Standard of 34

34 was measured with HPLC analysis using Chiralpak IC
Hexanes/EtOH (99.5:0.5), flow rate = 0.7 mL/min, tR = 10.3

(minor) and tR = 10.7 min (major).

- Determined 27.3:72:7 e.r., 45.4 ee%

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDEMAS\WMMC_03_3M_SCALEUP1-1 2017-07-12 18-59-18\058-1501.0)
mAU ] P
800+
600 -
400
200 -
V] /A 0 T
T v T T T T v T T T ¥ v T T ¥ T T T T T T T T T T T T
0 2 4 5] 3 10 12 14 miry
Signal 5: DAD1 E, Sig=280,15 Ref=360,100
Peak RetTime Type Width Lres Height Lrea
# [min] [min] [maT*s] [m&T] %
S o | | | G b e |
1 5.907 VW 0.1210 8166.608B9 1024.95251 4B8.9583
2 6.200 VV 0.1299 8514.12598 974.86908 ©51.0417
Totals : 1.66607e4 1999.8215%9
Sample HPLC of 34
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASIMMC_03_3M_SCALEUP1-1 2017-07-12 15-59-18\059-1601.D)
mAL - £
7004
600
5003 -
k &
400 it
3004
200
100 4
0 : T
T ¥ ¥ T T T T v T T T T T T T T T T T T T T T T T T
0 2 4 5] [i] 10 12 14 i
Signal 5: DAD1 E, Sig=250,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*=3] [mAU] %
= I--—1 | | il ittt |
1 5.915 W 0.1212 2623.96655 32B.30048 27.3487
2 6.2086 VV 0.1295 £970.52830 BO1.21320 72.8513
Totals : 9594.49565 1129.51367
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CH,

35 was measured with HPLC analysis using Chiralpak IC
Hexanes/EtOH (99.5:0.5), flow rate = 1.0 mL/min, tR = 13.2

¢ Cl (minor) and tR = 14.4 min (major).
XN
N{ N—cl
“ >N
N \pr - Determined 4.4:95.6 e.r., 91.2 ee%

major enantiomer,

(Sa)-35

Racemic Standard of 35

DADT E, Sig=280, 16 Ref=360,100 (MARIEL CARDENASIMMC._03_3L_3J_SM_IC 2017-07-08 13-14-15057-0201.0)
mAL
1200 4
1000
800
600
400
200+ JJ
0 L + v
T T — T —T — T — T — — T — T —T— T
0 2 4 5] i3 10 12 14 16 miry
Signal 5: DAD1 E, S5ig=Z280,16 Ref=360,100
Peak RetTime Type Width Ares Height Ares
# [min] [min] [mAT*s] [m&T] %
=== I----1 | | - | |
1 13.162 BV 0.3825 3.23769=4 1316.70020 4%.5%850
2 14.409 VB 0.3686 3.23B654=4 1355.87021 50.0050
Totals : 6.4764324 2674.67041
Sample HPLC of 35
DADT E, Sig=280,16 Rei=360,100 (MARIEL CARDENASIINMG_03_3L_3J_SM_IC 2017-07-08 13-14-151055-0101.0)
mAl 2
1000
00
B00
400
200 + %
N
0 L L ™
T —r  — T T — T —— T — — T —— —— T T
0 2 4 [} g 10 12 i4 16 i
Signal 5: DAD1 E, 5ig=280,16 Ref=360, 100
Peak RetTime Type Width Ares Height Lrea
# [min] [min] [mAT*s] [mRT] 3
TEEE Pt | | | i N |
1 12.682 BB 0.3153 1051.63245 51.26130 4.3987
2 13.830 BB 86 Z.2B563e4 1103.76050 95.6013
Totals 2.39075%e4 1155.0217%9
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CH,

major enantiomer,

(Ra)-36

Racemic Standard of 36

tR = 6.0 min (major).

- Determined 16.9:83.1 e.r., 66.2 ee%

36 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (98.2), flow rate = 0.7 mL/min, tR = 5.5 (minor) and

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASWMMC_03_3L2PR_3K_3M 2017-07-08 19-11-133070-0401.0)
mALl 8
300 4 =]
w
2503
2004
1204
1004
50
0
T T T T T T LA | T T L | ‘
a 1 2 3 4 5 [ 7 & ] mirg
Signal 5: DAD1 E, S5ig=ZEB0,16 Ref=360,100
Peak RetTime Type Width Area Height Lrea
# [min] [min] [mAT*s] [m&T] %
ERnE e | | | B |
1 5.468 BV 0.1326 3069.30855 346.90720 50.7428
2 6.004 VB 0.1755 2979.44555 252.B7904 49.2572
Totals : 6046.75854 601.76624
Sample HPLC of 36
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASWWMMC_03_3L 2017-07-07 20-47-58v054-0101.0)
maL 5
1754
1504
1254
100
754 g
507 L
G j\kh
o .
T T T T T T T T T
] 1 2 3 4 3 L] 7 il 9 i

Signal 5: DAD1 E, Sig=280,16 Ref=360,100

2 6.028 VB 0.1405 1785.99182

2148.06607

Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*5] [mAT] %
x| e | | | T v |
1 E5.501 BV 0.1182 363.07425  45.94283 16.8945

192.06075 £63.1055

23B.00357
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« LD

X
N—cl
~

N

N

X

major enantiomer,

(S2)-37

Racemic Standard of 37

37 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.3 (minor) and
tR = 7.0 min (major).

- Determined 8.0:92.0 e.r., 84 ec%

330
300 4
230 4
200
150
100 4

304

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDEMNASMMC_03_31 2017-06-15 16-58-35\059-0201.0)

=

=
[ o8]

[l |

S5ignal 5: DAD1 E,

Peak RetTime Type Width
: 3 [min] [min]

5ig=280,16 Ref=360,100

Area
[m&T*5]

Height
[m&T] %

[

1 6.

4

8 VWV
7.031 VB

=}

Totals :

0.1189 3350.29126
0.1416 3578.95850

[ [ —mm |- [
420.54169 48.3500

367.96466 S51.6500

€0929.24976 B80B.50635

Sample HPLC of 37

mALl ]

1000 4

00

600 +

400 -

200

DAD1 E, Sig=220,18 Ref=360,100 (MARIEL CARDENASWMC_03_31 2017-06-15 16-59-55\054-0301.0)

=

]

;\.:? 6.582

10 i

Signal 5: DAD1 E,

Sig=280,16 Ref=350,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*3] [mIr] 5
TR ot | | | o |
1 6.582 BV 0.1105 973.8073%2 131.28720 6.0321
2 7.261 VB 0.1462 1.11502=4 1180.51123 91.9679
Totals : 1.21240e4 1311.75843
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oon L)

NS
» S—cl
NT N

iPr
major enantiomer,

(R.)-38

Racemic Standard of 38

tR = 7.0 min (major).

- Determined 23.5:76.5 e.r., 53 ee%

38 was measured with HPLC analysis using Chiralpak ITA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.3 (minor) and

DAD1 E, Sig=280,16 Ref=380,100 (MARIEL CARDENAS\WMMC_03_3I1 2017-06-15 16-59-55\053-0101.D)
mALl =
7004 o
600 :
500 i
4004
3004
200
1003
0 T
T T T T T T T
0 Fa 4 B 10 12 mir}
Signal 5: DAD1 E, Sig=280,16 Ref=380, 100
Peak RetTime Type Width Area Height Lres
# [min] [min] [mET*=] [maT] %
————— i | | | e e |
1 7.014 VB 0.1407 739Z.16162 793.31683 49.1212
2 11.41% EE 0.2245 7656.86406 506.04010 50.8788
Totals 1.50466e4 1299.35693
Sample HPLC of 38
DAD1 E, 5ig=280,16 Ref=360,100 (MARIEL CARDEMAS\MMC_03_31 2017-06-15 16-58-535\055-0501.0)
maU 3 -+
1200
1000 @
P
=]
800 + e
600 <
400
200 4
0
T T T T T T T
0 2 4 & 10 12 mir
Signal 5: DAD1 E, S5ig=280,16 Ref=380,100
Peak RetTime Type Width Lrea Height LArea
# [min] [min] [mET*=] [mAT] %
e | | | | e |
1 T7.079 VB 0.1330 6571.67256 744.08899 23.4674
2 11.454 BB 0.22592 Z.14324e4 1410.B5071 76.5326
Totals Z.50043e4 Z2154.83%870
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w, O

N

L S—cl
N N

major enantiomer,

(S2)-62

Racemic Standard of 62

62 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (90:10), flow rate = 1.0 mL/min, tR = 8.5 (major) and

tR = 9.9 min (minor).

- Determined 86.3:13.7 e.r., 72.6 ee%

DADT A, Sig=254 4 Ref=360,100 (CACHEMI2\_TAWARIEL CARDEMASWMC_04_013 2017-12-21 17-05-37\053-0401.00)
maL
254
20
15
104
5
0=
T T T T T T T T T
0 2 4 5] [i] 10 mir|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Ares Height Areas
#  [min] [min]  [mAU*s] [mAU] 5
- -1 [ [ e G [
1 8.466 MF 0.402Z 754.30908 31.26097 47.0576
2 9.871 FM 0.4578 ©545.636879 30.59629 S5Z.9424
Totals : 1602.94788 62.15726

Sample HPLC of 62

DAD1 A, Sig=254 4 Ref=360,100 (CACHEM32\.._ARIEL CARDENASMMC_04_002_003 2017-12-01 09-28-13W043-0101.0)
ol

2 .

0 2

4 6 8 10 mir|

Peak RetTime Type Width
¥ [min] [min]

Signal 1: DADL A, S5ig=254%,4 Ref=380,100

Area Height Aren
[mAT*s] [m&T] %

2 10.468 EB 0.5180

Totals

8.872 BB 0.4135 5821.42725 216.67093 B66.2790

825.78375 26.60183 13.7210

6747.21100 243.27256
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65 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (90:10), flow rate = 1.0 mL/min, tR = 8.5 (major) and

tR = 9.9 min (minor).

major enantiomer, - Determined 15.5:84.5 e.r., 69 ee%

(Ra)-65

Racemic Standard of 65

DAD1 A, Sig=254 4 Ref=360,100 (CA\CHEMI2\... TAWARIEL CARDENASWMC_04_013 2017-12-21 17-05-37053-0401.0)

25
20
15
10 4
54

0+

T T T T d T T T
] 2 4 i i} 10 mir}

Signal 1: DADL A, Sig=254,4 Ref=3s&0,100

Peak RetTime Type Width Ares Height Area
$ [min] [min] [mAT*s] [T Y
— [t | l | it R |
1 §.466 MF 0.4022 754.30908 31.26097 47.057¢
2 9.871 FM 0.4578 ©848,.83879 30.89629 52.9424

Totals : 1602.94786 62.15726

Sample HPLC of 65

DAD1 A, Sig=254,4 Ref=360,100 (C\CHEM32\.._ARIEL CARDENAS\MMC_04_002_003 2017-12-01 09-46-100042-0101.D)

maU
350 =
300 -
2504
200 4
150 4
1004
504

0

8.543

0 2 4 3] 8 10 mir

Signal 1: DADL A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Ares
# [min] [min] [mAT*s5] [mAU] %
sxas 1--=-1 [ [ Sl [
1 8.543 BB 0.4463 2295.52637 77.77354 15.5277

2 10.000 BV 0.4B28 1.2487%e4 408B.36307 6§4.4723

Totals : 1.47834e4 4B6.13660
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w, (O

N

L N—CHj,
=

N~ N

major enantiomer,

(Sa)-59

tR = 9.0 min (major).

- Determined 15.6:84.4 e.r., 68.8 ee%

59 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (80:20), flow rate = 1.0 mL/min, tR = 7.3 (minor) and

Racemic Standard of 59
DAD1 E, Sig=260,16 Ref=360,100 (CACHEM3Z2\ . ONWJLG-IN-140FINALAFTERTRIT 2017-12-08 17-44-05\041-0301.0)
mAL & ﬁ
100+
a0+
60+
40
20
0 -
T T T T T T
0 2 4 (] ] 10 miry
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [maU] s
]| Immmzl | | e b |
1 T7.264 BB 0.2647 Z441.09473 130.23062 49.3104
i §.962 BB 0.3036 2Z509.36963 116.16527 50.6696
Totals : 4850.46436 24E6.39589
Sample HPLC of (S2)-59
DAD1 E, Sig=280,16 Ref=360,100 (CMCHEM32\__ONWJLG-II-140FINALAFTERTRIT 2017-12-06 17-44-05\042-0201.0)
mAL =
&00 -
500
400
300
"5}
2004 =
[
100 4 /\\_
V]
T T T T T T
0 2 4 6 8 10 mir

Signal 5: DADL E, Sig=280,16 Ref=360,100

Peak RetTime Type Widch Area Height
#  [min] [min]  [mAU*s] [mAU]
-1 -1 [ [
1 7.505 BB 0.2978 Z301.27783 106.61762

2 9.202 BB

=

-2600 1.2480B8e4 6B86.94769

Totals : 1.47821e4 783.56532

Area
%

15.5680
64.4320
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v L0

X

L L d—cH
N~ N
iPr
major enantiomer,

(Ra)-59

Racemic Standard of 59

tR = 9.0 min (major).

- Determined 93.0:7.0 e.r., 86.0 ee%

(Ra)-59 was measured with HPLC analysis using Chiralpak TA
Hexanes/IPA (80:20), flow rate = 1.0 mL/min, tR = 7.3 (minor) and

Sample HPLC of (Ra)-59

DAD1 E, Sig=260,16 Ref=360,100 (CACHEM3Z2\ . ONWJLG-IN-140FINALAFTERTRIT 2017-12-08 17-44-05\041-0301.0)
mAL & ﬁ
100+
a0 4
60+
40
20
0
T T T T T T
0 2 4 (] ] 10 miry
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [maU] s
-1 -1 [ [ e b |
1 T7.264 BB 0.2647 Z441.09473 130.23062 49.3104
i 5.962 BB 0.3036 2Z509.36963 116.16527 50.6696
Totals : 4850.46436 24E6.39589

DAD1 E, Sig=280,16 Ref=360,100 (CVCHEM32\__ONWJLG-II-140FINALAFTERTRIT 2017-12-06 17-44-05\043-0101.0)
mAU 1 T
404
304
20+
10
V]
T T T T T T
0 2 4 5] 8 10 mir
Signal 5: DAD1 E, 3ig=2B0,16 Ref=360,100
Peak RetTime Type Width Ares Height Lres
# [min] [min] [mad*s] [m&T] %
il et | | | e e |
1 7.751 BB 0.3142 1152.31311 51.66392 S92.9890
2 9.607 BB 0.3541 B6.B7968 3.61854 7.0110
Totals : 1239.19299 55.28245
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w, OO

Chiral Trace of (S.)*59 after further purification on a semi-

preparative Chiralpal IA column (Hexanes/EtOH (80:20), flow rate

"i j N cH, = 3.0 mL/min).
NN (S2)*59 was measured with HPLC analysis using Chiralpak

(82)*59 [*enantiopure]

IA Hexanes/EtOH (80:20), flow rate =
(minor) and tR = 9.4 min (major).

- Determined 100 ee%

1.0 mL/min, tR = 7.3

Racemic Standard of 59
DAD1 D, Sig=230,16 Ref=360,100 (CACHEM32\...OENJES\STT-2-76-B-A-8020ETOH 2017-04-08 13-06-29007-0101.0D)
mAL -y o
[
o
100 o
&0 -
60—
403
20+
04
T T T T T T T
0 2 4 5] [i] 10 12 14 i
Signal 4: DAD1 D, 5ig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [m&i] %
=R | | | —rrlEnssraes |
1 7.277 BB 0.194% 1636.35400 123.27943 46.9874
2 9.378 VB 0.2517 1704.00061 89.53017 51.01z2¢
Totals : 3340.35461 2Z2.80%60
Sample HPLC of (82)*59
DAD1 D, Sig=230,16 Ref=360,100 (CAMVCHEM3Z2\ . 33AND46-ANAL-ENT1-2-8020ETOH 2017-11-21 08-57-15\064-0401.D)
mAL
1204
100
&0 -
60
40
20
o
T T T T T T
L —— SN - 8 — 10 i}
Signal 4: DAD1 D, S5ig=230,16 Ref=3&60,100
Peak RetTime Type Width Area Height Lrea
#  [min] [min]  [mAU*s] [mAU] %
T [aaal | G i |
1 9.412 BB 0.2392 2093.19067 130.46901 100.0000

Totals : 2093.19067 130.46901
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v L0

N—CH;
N

\

iPr

N
L

N

(Ra)*59 [*enantiopure]

Chiral Trace of (R,)*59 after further purification on a semi-
preparative Chiralpal IA column (Hexanes/EtOH (80:20), flow rate
= 3.0 mL/min).

(Ra)*59 was measured with HPLC analysis using Chiralpak
IA Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 7.3

(minor) and tR = 9.4 min (major).

- Determined 100 ee%

Racemic Standard of 59
DAD1 D, Sig=230,16 Ref=360,100 (CACHEM32\...OENJES\STT-2-76-B-A-8020ETOH 2017-04-08 13-06-29007-0101.0D)
maL ] v @
[
o
100 o
&0 -
60—
403
20+
04
T T T T T T T
0 2 4 5] [i] 10 12 14 i
Signal 4: DAD1 D, 5ig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [m&i] %
=R | | | —rrlEnssraes |
1 7.277 BB 0.194% 1636.35400 123.27943 46.9874
2 9.378 VB 0.2517 1704.00061 89.53017 51.01z2¢
Totals : 3340.35461 2Z2.80%60
Sample HPLC of (Ra)*59
DAD1 D, Sig=230,16 Ref=360,100 (C\CHEM3Z2\...33AND46-ANAL-ENT 1-2-8020ETOH 2017-11-21 08-57-151063-0301.D)
maL 3 &
1754
150 <
125
100+
754
505
254
u 1
T T T T T T
] 2 4 B & 10 mir]
Signal 4: DAD1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Lrea
4 [min] [min]  [mADU*s] [mAU] S
=R e | | ~rrmlEsTETETs |
1 T.236 BB 0.1882 Z737.07080 Z215.42Z680 100.0000
Totals : Z737.07080 215.42680
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H,CO

Cl
N Br
N
l _ N Cl
N N

major enantiomer,

and tR = 8.2 min (major).

- Determined 93.9:6.1 e.r., 87.8 ee%

39 was measured with HPLC analysis using Chiralpak IA
Hexanes/EtOH (98.2), flow rate = 1.0 mL/min, tR = 7.2 (minor)

(S2)-39
Racemic Standard of 39
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDEMNASIMMC_03_3M_SCALEUP1-1 2017-07-12 15-59-181061-0501.0)
mAL 2
3304
3004 [
2504 <
2004
150 3
100 3
504
0 L
T u T T 2 ¥ T T g T T T T T T T ¥ T T T T ¥ T T
0 2 4 6 8 10 12 14 mirgy
Signal S5: DAD1 E, Sig=280,16 Ref=360,100
Peak BetTime Type Width Area Height Lrea
¥ [min] [min] [mAT*3] [mAT] %
i | I--—1 | | O |
1 7.1%0 BB 0.1432 3750.81138 393.46307 48.7&88
2 8.178 BV 0.2489 3785.76367 224.29826 ©50.2312
Totals : 7536.67505 617.76134
Sample HPLC of (Ra)-39
DAD1 A, Sig=254,4 Ref=360,100 (CACHEM32\.. RDENASWIMC_03_3M_100MGSCALEUP 2017-09-13 15-23-18\051-0301.D)
mALl 3 w
2004
1754
1504
1254
100
734
504 g
254 p
0
| | | T T T T
0 2 4 & 8 10 12 14 mir|
Signal 1: DAD1 A, S5ig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*s] [mAT] %
- I-—-1 | | . A |
1 T.205 BB 0.1381 2083.B9233 226.85533 93.8502
2 8.053 BV 0.1669 135.24285 1z2.24392 6.1498
Totals : 2199.13528 239.09925
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H,CO

Br (major) and tR = 13.8 min (major).

SPh

N
m/ N Cl
N N

major enantiomer,

40 was measured with HPLC analysis using Chiralpak IA
Hexanes/EtOH (98.2), flow rate

1.0 mL/min, tR = 10.7 min

- Determined 88.4:11.6 e.r., 76.8 ee%

(R)-40
Racemic Standard of 40
DAD1 E, Sig=280,16 Ref=360,100 (CNCHEM32\...DENASWMC_03_3M_100MGSCALEUP 2017-09-13 15-23-18W042-0201.D)
mAL 3 w
60
a0
L]
40 4 g
]
304 =
203
10
0
T T T T T T T
1] 2 4 6 8 10 12 14 mir
Signal 5: DAD1 E, S5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Lres
i [min] [min] [mAT*s] [mAT] 3
-—1 | | | S| =l
1 10.676 BB 0.3057 1401.69092 T0.57632 50.6645
2 13.753 BB 0.7506 1364.92456 27.52290 49.3355
Totals : 2766.61548 §9B.09922
Sample HPLC of (Ra)-40
DAD1 E, Sig=280,16 Ref=360,100 (CNCHEM32\... DENASWIMC_03_3M_100MGSCALEUP 2017-09-13 15-23-181052-0401.D)
mAL 3 F
1753
1504
1253
100 3
T2
504 @
&«
2543 o
0 . T
T T T T T T T
1] 2 4 6 8 10 12 14 mir
Signal 5: DAD1 E, 5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
$# [min] min]  [mAU*s] [mAU] %
-===1 I=--=1 l | B |
1 %.960 BB 0.3119 3903.35742 193.06070 BO8.4188
2 12.816 BB 0.7176 511.26465 10.11664 11.5812

Totals : 4414.62207 203.17734
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major enantiomer,

H,CO

NH,
N Br
N N\
| Cl
kN/ y (40), 11754.

62

and tR = 8.2 min (major).

Racemic Standard of 62

- Determined 96.7:3.3 e.r., 93.4 ee%

For the assignment of stereochemistry, please see crystal structure
of 62 in Smith, D. E.; Marquez, 1.; Lokensgard, M. E.; Rheingold,
A. L.; Hecht, D.; Gustafson, J. L. Angew. Chem. Int. Ed. 2015, 54

66 was measured with HPLC analysis using Chiralpak [IA
Hexanes/EtOH (98.2), flow rate = 1.0 mL/min, tR = 7.2 (minor)

mAL
160 3
140 3
120 3
100 3
&0 -
60 4
40 4
204

DAD1 E, Sig=260,16 Ref=360,100 (CACHEM32\.. AWARIEL CARDENASWWMC_03_167 2017-09-27 14-15-07\058-0101.0)

[':]

21.178

225 mir|

Peak RetTime Type
# [min]

Signal 5: DAD1 E, Sig=280,16 Ref=360,100

Widch Area Height Area
[min]  [mAO*s3] [maU] s

1 11.425 BB
2 21.178 BB

Totals :

[ [ Rt
.31030 175.42851 49.1411
.8Z505 E4.27662 50.6589

0.2434
0.5424

5857.23535 259.70313

Sample HPLC of 62

mAL 4
7004
G600
500
400
300 4
200
1004

DAD1 E, Sig=280,16 Ref=360,100 (CACHEM32\_AMWARIEL CARDENASWMC_03_167 2017-09-27 14-15-07W060-0201.0)

20

i

S5ignal 5: DAD1 E,

51g=280,16 Ref=360,100

Totals :

Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*3] [mA&TT] %
- |-=—-1 [ [ e B
1 11.348 BB 0.2524 2406.213687 141.5141%9 6.2917
2 20.804 BB 0.6312 3.58376e4 B05.34216 93.7083

3.82440e4 946.85635
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H,CO

NH,
N Br
N
l _ N Cl
N N

major enantiomer,

For the assignment of stereochemistry, please see crystal structure
of 66 in Smith, D. E.; Marquez, 1.; Lokensgard, M. E.; Rheingold,
A. L.; Hecht, D.; Gustafson, J. L. Angew. Chem. Int. Ed. 2015, 54
(40), 11754.

66 was measured with HPLC analysis using Chiralpak [IA
Hexanes/EtOH (98.2), flow rate = 1.0 mL/min, tR = 7.2 (minor)
and tR = 8.2 min (major).

66 - Determined 96.7:3.3 e.r., 93.4 ee%
Racemic Standard of 66
DAD1 E, Sig=280,16 Ref=360,100 (CA\CHEM32\_AWARIEL CARDENASWMC_03_167 2017-09-27 14-15-07\058-0101.0)
mAU o
160
140 3
120 3 @
100 4 =
-
&0 4
60 -
404
204
0
T T T T T T T T T T
0 25 5 75 10 125 15 175 20 225 miir|
5ignal 5: DAD1 E, S5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*3] [mA&TT] %
- |-=--1 I I el B [
1 11.425 BB 0.Z434 2878.31030 175.42651 49.1411
2 21.178 BB 0.542Z4 2978.92505 B4.27662 50.8589
Totals : 5B857.23535 2559.70313
Sample HPLC of 66
DAD1 E, Sig=280,16 Ref=360,100 (C\CHEM32\ . AMARIEL CARDENASWMC_03_167 2017-09-27 14-15-07\059-0301.0)
mAU E
120
100
30 5
60
405 8
20 -
i}
T T T T T
0 5 10 15 20 miy
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Signal 5: DADL E, S5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Lrea
¥ [min] [min]  [mAU*s] [mU] %
-—-- 1----1 [ [ e B [
1 11.300 BB 0.2610 Z493.12B4Z 141.85727 065.3154
2 21.222 BB 0.6117 429.12198 10.79597 14.684¢
Totals Z922.25040 152.65324
41 was measured with HPLC analysis using Chiralpak IA
cl - Hexanes/IPA (98.5:1.5), flow rate = 0.7 mL/min, tR = 8.3 (minor)
3
X . .
N| N gr and tR = 8.8 min (major).
L
N N

major enantiomer,

(82)-41

Racemic Standard of 41

- Determined 11.0:89.0, 78 ee%

mAU
350

300
2505
200 4
150 4
1004

a0 4

DAD1 E, Sig=280, 16 Ref=360,100 (MMC_03_3H 2017-06-19 19-53-20W52-0601.0)

iy

Signal 5: DAD1 E,

Width
[min]

Peak RetTime Type
# [min]

Area
[mAT*s]

5ig=280,16 Ref=360,100

He

[m2UT] 5

ight

1----1
32 BV 0.1731
341 VE 0.1772

0w

Totals :

43432
4328

8670

-45801
.27783

.73584

380.
368.

T74B.

—mm |- [
76401 50.0818
05478 49.9182

B1B79

Sample HPLC of 41

mAL
2500+

2000

1500 +

10004

5004

7601

DADT E, Sig=250,16 Ref=360,100 (MARIEL CARDENASINMG_03_3H_3GSCALEUP_PURE 2017-08-01 16-19-03041-0101.0)

=

0

=F=

[ =

EE

12

mirg
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Signal 5: DAD1 E, Sig=280,16 Ref=380,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*=3] [mAT] %
| I--—1 | | i R |
1 7.601 BV 0.1371 3851.95630 419.44180 10.8779
2 8.100 VB 0.1740 3.12364=24 2781.27148 89.0221
Totals : 3.50884=4 3160.7132%

SPh
NN CF3
m _ N Br
N~ N
iPr
major enantiomer,

(8a)-42

Racemic Standard of 42

42 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (98.5:1.5), flow rate = 0.7 mL/min, tR = 10.0 (minor)
and tR = 11.0 min (major).

- Determined 7.2:92.8, 85.6 ee%

mAL 3
a0
704
60 4
504
404
304
203
104

DADT &, Sig=254,4 Ref=350,100 (MWC_03_3H 2017-06-18 19.53-20051-0501.0)

Peak RetTime Type Width
# [min] [min]

Signal 1: DADL A, 5ig=254,4 Ref=360,100

Area Height Area
[mRT*s] [m2U] %

[ e [
1125.01282 B87.59054 49.3876
1152.91248 81.03737 50.6124

2277.92529 16B.62781

Sample HPLC of 42

maL 3
12
10
2
6=
4]
2

DAD1 E, Sig=250,16 Ref=360,100 (MARIEL CARDENASIMMC_03_3H_SCALEUP2 2017-08-26 12-47-24\080-0201.D)

]

= =
FJ

F.
5
oo
-
=
-
=}
Ei
=

200



Signal 5: DAD1 E, S5ig=Z280,16 Ref=360,100
Peak RetTime Type Width Area Height Aren
¥ [min] [min] [MAT*s] [m&I] S
---- |--—-1 [ [ e [
9.804 MF 0.2161 15.19055 1.17180 7.1993
2 10.823 FM 0.2300 195.B800908 14.18752 92.8007
Totals 210.99963 15.35932
63 was measured with HPLC analysis using Chiralpak IC
NH, - Hexanes/IPA (98.5:1.5), flow rate = 0.7 mL/min, tR = 6.9 (major)
3

major enantiomer,

63

Racemic Standard of 63

and tR = 7.2 min (minor).

- Determined 92.9:7.1, 85.8 ee%

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASMMC_03_162_163 2017-08-20 15-06-21\051-0101.D)
mAU 5 g
1204
100
&0 -
60
404
N\
V] T
B e e e e e A e e e e L S B B e e S B S e
1] 1 2 3 4 5 ] 7 & min
Signal 5: DAD1 E, Sig=280,16 Ref=380,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*3] [mAT] %
=== I-——1 | | N |
1 6.887 BV 0.1313 1306.16406 150.40356 4B8.135¢6
2 7.186 VB 0.1581 1407.34741 134.48869 51.8644
Totals : 2713.51147 Z2B4.89226
Sample HPLC of 63
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDEMAS\MMC_03_162_163 2017-08-20 15-06-21\055-0401.D)
mAL g
800
G600~
400 +
200 %—j
P~
0 T
I e e e e e e LA S B S e e S ¢ T T ) BN e S S s
0 1 2 3 4 5 1] 7 & mir
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Signal 5: DAD1 E,

5ig=280,16 Ref=3&0,100

Peak RetTime Type Width Ares Height
#  [min] [min] [mAT+*s] [maT]
—— I==-=1 | |
1 6.710 BV 10 936Z.99023 1060.30054
2 7.143 VB 1639 715.91504 64.30420
Totals 1.00768%e4 1124.80474

92.5969
7.1031
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major enantiomer,

67

Racemic Standard of 67

and tR = 7.2 min (minor).

- Determined 2.1:97.9, 95.8 ee%

67 was measured with HPLC analysis using Chiralpak IC
Hexanes/IPA (98.5:1.5), flow rate = 0.7 mL/min, tR = 6.9 (major)

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDEMNASIMMC_03_162_163 2017-09-20 18-08-21\051-0101.D)
mAU ¥ 8
1204
100
&0+
604
404
N\
0
) BN e S S e e T L e e e AN S S T T T
1] 1 2 3 4 5 ] 7 min
Signal 5: DAD1 E, Sig=280,16 Ref=380,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*3] [mAT] %
=== I-——1 | N |
1 6.887 BV 0.1313 1306.16406 150.40356 4B8.135¢6
2 7.186 VB 0.1581 1407.34741 134.48869 51.8644
Totals : 2713.51147 Z2B4.89226
Sample HPLC of 67
DAD1 E, Sig=260,16 Ref=360,100 (MARIEL CARDENASWMC_03_162_163 2017-08-20 18-06-21\054-0301.D)
mAL =
800~
600
400
200 4 ]
@
w
V]
L S s ey S T T T S B e LA s s e T T
Q 1 2 3 4 ] ] 7 mir

Peak BetTime Type Width
# [min] [min]

Signal 5: DAD1 E, Sig=280,16 Ref=360,100

[mAT*=] [mRI] %

Area Height LArea

1 6.942 BV 0.1211
2 7.164 VB 0.1357

Totals :

9z.26782 24.63406 2.0634
25.91699 O9BB.B7976 97.9366

9318.1B8481 1013.51362
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(82)-57 was measured with HPLC analysis using Chiralpak A

NH; Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 8.0 min

NN CF;
L N—CHj
N~ N
iPr
major enantiomer,

(S2)-57

Racemic Standard of 57

- Determined 8.8:91.2, 82.4 ee%

(minor) and tR = 9.1 min (major).

DAD1 E, Sig=280,16 Ref=360, 100 (CACHEM32\ _STAFSONWLG-II-1370CZMEQCES 2017-12-07 12-11-53W41-0101.D)
mAL 2 o
&0+
60
40 4
20
0
T T T T T T
0 2 4 5] 8 10 mir
Signal 5: DADL E, 5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Ares
# [min] [min] [MRU*s] [mAT] %
bt | |====1 | | R |
1 T7.9%96 BB 0.2490 1708.43250 GB.18758 4B.2984
2 8.115 EB 0.28B0 1B2E8.81494 80.06945 51.7016
Totals : 3537.24744 18B8.25703
Sample HPLC of (S5a)-57
DAD1 E, Sig=280,16 Ref=360,100 (CACHEM32\. .. STAFSONWLG-II-1370CZMEQCF3 2017-12-07 12-11-53'042-0201.0)
mAL -
200
1754
150 4
1254
100
754
50 < §
254 _}r—"\_ o
0 L
1 I | I | I
0 2 4 (] 8 10 mir|
Signal 5: DADL E, 5ig=280,16 Ref=340,100
Peak RetTime Type Widch Rrea Height Area
# [min] [min] [m&T*s] [mAT] %

-1 1--=-1 [ !
1 8.630 BB 0.2790 387.92255

19.25073 B.7977
2 8.670 BB 0.2478 3B14.12256 222.68596 91.2023

Totals : 41B2.04510 241.93669
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(Ra)-57 was measured with HPLC analysis using Chiralpak A

NH, oF Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 8.0 min
3
le TN CH, (minor) and tR = 9.1 min (major).
N” N
iPr

major enantiomer,

(Ra)-57

Racemic Standard of 57

- Determined 95.7:4.3, 91.4 ee%

DAD1 E, Sig=280,16 Ref=360, 100 (CACHEM32\ _STAFSONWLG-II-1370CZMEQCES 2017-12-07 12-11-53W41-0101.D)
mAL 2 o
&0+
60
404
20
0
T T T T T T
0 2 4 5] 8 10 mir
Signal 5: DADL E, 5ig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Ares
# [min] [min] [MRU*s] [mAT] %
bt | |====1 | | R |
1 T7.9%96 BB 0.2490 1708.43250 GB.18758 4B.2984
2 8.115 EB 0.28B0 1B2E8.81494 80.06945 51.7016
Totals : 3537.24744 18B8.25703
Sample HPLC of (R.)-57
DAD1 E, Sig=280,16 Ref=360,100 (CVCHEM32\ _STAFSOMULG-IF13T0C2MEQCF3 2017-12-07 12-11-53\043-0301.0)
maAl 3
350
300
250 4
200
1504
100 4 w
3
503 =
V]
T T T T T T
0 2 4 5] 8 10 mir

Signal 5: DAD1 E, 5ig=280,16 Ref=360,100

Peak RetTime Type Width Area Height
i [min] [min] [mRT*3] [mATT]
----- (el | | |
1 8.180 BB 0.2468 T7457.650625 433.37958
2 ©.485 BB 0.3430 333.57629 13.65464

Totals : 7791.23254 447.03422

Area

5

|- |
895.7166
4.2814
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(82)-58 was measured with HPLC analysis using Chiralpak A

NH, Hexanes/IPA (90:10), flow rate = 1.0 mL/min, tR = 6.4 min (minor)

WA CF,4
L[ >—Pn
N

N

major enantiomer,

(Ra)-58

Racemic Standard of 58

and tR = 8.2 min (major).

- Determined 97.2:2.8, 82.6 ee%

DAD1 E, Sig=280,16 Ref=360,100 (CMCHEM3I2\ . USTAFSONWLG-MI-139C2ZPHOCFS 2017-12-05 16-07-121041-0101.D)
mAL &
200 -
150
100 7
504
0 T
T T T
1] 2 4 min
Signal 5: DAD1 E, 3ig=2B0,16 Ref=360,100
Peak RetTime Type Width Ares Height Lres
# [min] [min] [mRU*3] [mAT] %
sl o | | | TEl e |
1 6.420 VB 0.2100 34B0.53509 230.78078 47.7418
z 8.201 BB 0.2656 3B0%8.79590 202.43517 52.2582
Totals : 7290.33398 433.215594
Sample HPLC of (Ra)-58
DAD1 E, Sig=280,16 Ref=360,100 (CNCHEM32\. . USTAFSONWLG-II-139C2PHICFS 2017-12-05 16-07-12042-0201.D)
mAL
1000 -
GO0 -
600
400 -
e
200 &
i
V]
I I I I 1 I 1
0 1 2 3 4 7 mir
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Ares
#  [min] [min]  [mAU*s] [maU] s
-1 11 [ [ -1 -1
1 6.743 BE 0.2977 1700.92932 B3.46830 B.7208
F 8.320 BB 0.2236 1.75039e4 1169.79285 91.2794

Totals : 1.9504Be4 1253.26115
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NH,
WA CF,4
L[ >—Pn
NT N
iPr

major enantiomer,

(82)-58 was measured with HPLC analysis using Chiralpak A
Hexanes/IPA (90:10), flow rate = 1.0 mL/min, tR = 6.4 min (minor)
and tR = 8.2 min (major).

- Determined 97.2:2.8, 94.4 ee%

(S2)-58
Racemic Standard of 58
DAD1 E, Sig=280,16 Ref=360,100 (CMCHEM3I2\ . USTAFSONWLG-MI-139C2ZPHOCFS 2017-12-05 16-07-121041-0101.D)
mAL & é
200 -
150
100 7
504
0 3 : ~
T T T T T
0 2 4 [} 8 mir|
Signal 5: DAD1 E, 3ig=2B0,16 Ref=360,100
Peak RetTime Type Width Ares Height Lres
# [min] [min] [mRU*3] [mAT] %
----- o | | | e |
1 6.420 VB 0.2100 34B0.53509 230.78078 47.7418
z 8.201 BB 0.2656 3B0%8.79590 202.43517 52.2582
Totals 7290.33398 433.215594
Sample HPLC of (Sa)-58
DAD1 E, Sig=280,16 Ref=360,100 (CNCHEM32\. . USTAFSONWLG-II-139C2PHOCFS 2017-12-05 16-07-12043-0301.D)
mAL &
400
300+
200
100 - %
pd f g _ﬂ.___'__/_“«-.._,_,_
T T T T T T T T T T
0 i 2 3 4 35 6 7 8 9 mir
Signal 5: DAD1 E, 5ig=280,16 Ref=360,100
Peak RetTime Type Width Ares Height Area
# [min] [min] [mAT*8] [T %
| I=-===1 | | S |
1 6.536 BB 0.1979 7058.39111 502.58072 97.1657
2 8.482 BV 0.3530 205.89063 B.86271 2.8343
Totals : T264.28174 511.44343
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cl
CF,

N™ X

U _
N~ N N

iPr
major enantiomer,

(Sa)-43

Racemic Standard of 43

43 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (95:5), flow rate = 1.0 mL/min, tR = 9.4 (minor) and
tR = 10.4 min (major).

- Determined 22.1:77.9, 55.8 ee%

DAD1 &, Sig=254,4 Ref=350,100 (CCHENMG2, SIWIMG_03_3U_TEST_RACEMIZATION 2017-08-19 12-35-49W51-0301.0)
mAL 3 © §
700 ]
600
5004
400
300
200
100
0 syl T
T T T T T T T y T v T v T T T T T T T T T
0 _ 4 5] 8 10 12 mir|
Signal 1: DAD1 A, 3ig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Lrea
# [min] [min] [mAT*35] [mAT] %
=== |==== | | e |
1 0.443 VWV 0.1670 8764.99805 780.77112 50.5594
2 10.360 VB 0.1779 8571.03809 714.81744 49.4406
Totals : 1.73360e4 1495.580856
Sample HPLC of 43
DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDEMNASWWMC_03_3U_S0MGSCALEUP 2017-09-12 18-17-311045-0501.0)
mAL z
400
3504
3004
2350
@
2004 o
150 @
100 4
503
0 s =4
T T T T T T T T T T T T T T T T T T T T T T T T T T T
6 0002 4 6 & 0w 12 14 miry
Signal 1: DADL A, Sig=354,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*3] [m&T] %
————— I-—--1 [ [ ]
1 3.519 BV 0.1607 1446.3599% 135.28400 Z2.0877
2 10.415 Vv 0.1760 5101.91016 437.77911 77.9123
Totals 6548.27014 573.086311
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SPh
CFj

'

L7 N\
iPr

major enantiomer,

(Ra)-44

Racemic Standard of 44

tR = 12.7 min (minor).

- Determined 16.8:83.2, 66.4 ee%

44 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (99:1), flow rate = 0.7 mL/min, tR = 11.4 (major) and

DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDEMNASWMC_03_3U_SOMGSCALEUP 2017-09-12 18-17-31\041-0101.D)
maU r~ W
70
60 3
50
403
304
204
10
0
T v v T T ¥ T T T T T T ¥ T T T T T T T
0 _ 2 4 5] ] 10 12 14 mir
Signal 1: DADI1 A, S5ig=2Z54,4 Ref=360,100
Peak RetTime Type Width Area Height Aren
# [min] [min] [mAT*s] [mAU] %
-1 |--==1 [ e [
1 11.277 VW 0.1893 1034.62756 B3.05152 48.2331
2 11.665 VV 0.2055 1110.43127 B1.24649 51.7669
Totals 2145.05B884 164.28601
Sample HPLC of 44
DAD1 A, Sig=254,4 Ref=380,100 (MARIEL CARDEMNASWMC_03_3U_S0MGSCALEUP 2017-08-12 18-17-31W044-0401.D)
mAL - B
50+
404
30
g
20 o
104
0
T T T T T T T
0 2 4 & ] 10 12 14 mir
Signal 1: DAD1 A, 5ig=2Z54,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*s] [m&ad] %
TERE P | B L |
1 11.242 VWV 0.1801 157.71895 13.321%8 16.804%8
2 11.827 VWV 0.1986 TED.B0933 5B.92472 83.1951
Totals : 938.52B27 TZ.24670
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Note: 45 was aminated to yield (S.)-47 for s-factor determination

NH; o via HPLC analysis. 45 was not observable on HPLC.
3
"i N CF,H (Sa)-47 was measured with HPLC analysis using Chiralpak
N N\iPr IA Hexanes/IPA (95:5), flow rate = 1.0 mL/min, tR = 11.4 (minor)

and tR = 12.3 min (major).
- Determined 0.3:99.7, 99.4 ee%

major enantiomer,

(Sa)-47

Racemic Standard of 47

DADT &, Sig=254,4 Ref=360,100 [C\CHEM3Z2\.IEL CARDENASWIMC,_03_35_NHZ_SM 2017-08-26 17-19-24053-0101.0)
mAL
20
15
10
[
04 N O VR
T T T T T T T
0 2 4 5] 8 10 12 14 mir|
Signal 1: DAD1 &, Sig=254,4 Ref=360,100
Peak RetTime Type Width Lrea Height Area
$# [min] [min] [mAT*s] [mAl] %
Fmml lszmml | | S |
1 11.369% BV 0.3393 511.82524 20.63073 45.4438
2 12.274 VB 0.3773 614.Z17Z22 23.01690 54.5562
Totals : 1125.84247 43.64963
Sample HPLC of (Sa)-47
DAD1 A, Sig=254,4 Ref=380,100 (CACHEM3Z\..IEL CARDENASWIMC_03_35_NHZ_SM 2017-08-26 17-19-241056-0701.D)
mAL 2
70
60
50
40
30
204
103
03 e -
T T T T T T T
¢ 2 4 & _ &8 0w 0 12 14 mir|

Signal 1: DAD1 A, S5ig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [m&1] %
- 1----1 | [ e R |
1 11.603 MM 0.4029 5.890985 2.44486e-1 0.3391
2 12.166 BB 0.3056 1736.79553 79.27777 99.6609
Totals : 1742.70518 79.52224
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SPh
A CF,
L L d—cFH
N N

\

iPr
major enantiomer,

(Sa)-46

Racemic Standard of 46

tR = 11.7 min (major).

- Determined 16.8:83.2, 66.4 ee%

46 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (99:1), flow rate = 0.7 mL/min, tR = 11.3 (minor) and

DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDEMNASWMC_03_3U_SOMGSCALEUP 2017-09-12 18-17-31\041-0101.D)
maU r~ W
70
60 3
50
403
304
204
10
0
T v v T T ¥ T T T T T T ¥ T T T T T T T
0 _ 2 4 5] ] 10 12 14 mir
Signal 1: DADI1 A, S5ig=2Z54,4 Ref=360,100
Peak RetTime Type Width Area Height Aren
# [min] [min] [mAT*s] [mAU] %
-1 |--==1 [ e [
1 11.277 VW 0.1893 1034.62756 B3.05152 48.2331
2 11.665 VV 0.2055 1110.43127 B1.24649 51.7669
Totals 2145.05B884 164.28601
Sample HPLC of 46
DAD1 A, Sig=254,4 Ref=380,100 (MARIEL CARDEMNASWMC_03_3U_S0MGSCALEUP 2017-08-12 18-17-31W044-0401.D)
mAL - B
50+
404
30
g
20 o
104
0
T T T T T T T
0 2 4 & ] 10 12 14 mir
Signal 1: DAD1 A, 5ig=2Z54,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAT*s] [m&ad] %
TERE P | B L |
1 11.242 VWV 0.1801 157.71895 13.321%8 16.804%8
2 11.827 VWV 0.1986 TED.B0933 5B.92472 83.1951
Totals : 938.52B27 TZ.24670
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Cl
NN CF;
L N—No,
N~ N
iPr
major enantiomer,

(Sa)-48

Racemic Standard of 48

tR = 9.4 min (major).

- Determined 36.0:64.0, 28 ee%

48 was measured with HPLC analysis using Chiralpak IC
Hexanes/IPA (99:01), flow rate = 0.7 mL/min, tR =9.0 (minor) and

DAD1 E, Sig=260, 16 Rei=360, 100 (MARIEL CARDENASMIMGC_03_30_SM_BASE 2017-06-02 15-41-51051-0101.0)
mAL E
200+
150
100
50
v]
T T T T T
0 2 4 6 3 10 mir
Signal 5: DAD1 E, Sig=3280,16 Ref=380,100
Peak RetTime Type Width Area Height Ares
¥ [min] [min] [mAT*s] [mAT] 5
AT lezmmil | | g e |
1 8.008 BV 0.1487 2370.74512 245.32623 49.421¢6
s 9.435 VB 0.1568 2Z4Z6.23535 23B.26570 50.5784
Totals : 4796.568047 4B3.59183
Sample HPLC of 48
DAD1 E, Sig=250,16 Rei=360,100 (MARIEL CARDENASIMMC_03_30._SM_BASE 2017-08-02 18-41-57076-0301.0)
mAl 3
175 4 =
150 4 ]
o
125
100 3
754
504
254
0
T T ¥ T T T T T T T ¥ T T T T T T T
0 2 4 [} 8 10 miry
Signal 5: DAD1 E, S5ig=280,16 Ref=360,100
Peak RetTime Type Width Ares Height Ahrea
# [min] [min] [mAT*3] [mRU] %
= I-——1 l | === | |
1 8.085 BV 0.1481 1235.7B63B 12B.61526 35.9702
z 9.486 VB 0.1570 Z2199.79482Z 2Z15.6B8462 €4.0298
Totals : 3435.5B8130 344.29%60
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SPh
NN CF;
m \ N02
P
NT N
iPr

major enantiomer,

(Ra)-49

Racemic Standard of 49

tR = 12.7 min (minor).

- Determined 71.5:28.5, 43 ee%

49 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (99:1), flow rate = 0.7 mL/min, tR = 11.4 (major) and

DAD1 &, Sig=254,4 Ref=360, 100 (MARIEL CARDENAS'MMC_03_30._RAC PR 2017-08-01 12-06-22\052-0101.0)
mALl -]
&0~
60 ~
40
20+
u L
T T | T T T T T
0 2 4 & 8 10 12 14 mir|
Signal 1: DAD1 A, 5ig=254,4 Ref=360,100
Peak RetTime Type Width Lrea Height Lrea
# [min] [min] [mAT*s] [m&T] %
il | I-—=1 | | R |
1 11.365 MF 0.2352 1404.72375 99.52377 47.7181
2 2.881 FM 0.2948 1539.07007 B7.00592 52.2819
Totals 2943.79362 166.5296%9
Sample HPLC of 49
DAD1 A, Sig=254,4 Ref=360,100 (MARIEL CARDENASWMMC_03_30_RAC_PR 2017-08-01 12-06-22043-0401.D)
mAL
1204
100 -
20 -
60 P
40
20+
V] —! T
T T T T T T T T
o 2 4 &6 00000008 __10 12 14 mir|
Signal 1: DAD1 A, 5ig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Lres
¥ [min] [min] [mAT*3] [mAT] %
i | I--—1 | | S I |
1 11.600 BB 0.2081 1607.101B1 131.72208 71.4523
2 12.718 BB 0.2416 T21.99976 44.90083 2B.5477
Totals : 2529.10156 176.62291
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« OO

N
L N—CHj,
N

Pd \

s-factor NTD for 59

Racemic Standard of 59

59 was measured with HPLC analysis using Chiralpak IA
Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 8.9 (minor) and
tR = 10.8 min (major).

- Determined 44.3:55.7, 11.4 ee%

DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENAS\WMMC_03_3P2 2017-07-17 18-15-58W072-0201.0)
mAL 4 P
]
120 =
100
&0+
60 -
40
20
0
T T T T T T T T
0 2 4 & 8 10 12 14 mir|
Signal 5: DAD1 E, Sig=280,16 Ref=380,100
Peak RetTime Type Width Area Height LArea
¥ [min] [min] [MAT*5] [M&IT] 3
R Izz==1 | | R e |
24 3 VB 0.1797 1693.81445 143.46536¢ 51.65%73
2 10.805 BB 0.2096 1569.96826 114.77440 4B.1027
Totals : 3Z63.7BZT1 2Z5B.23976
Sample HPLC of 59
DAD1 E, Sig=280,16 Ref=360,100 (MARIEL CARDENASIMMC_03_3P2 2017-07-17 18-15-58\041-0301.0)
mAL £
504
404
304
204
104
0
T T T T T T T T
0 2 4 & 8 10 12 14 ming
L]
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Lrea
#  [min] [min] [mAT*s] [m&U] s
= L | | | SESE e |
1 B.008 VB 0.1625 679.93852 63.72821 44.3165
2 10.791 BB 0.2Z087 B£854.336891 62.01492 55.6B835
Totals 1534.27344 125.74413
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59 was measured with HPLC analysis using Chiralpak ITA
Cl - Hexanes/EtOH (98.2), flow rate = 1.0 mL/min, tR = 7.2 (minor)
3
| A and tR = 8.2 min (major).
N~ N
iPr
s-factor NTD for 59 - Determined 46.9:53.1, 6.2 ee%

Racemic Standard of 59

DAD1 A, Sig=254.4 Ref=380,100 (CAMCHEMI2\ . TAMARIEL CARDENAS'\MMC_04_013 2017-12-21 17-05-37051-0101.D)

5

[

L=
L

100

80
40
20

sl bsalasslaeloaaliiile

T
10 min

[
S
1]
=]

Signal 1: DAD1 A, 5ig=254,4 Ref=360,100

Beak RetTime Type Width Area Height Area
¥ [min] [min] [mAD*s] [mAD] E
sl |====1 | i Dy | -1
1 9.18% W 0.1393 1493,79102 162.39738 50.7802
2 9.689 VB 0.1443 1447.89124 153.08092 45.2198

Totals : 2941.668225 315.47830

Sample HPLC of 59

DAD1 A, Sig=254,4 Ref=360,100 (CACHEM32\. TA\MARIEL CARDENASWMC_04_013 2017-12-21 17-05-37W051-0201.D)

mAU ]

237

140 3
120 5
100 3
&0 4
603
403
20

03

T
] 2 4 3] 8 10 __min

Signal 1: DAD1 A, Sig=354,4 Ref=360,100

Peak RetTime Type Width Lrea Height Area
#  [min] [min]  [mAU*s] [mAU] %
Famzl l=zz=l I I T I
1 8.786 W 0.1298 1433.06519 167.50496 46.9132
2 9.237 VB 0.1492 1621.64819 161.36833 53.0868

Totals : 3054.71338 32B.B73239
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Section 2. Accessing Class-3 Atropisomeric 3-aryl-2-thioquinolines

Copyright
Chapter 2, Section 2 is reformatted in part with permissions from Chemical

Communications, 2021, 57, 10087-10090. Copyright 2021 Royal Chemical Society.

2.9  Background: Atroposelective SNAr towards 3-arylquinolines

With the learnings and successes of atroposelective SNnAr to obtain PPY-based kinase
inhibiting scaffolds, we were interested in expanding this chemistry in other pharmaceutically
relevant scaffolds. In addition, we were able to reoptimize the atroposelective SnAr strategy to
incorporate DKR which allowed us to synthesize less reactive substrates compared to PPYs as
well. One of the key standouts from the PPY exploration was azaindole compound 52 (Table 3),
which had not led to any desired SxAr product using these original conditions. One important
consideration was that this pyridine core was not as electrophilic as the pyrimidine. Because of
this, it would be pertinent to reoptimize the atroposelective SxAr through testing many diverse,
reactive catalysts as well as other conditions.

A similar known bioisostere of azaindole is quinoline, an N-heterocycle which consists of
a 6-membered benzene ring fused with pyridine. Quinolines are considered an important building
block in the field of medicinal chemistry and are widely found in many pharmaceutically relevant
scaffolds. As such, it was much easier to design new compounds and increase our substrate scope
based on availability of starting materials. Also, quinoline possesses significant electrophilic
character to perform reactions such as nucleophilic substitutions. Inspired by the azaindole, biaryl

quinoline-based scaffolds became the focus for this new exploration. Based on the general
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reactivity of these heterocycles, we examined a variety of 3-arylquinolines in which the pyridine-
type N-1 nitrogen is meta to the C-3 arylated position. Within this scaffold, the C-2 position of the
quinoline core (i.e., the carbon adjacent to the atropisomeric axis) would therefore be the most

electrophilic position and most reactive position to facilitate an atroposelective SNAT.

AMG 510 (Sotorasib)

P oo ke G12C-KRAS inhibitor
' H anti-Tuberculoisis agent AGpgc = 35 keal/mol
F 0
N F =
F@ PPY-based /\f
_ > Kl scaffold Ji ]
NN/ NH AGi4c = 30 keal/mol H.C” N
N 3
| )N N=
\
NH HoN NH, o
O
N™X .
7 | A m P N CHg iPr
N F N" N
H tBu

ClasssiI————  Class-2—— Class-3

typ ~ sec ty2 ~ day (low) tyo 2 year

Rapidly racemizing, not isolable @ r.t. t1o ~ month (high) Stable enantiomers, isolable @ r.t.
10 kcal/mol 20 kcal/mol 30 kcal/mol 40 kcal/mol

Figure 20. Examples of Biaryl Heterocyclic Atropisomers in Drug Discovery. Each compound is
drawn where they lie in stereochemical stability determined by the barrier to racemization,
AGigo, 23283087

A cursory search of the literature found that 3-arylquinolines are among some of the most
represented classes of quinolines in drug discovery. Some examples of known diverse bioactive
atropisomeric pyridines and quinolines include an inhibitor of BACE1® (with prevalence to

1,%2 molecules

treating Alzheimer’s disease), quinolines associated with targeting HIV-
exhibiting antibacterial properties and a new ligand that binds to HSP90 (a chaperone protein that
participates in protein degradation) (Figure 4). As suspected, an overwhelming majority existed as
Class-1 atropisomers according to LaPlante’s scale (Figures 3 and 4). However, there are some

inspiring examples of Class-3 atropisomeric quinolines (Figures 16 and 17). An example is

Ripretinib,”* a “first-in-class’ switch-controlled kinase inhibitor of both KIT and PDGFRa kinases
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which are implicated in gastrointestinal stromal tumor (from Deciphera Pharmaceuticals, LLC).
Our best PPY-based kinase inhibiting scaffold of RET kinase also features an atropisomeric

quinoline of the 3-aryl position finding Class-3 atropisomerism.

HsC. AMG 510 (Sotorasib)
NH
from Amgen
F ZN 7 G12C-KRAS inhibitor
Bt X ! N stable atropisomer
N~ . . N ): j AG,,c=35 kcal/mol
N anti-Tuberculosis P
NH agent o) N
NS NC unstable atropisomer Br N7
L~ s F P »
N N\tB HoN HN Rireinib 0" N”°N
u ipretini ;
Selective RET inhibitor CI” "N Hl}l/&o F' Kinase Inhibitor 'Pr?/\j/ HO
AGigc = 30 kcal/mol Ph AGigc < 20 kcal/mol N

Figure 21. Examples of Pharmaceutically Relevant Biarylquinoline Atropisomers

At the time of this work, there were no amenable atroposelective routes towards 3-
arylquinolines outside of SyAr. Many of these examples in the literature utilized the pyridine or
quinoline or motif as a directing group for C-H functionalization. In a different strategy, Zhou and
coworkers® disclosed a kinetic resolution via transfer hydrogenation of racemic atropisomeric
quinolines that allowed for access to enantioenriched 5- or 8- substituted quinolines. Finally,
Cheng and coworkers® have also recently disclosed an atroposelective Friedlinder quinoline
heteroannulation towards 4-aryl quinolines.

Additionally, the 3-arylquinoline scaffold presented a similar challenge since many of the
starting materials may exhibit Class-3 atropisomerism. Much like PPYs, any stereoinduction
would occur via a kinetic resolution (KR) process as the barrier to racemization would be much
higher (i.e., a 6-6 biaryl axis of chirality typically has higher stereochemically stability than a 6-5
biaryl axis). However, if the starting material can racemize faster than the reaction occurs and the

resulting product is stereochemically stable, then a dynamic kinetic resolution (DKR) would be
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possible. This would be a more desirable approach to perform enantioselective reactions. DKR
would allow for near quantitative yields of highly enantioenriched products much like in the
optimization on the PPY-scaffold. Thiophenol was our nucleophile for this strategy due to repeated
success for using respective enantiomerically enriched sulfide products as activated intermediates
to the sulfone. From here, any second SnAr with any nucleophile was expected to yield no

observable racemization.

(A)

40

3
catalyst
—_—

HSAr
base

71

jonpo.d apyins ‘69

7 Examples of Classical KR:
; s < 27, ~50% conversion
S 44-48Y% average yields of 68 and 69

>27 kcal/mol

30

AGrac
kcal/mol

SR 4 Examples of DKR/KR Hybrids:

sejesqns oJonyy ‘g9

C'ass‘f;"‘ 'gR’ rt. 12 Examples of Classical DKR:
- <991 e.r 69
< 87% average yields 69

20

72 73
DKR starting material KR starting material
AG,4c = 23 kecal/mol AG, ¢ = 28 kcal/mol

Figure 22. a. Atroposelective SNnAr of 3-aryl-2-fluoroquinolines. b. Example of a classical DKR
and a classical KR substrate; C-2 fluoroquinoline substrates with barrier to racemization.

In the previously discussed examples of atroposelective SnAr, the C4-chloride was
replaced with an S-aryl group on the PPY scaffold (Chapter 2, Section 2.6). As chlorine and sulfur
are similar in atomic radii, there is little difference in stereochemical stability from the starting
material and product. We confirmed this after measuring barriers to racemization of both the S-

aryl PPY and recovered starting material chloride PPY and found that they possessed similarly
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around 30 kcal/mol stereochemical stability. In contrast, we learned that if the leaving group is a
fluoride then the difference in steric bulk imparted to the axis between it and sulfur can be
approximated to result to an increase in barrier to rotation of 5 kcal/mol. This would put the
atroposelective SNAr reaction at a range to allow for DKR. For example, if the starting material is
a Class-1 atropisomer that has a AGrc = 24 kcal/mol, the resulting product will be a Class-3
atropisomer with a AGrac = 29 kcal/mol.

To test this hypothesis, we synthesized quinoline 72 (Figure 22, part b.) — a simple biaryl
quinoline system containing the smallest group across on the 3-aryl axis aside from hydrogen (i.e.,
fluoride).>**?” The stereochemical stability of this compound was atropisomerically unstable at
room temperature (i.e., Class-1 atropisomerism). This was later confirmed when we attempted to
perform barrier to racemization studies and were largely unsuccessful. From here, quinoline 72
had proved to be amenable to SxAr with thiophenol to give product 74, which possessed low Class-
3 atropisomerism after determining the barrier to racemization to be AGr.c = 28 kcal/mol. This
stereochemical instability and ability to racemize to the functionally reactive atropisomer was an

exciting start for SNAr reaction optimization in a DKR approach (more details are in Section 2.12).

2.10 Reaction Optimization for Atroposelective SNAr towards 3-arylquinolines

2.2.1 Catalyst Evaluation

For a control experiment, I attempted to synthesize compound 74 using the quaternary
ammonium (i.e., derived from quinine) organocatalyst®® 15 that was originally used in our kinetic
resolution of the PPY scaffold’ (Table 1, entry 1). Unlike in the recent atroposelective strategy we
used to obtain enantioenriched PPYs (Equation 5), this previously optimal catalyst 15 led

performed poorly with low enantioselectivity in the SxAr, as the product sulfide possessed an
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55:45 e.r. (Table 6, entry 1). Also, the reaction had comprised of mostly unreacted starting
material; this outcome being very comparable to the results of the azaindole scaffold.

At such low conversion, we redeveloped our catalytic strategy to activate the N-heterocycle
of the 3-arylquinoline more optimally for this successful SxAr. We initially thought that
incorporating an H-bond donor into the quaternary ammonium catalyst might allow for increased
SnAr reactivity. However, there are other mechanisms to which stronger intramolecular H-bonding
interactions may be formed with this class of privileged catalysts through specifically engaging
the N-1 and the C2-F of the starting material. Higher conversions would be possible. We also
proposed that through the mechanism model in Figure 23, we can direct the nucleophilic
thiophenol to the explicit site where the SnAr reaction takes place during the catalyst-substrate
transition state. A search into the literature had supported these early hypotheses, as many cases

solved poor reactivity for nucleophilic substitutions by increasing substrate-catalyst interactions

N\
o/ N
|
‘NJ‘ n:Re
N . steric crowding
H from the R-group
of catalyst and the
S -atropisomeric conformation
of the starting material

through hydrogen bonding.

Proposed Mechanstic Model

(R)a-72 is preferred (Sa)-72 is not preferred

Figure 23. Early hypotheses and proposed model of transition state towards atroposelective SNAr
of C-3 arylquinolines. Shown is the urea-based quinine catalyst engaging in H-bonding with the
quinoline to allow direct substitution from fluoro to S-aryl.

Work led by other research groups found that a urea was the best H-bond donor group for

these catalysts. We first explored a traditional library of various quinines catalysts since these are

generally very activated for enantioselective SxAr. I and my colleagues had synthesized many
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analogues of these C-9 epi-quinine derived urea catalysts, and evaluated all of these in the
atroposelective SNAr towards 3-arylquinoline 72. Many of the catalysts we applied in reaction
optimization had been directly curated from previous literature, such as catalysts used by Professor
Ken Houk’s*!'% group from the University of California, at Los Angeles. The Houk group

examined what features of the urea-based Cinchona®®100:101

alkaloid organocatalysts led to diverse
yet consistently high catalytic activity across different reactions. To support their findings, Houk
and coworkers had performed their Gaussian calculations to propose a transition state for how
quinine-based organocatalysts exist in the lowest energy conformation. Their work was an integral
reference for designing many different catalyst analogues. The preparation of all catalysts of this
project can be found in Section 2.2.6.

Taking in the inspiration from Houk and others, quaternary ammonium salt urea-based
catalyst 75 had indeed led to greater atroposelectivity as it effected the SyAr in 18:82 e.r. 23%
yield of sulfide product (Table 7, entry 2) but only slightly improved 23% isolated yield. The non-
substituted quinuclidine (i.e., the “free amine variant”) catalyst 76 was by far more effective, with
similar enantioselectivity to the quaternary ammonium salt yet greatly improved yield (Table 7,
entry 3) likely due to solubility and homogeneity in the reaction. The most optimal catalyst was
when we relaxed the steric effects from the urea, where we changed the group from an N-tertbutyl
to an N-isopropyl R-group (i.e., catalyst 77). This had increased the yield to 75% at 10:90 e.r. (i.e.,
enantioselectivity at 80 ee%). Other substitutions such as R-group ethyl led to similar reactivity.
Aromatic R-groups (such as 76) or cycloalkyl-based R-groups (such as 77) gave lower e.r.s and
lower yields (Table 1, entries 5-6). In addition to understanding sterics for these catalysts, I and

my colleagues also wanted to understand the importance of urea in the context of the H-bond

donor. We synthesized then tested a thiourea variant and amide variant (that provides only one
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hydrogen-bond donor site) of the catalyst. In each respective catalyst, enantioselectivity was

markedly worse (i.e., e.r. of 35:65, please refer to Section 2.2.7, Table 17) which suggested that

the urea moiety must be optimally tuned for the stereoinduction.

Table 13. SnAr Reaction Optimization Summary Towards 3-arylquinolines

CHs catalyst (X mol%)
HSPh
O N base
7 F >
N F X M solvent
racemic-72 Temp., 60 h

76: R =1Bu
I NH 7 R-Ph
NS Hl}l/go CFs N | /§ 79: R = cyc-Pe
tBu HN™ O
75 R
Temp. Conc. Cat. Load 72 72
Entryl® Cat.  Solvent (°CF)) ™ Base (Mol%) el yicid

1 15 PhMe rt. 0.1 K;HPO,4 10 55:45 <5%
2 75 PhMe r.t. 0.1 KoHPO, 10 18:82 23
3 76 PhMe r.t. 0.1 K;HPO,4 10 14:85 43
4 77 PhMe r.t. 0.1 KoHPO, 10 10:90 75
5 78 PhMe r.t. 0.1 K;HPO, 10 23:77 50
6 79 PhMe r.t. 0.1 K;HPO,4 10 11:89 58
7 77 PhMe r.t. 0.1 KHCO, 10 12:88 <5
8 77 PhMe r.t. 0.1 KOH 10 10:90 15
9 77 PhMe r.t. 0.1 10 15:85 29
10 77 mXy rt. 0.1 K;HPO,4 10 10:90 79
11 77 Hex/mXy r.t. 0.1 KoHPO, 10 10:90 82
12 77 Hex/mXy r.t. 0.1 KoHPO, 5 9:91 49
13 77 Hex/PhMe r.t. 0.1 KoHPO, 20 10:90 91

[aIReactions were performed on a 0.10 mmol scale of 74 with 10.0 equiv of thiophenol and 20.0
equiv of base. Ple.r.s are determined from chiral stationary phase HPLC; reported as average of
at least two trials. [Yields are reported as an average of at least two trials. Hex is an acronym for
n-hexanes. mXy is an acronym for m-xylene. See Section 2.2.7 for further details on this reaction

optimization.
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Other privileged urea-containing catalyst scaffolds, particularly a biphenyl urea-based
catalyst derived (which can be synthesized from enantiopure BINAM) inspired by pivotal works

from Professor Maruoka’s!??

group and Professor Gouverneur’s group were screened and
tested.!93-1% Likened to the quinine-based catalysts, these biphenyl urea catalysts can facilitate an
H-bonding interaction with pyridinyl type scaffolds and then lead to SnAr using the adjacent
fluoride as a secondary handle. When we evaluated these urea catalysts towards the desired 3-
arylquinoline sulfide 72, we observed mostly racemic products at very low yield. From these
results, we selected catalyst 77 as our most optimal to use for the atroposelective SNAr of many 3-

arylquinoline compounds. As mentioned before, the complete summary of all these catalyst results

can be found in Section 2.2.7, Table 17.

2.2.2 Summary of the Reaction Optimization

With the optimal reaction catalyst, we next examined reaction temperature, concentration,
and base (Table 6, entries 7-14) for the best enantioselectivity and yield from this DKR of 3-
arylquinolines. The enantioselectivities across these SnAr reactions had remained largely
unchanged, however the yields were marginally impacted in some of these cases. To help explain
these findings, we tested the absence of the external base to see if the atroposelective SnAr would
still occur. In essence, we wanted to understand if the catalyst was the main driver for the observed
trend of higher conversions in the reaction optimization. Inherently, the catalyst itself can also act
as the non-nucleophilic base since the quinuclidine amine would be basic enough to deprotonate
thiophenol. From this experiment, comparable e.r. albeit in 29% yield (Table 1, entry 9) was
observed — an outcome that was very departed from the atroposelective SNAr strategy utilized in
the PPY series. Even though it was possible to perform this reaction without base, the inclusion of

external non-nucleophilic base KoHPO4 was critical for improved and consistent conversions
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(something that would be important for evaluation of other types of 3-arylquinoline substrates). In
support of these findings, we performed a catalyst loading screen for this SxAr and found no fold
improved atroposelectivity. Notably, reaction conversion was indeed increased in a linear trend,
where 20 mol% catalyst loading resulting in the highest isolated yield.

The optimized atroposelective SnAr towards these 3-arylquinolines was also very solvent
dependent. In a similar fashion to the PPYs, non-polar, aprotic solvents which possessed a
dielectric constant € ~ 2.5 were the most optimal (the complete solvent screen is found in Section
2.2.7, Table 18). Our studies found improved yields with xylenes over toluene (entry 10);
specifically, mixtures of xylene/hexanes (entries 11-13) led to the best result of this reaction
optimization. Specifically, we found a mixture of 30% n-hexane and 70% m-xylene was
determined to yield the most optimal combination of yield and enantioselectivity (91% yield of 74

with 80 ee%) in DKR, though a mixture of n-hexane and toluene also yielded comparable results.

R" (Y3 catalyst 77 R3
~J  HSPh (10 equiv) mCPBAL!
) KoHPO, (14 equiv) EtOAC
~ R D —— e N =
N F 70:30 m-xylene/hexane
(+)-700 1-3d, rt. 71

Equation 27. Optimized reaction conditions of the dynamic kinetic resolution of atropisomeric 3-
arylquinolines.

In summary, our most optimal reaction conditions used 20 mol% catalyst C4 and KoHPOj4
in 0.1 M solution of 70% m-xylene and 30% n-hexanes. Adding a significant excess of both
thiophenol and inorganic base increased the atroposelective SnAr conversion but did not impact

the enantioselectivity of the reaction.
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2.11 Atroposelective SNAr of 3-arylquinolines via DKR

We next evaluated the scope of this DKR (Equation 27 and Table 7). It is worth noting that
in some cases, oxidation of the product sulfide 72 to sulfones 80 using mCPBA was needed to
separate products from starting material and assess enantioselectivities. These sulfide product 3-
arylquinolines (when compared to the PPY scaffold) were very nonpolar, and as a result had poor
resolution on analytical chiral HPLC. Also, another departure from the initial PPY exploration —
we examined the effects of SNAr using different thiophenols. From another project in our group,
more electronic rich thiophenol derivatives had resulted in optimal enantioselective vicarious
nucleophilic substitution (i.e., VNS, a more reactive SNAr where the leaving group is a proton).

The nucleophilicity of these different thiophenols might greatly improve our nucleophilic
aromatic substitution for this scaffold and facilitate higher atroposelectivity at the transition state
of the catalyst-substrate interaction. We were not agnostic to our source for establishing the S-aryl
bond, as it would only serve as an intermediate towards any future enantioretentive post-
functionalization. From these experiments, SNAr using chloro-substituted thiophenols (81) had
resulted in sulfide products with larger decreased enantioselectivity and relatively similar yields
to that of 72. These thiophenols would be less nucleophilic, and therefore resulted in poor
enantioselectivity at 35:65 e.r. at 60% yield. Notably, the experiments using ortho-cresol (as in 81)
and para-cresol (as in 83) thiophenol derivatives as our nucleophile also decreased
enantioselectivity and yield. From these results, added steric bulk at this site of SNAr reaction
resulted in low conversion and no improved enantioselectivity. We concluded that the

unsubstituted thiophenol was the most optimal for the nucleophile.
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Table 14. 3-arylquinoline Analogues Obtained via Dynamic Kinetic Resolution (Classical DKR)

72 ( ,91%@ 10:90 e.r,, [P})

72(1‘0 o) 12:88 e.r., 78%

AG;, 72 = 28 kcal/mol 81l ( . 56%, n.d. er)
804t (X=SO,Ph, 6:94 e.r., 40%) 8219 (X=S0,, 11%, 26:74 er)

F
e
X
| F
N SPh " X
86 (63%, 13:87 e.r) LI 87 ( ,53%, 12:88 e.r))
85 (71%, 14:86 e.r.) 861 (28%, 9:91 er) X-ray of 86 88 (X=S0,Ph, 86%, 15:85 e.r.)
Cl O CHy =S
® L ~
F
— ~
N° X N SPh
- Sgg (Ph 71°}nﬁ(ii)3e 02 nd) 96 (64%, 14:86 e.r.)
89 (84%, 16:84 e.r.) (=50,Pn, 71%, 1486 €1) - g4 (X=SO,Ph, 90%, 17:83 e.r) 94 ( ,n.d.) %uil" (46.5%, 397 )
89500 mg) (98%, 20:80 e.r) 0311 (42%, 6:94 e.r) 95 (X=SO,Ph, 86%, 16:84 er)  AGrac = 29 kcal/mol

SnAr reactions were performed with 1.0 equiv racemic 3-arylquinoline 70, 20 mol% catalyst 77,
10.0 equiv HSPh, 20.0 equiv K;HPO4, and 70:30 m-xylene/n-hexanes (0.1 M) at room temperature
for up to 80 h (~3 days). *IReported overall yields and Plenantiomeric ratio (e.r.) are an average
of at least 2 trials. [*!Barrier to rotations are an average of at least 2 trials. [Y/Oxidation to sulfone
80 used 1.0 equiv sulfide 72, 2.1 equiv mCPBA in 0.1 M EtOAc at room temperature for 18 h.
[°IE.r. was n.d. = not determined for this substrate. I Trituration from 100% n-hexanes or 80:20 n-
Hexanes/DCE, yields are overall from starting material 70. [#lStereochemical outcome of our SNAr
elucidated by X-ray crystal structure. For more details please refer to Section 2.2.13.

Using the optimized atroposelective SnAr conditions, we examined several 3-aryl 2-
fluoroquinolines (Table 7) with mildly electron-donating groups on the 3-aryl ring (e.g., the para-
methyl group in 85), or electron-withdrawing groups (e.g., examples 86-89, and 96). These SnAr
reactions resulted in products of moderate enantioselectivities, comparable to 72. For example,

sulfide product 85 was isolated in 71% yield at 14:86 e.r., while sulfide 86 was isolated at 13:87

e.r. in 63% yield. This data suggests that the efficiency for this atroposelective SnAr was not
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largely impacted by the other 3-aryl substitution (i.e., groups that are not adjacent to the axis of
chirality). Highly enantioenriched, solid crystals were obtained through trituration — as previously
mentioned in Section 1, a method of rinsing enantioenriched crystals to increase the purity of the
sample; in this case, producing a solution or solid crystals of high enantiopurity. Through
trituration of the resulting sulfide product 86, we were enabled to X-ray crystallographic methods
which elucidated absolute stereochemical assignment. We surmised that the major atropisomer for
the enantioselective SnAr strategy was in the (Ra)-configuration, which strengthened our
hypotheses for mechanism of this reaction (see Section 2.14).

We also synthesized enantioenriched sulfide product containing a benzothiophene adjacent
to the chiral axis (i.e., an example of a Class-1 ‘6-5" atropisomeric biaryl). From the PPY work,
we knew that the ‘6-6’ biaryl system typically results in higher stereochemical stability than 6-5’
biaryl atropisomers.'? Indeed DKR was observed, yielding compound 96 in 14:86 e.r. and 64%
yield while existing as a stereochemically Class-3 atropisomer (AGrac = 29 kcal/mol). With such
modest enantioselectivity for this reaction, trituration of in n-hexane improved the enantiopurity
of the sulfide to 3:97 e.r. in 52% overall yield. With success from trituration, we were able to take
SnAr products and increase enantiopurity in a robust process.

Moving away from R'-methyl, we changed the R!-group on the quinoline scaffold to a
more electron withdrawing group (example quinolines 90-94). Changing the electronics of the
quinoline by induction of such functional groups impacted the enantioselectivities and yields for
the SNAr. From the data, these changes also yielded comparable enantioselectivities to 72. Some
examples were switching the C-4 methyl to a C-4 chloro-group such in substrates 90 (sulfone 91
was obtained in 79% yield, 12:88 e.r.) and 92 (sulfone 93 was obtained in 90% yield, 17:83 e.r.),

or phenyl as in 94 (sulfone 95 was obtained in 86% yield, 16:84 e.r.).
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Many of these sulfide products were oxidized to the respective sulfone (illustrated in
Equation 27), due to poor available analytical methods at the time of our measurements. There
were no observed losses in enantioselectivity when telescoped to the sulfone. Also, these 3-
arylquinoline sulfides were typically amorphous solids (in some cases, were oils); while many of
the sulfone products were now crystalline solids. Enantiopurity of the products were increased
through simple trituration of the sulfones via our defined protocols. This was a helpful strategy for
the pursuit of these 3-arylquinoline based substrates which after the atroposelective SnAr led to
modest (sometimes less than 80 ee%) enantioselectivities. An example was that trituration allowed
us to improve enantiopurity of 72 to 6:94 e.r. in 40% telescoped yield from its starting
fluoroquinoline 74. Another example is that sulfone 93 was isolated in 6:94 e.r. in 42% yield
telescoped from SnAr. As a countermeasure, recovered the starting materials after the reaction
which were racemic after examining analytical chiral HPLC traces. This offered further evidence

that these reactions are largely proceeding via DKR (see Section 2.2.19 for more details).

2.12 Dynamic and Classical Kinetic Resolution Hybrid Mechanism

Broadening our substrate scope for other analogues of 3-arylquinolines would be more
desirable in Future Med. Chem. Straying away from ortho-fluorinated analogues of our 3-
arylquinolines, we next examined substrates with increased the size of the substituent adjacent to
the atropisomeric axis (i.e., increasing the atomic radii off the R2-group). We performed
atroposelective SnAr on a ortho-nitro substrate 97, ortho-cyano substrate 99, and ortho-
carbonylated substrates 101 and 107. Across this suite of compounds, there appeared to be a huge

loss in enantioselectivity for the SnAr reactions towards the resulting sulfide products. These
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observations were reminiscent of substrate 48 from the original PPY atroposelective SnAr work
(please refer to Section 2.4, Table 3) — where a loss of enantioselectivity was also observed with
the C-2 nitro-group. I wanted to investigate if there might be more to the kinetic resolution towards
atropisomers, since these substrates were just slightly larger than the ortho-fluoro groups used in
the DKR. I and my colleagues hypothesized that there was likely some competing background
reaction — where we proposed that the product PPY 49 was instable causing racemization or
enantiodegradation) occurs when using these types of functionalities that result poor observed
enantioselectivities in the final products.

Table 15. 3-arylquinoline Analogues Obtained via Hybrid Dynamic Kinetic Resolution and
Kinetic Resolution (DKR/KR Hybrid)

1009= s = 500
s=50 CHj O
90
N
= 97 (X=SPh, 80%!.,15:85 e.r.) \ CN
go] s=10 AGra 97 = 30.3 keal/mol N
98 (X=F, 63:37 e, 14%) g9 (x=5Ph, 47%, 25:75 e.r)
70 AGiy 98 = 25.4 keal/mol 100 (X=F, 42%, 65:35 e.r.)
= o5 B N N predicted convl®l = 27% predicted conv = 38%
60

CH3 O
o 50 N
= | el | | cooch,
2 N~ X

101 (X=SPh, 50%, 64:36 e.r) 103 (X=SPh, 62%, 74:26 e.r.)
102 (X=F, 47%, 54:46 e.r.) 104 (X=F, 40%, 63:37 e.r.)
predicted conv = 22% predicted conv = 35%

Legend:

10| | Il predicted conv% based on ee%
@ observed conv% based on ee%

0 10 20 30 40 50 60 70 80 90 100
conversion (conv%) 2

SNAT reactions were performed under the same conditions as reported in Equation 27. [?IReported
e.r.s above are of one trial for simplicity. Reported yields are obtained from isolated and purified
products and starting material, as an average of at least three trials. [®'To determine the theoretical
conversion, the Fiaud equation (Section 2.1.8) was used (Section 2.1.8). Please refer to Section
2.2.13 for more details about the syntheses towards these compounds in this table.
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To understand this, our strategy was to study the enantioselective SNAr towards these types
of products in the context of classical kinetic resolution (KR). It was entirely possible when this
result was found that these substrates were possibly at higher stereochemical stability. For classical
kinetic resolution, the reaction conversions for these experiments were limited to nearly 50%
conversion in order to study the enantiopurity of both the sulfide and recovered starting materials.
I designed these experiments to keep all the SnAr reaction times consistent across all substrates
within this set, which would greatly impact overall reaction conversions. This would prevent huge
invariabilities between all the SxAr reactions and provide more direct comparisons. This method
was like our previous KR approach for atroposelective SxAr towards the PPY scaffold. On one
hand, we were able to control the reaction yields towards ortho-cyano 100 and the ortho-carbonyl
substrates 102 and 104. However, the atroposelective SnAr of this ortho-nitro 98 happened much
faster than the total reaction time we allotted. Because of this discrepancy, we thought that the
product sulfide would not be as optimally enantioenriched caused by this superseding of the 50%
conversion limit in classical KR. Nonetheless I examined the resulting analytical chiral HPLC
traces of all these substrates and was shocked to find that the resulting enantioselectivities (despite
containing most of them to the optimal KR conversion) remained largely unchanged. I was even
more surprised that the recovered starting materials resulted in enantioselectivities of about 30
ee%. However, most intriguing of all were the results from the reference compound, this ortho-
nitro-group series. | had captured the final sulfide product 98 in 15:85 e.r. in 80% yield, but also
recovered the enantioenriched starting material 97 in 63:37 e.r. at 14% yield.

All these results did not align with the classical methods, and these observations obtained
were not indicative of a classical kinetic resolution reaction pathway. With the yield of 98

superseding the 50% limit yet possessing moderately higher enantioselectivities compared to the
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starting material, this especially does not align with the methods of dynamic kinetic resolution
either. To better understand what was happening, we measured the barrier of racemization for each
of these entities. We examined the post-SnAr enantioenriched mixtures of several isolated,
recovered starting materials and resulting sulfide quinolines 98 and 97. The recovered,
enantioenriched nitro-group 97 starting material had possessed a AGrac of ~ 25 kcal/mol (Table 8),
corresponding to racemization on the hour to day timescale at room temperature. Its product sulfide
98 was found to exist as a Class-3 atropisomer of AGrc ~ 30 kcal/mol. Comparing these results to
the other substrates, the ortho-cyano 100 and ortho-carbonyl 102 and 104 substrates possessed
similar barriers to racemization. For example, I calculated the AGiac for the ortho-ketone 3-
arylquinoline sulfide product 104 to be around 29 kcal/mol — which puts its preceding starting
material within the stereochemical range of the ortho-nitro 3-arylquinoline 97). All these results
show that these starting materials possess AGrac between 24.5 to 26 kcal/mol, which correlates with
how long these reactions typically take.

To understand this correlation better, we revisited the classical Fiaud and Kagan
equations’? (please refer to Section 2.1.8, Equations 7 and 8) in order to determine the predicted
conversions based on the observed enantiomeric excess (ee) of starting material and product. In
the context of a canonical kinetic resolution, both overall yield towards product and reaction
conversion should associate very closely (i.e., enantioselectivity is a direct function of the
conversion). From these equations, calculated s-factors from the enantioselectivities were a
function of the observed from the recovered, isolated starting material 98 and corresponding
sulfide product 97. The projected, predicted SnAr reaction should be around 27% conversion.
However, the observed isolated yield of 80% significantly outperforms this calculated conversion.

Using this same analysis, I calculated the expected conversions based on the observed
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enantioselectivities for products and substrates 99-104 as well. While these substrates yielded
attenuated enantioselectivities, we observed similar perturbations in isolated yield from the
expected conversions for a purely kinetic resolution process. This is perhaps represented most
clearly when plotted onto a graphic representation of product e.r. degradation depending on the
various s-factors for this transformation.

One likely conclusion is that because the starting materials may be racemizing in
accordance with the reaction time, a “nebulous” type of reaction occurs. These observations lead
to the idea that these SnAr reactions display both hallmarks of DKR and KR. As these reactions
progress, there is a significant background of DKR that can alter the enantiopurity of the innate
KR-character in the SyAr reaction. This type of reaction mechanism can be coupled with the fact
that these substrates contain electron-withdrawing groups that are also likely competing with our
catalyst-driven atroposelective SnAr reaction. A future study that I would leave the Gustafson
group to understand would be to examine alternative SnAr substrates with electron-donating

groups that fall within this dynamic range of stereochemical stability.

2.12  Atroposelective SNAr of 3-arylquinolines via Classical KR

catalyst 77
H
=
OCH
R' P s catalyst 77 ° /@
0 N
N HSPh
X
) , KeHPO, \H
N~ °F 70:30 m-xylene/hexane /&
(£)-70 1-3d, rt. HN" 0
iPr

Equation 28. Optimized reaction conditions of atroposelective SNAr towards 3-arylquinolines via
classical kinetic resolution. Enantioenriched sulfide and recovered starting materials were isolated.
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Finally, I and my colleagues evaluated stereochemically stable substrates with diverse,
larger ortho-substitutions (i.e., AGrac > 26.9 kcal/mol). Unsurprisingly, I observed classical kinetic
resolutions under our optimal SNAr conditions. Stereochemical stabilities calculated from these
starting materials ensured that there was no background racemization over the course of the
reaction. An example of this is substrate 106 (with an ortho-trifluoromethoxy group, a higher
Class-2 atropisomer), yielded sulfide 105 with a AGrc = 33 kcal/mol in 45% yield in 9:91 e.r.;
recovered 106 being isolated in 87:17 e.r in 54% yield. The SnAr reaction of this substrate
calculated to an s-factor of 21 (and importantly a 45% conversion that aligns with the product
yield). Another example is substrate 108 with an ortho-phenyl possesses a surprisingly (likely due
to steric clashing resulting in an orientational planarity) high AGrac of 29 kcal/mol and led to a KR
with a s-factor of 16 in 44% conversion under our optimal conditions. Ortho-methyl (a sp*-group
that is typically very large as a substituent) substrate 110 led to an SnAr reaction of s-factor of 4.7
and 62% conversion.

Substrate 112, with ortho-chloride, yielded a s-factor of 15, however the incorporation of
a para-methyl on the 3-aryl in substrate 114 led to a drop in s-factor to 6.9. One likely reason is
that the SNAr reaction is sensitive to a fine balance of steric and electronic factors (which matches
with previous findings of the other two substrate scopes). Substrate 116, which possesses an ortho-
trifluoromethyl group, yielded a s-factor of 27 at 28% conversion under our optimal conditions,
allowing for the isolation of compound 73 in 5:95 e.r. albeit in only 25% yield. Finally, substrate
117 resulted in a s-factor of 15. Overall, the observed level of selectivities across these substrates
suggests that enantioselective SNnAr can yield synthetically useful yields and enantioselectivities
of diverse 3-arylquinolines regardless of the size of steric hinderance imparted by the neighboring

functional groups.
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Table 16. 3-arylquinoline Analogues Obtained via Kinetic Resolution (Classical KR)

105 (X=SPh, 45%l@ 9:91 e.r.’l) 107 (X=SPh, 42%, 11:89 e.r)) 109 (X=SPh, 60%, 29:71 e.r.)

AG,,. 105 = 32.5 kcal/mol 108 (X=F, 41%, 82:18 e.r.) ‘ 110 (X=F, 21%, 83:17oe_r_)
106 (X=F, 54%, 83:17 e.r)) AG,,; 108 = 29 kcal/mol ! a s=4.7, conv = 62%
s =21 conv = 45%c s =16, conv = 44% X-ray of 107

CH, CH, ‘ Ph ‘
X X
| cRs | pn
N~ X N~ X

N™ X
111 (X=SPh, 46%, 11:89 e.r.) _ o 1o 73 (X=SPh, 25%, 5:95e.r) 116 (X=SPh, 14%, 7:93 e.r.)
112 (X=F, 30%, 83:17 e.r) 11112 (%;FSZEQZQ';%?;?})) 115 (X=F, 61%, 68:32 e.r.) 117 (X=F, 62%, 64:36 e.r)
AGrqc 113 = 30.6 kcal/mol s=69 conv=52% AG4c 116 = 31 kcal/mol § =15, conv = 22%
s =15, conv = 46% § =27, conv = 28%

Substrate scope: Kinetic resolution. Reactions were performed on 50 mg substrate. [*lIsolated
yields are reported as an average of at least two trials. P’/Exemplary e.r.s of starting material and
product are included above for one trial. )Conversions and s-factors are reported as an average of
at least 2 trials and were determined from chiral stationary phase HPLC using the Fiaud and Kagan
equations 7 and 8 (Section 2.1.8). [9X-ray crystallography still confirms that the sulfide product
was obtained as the (Ra)-atropisomer.

2.13 Post-functionalization of Atropisomeric 3-arylquinolines

From the sulfides, oxidation to the corresponding sulfones using mCPBA with minimal to
no observable racemization was trivial. Sulfones have been shown to be good leaving groups for
SnAr, thus we first evaluated whether we could leverage this activity to incorporate functionalities
that are commonly seen in pharmaceutically relevant quinolines. Taking advantage of this sulfone
as a useful synthetic handle, we performed subsequent SyAr with other nucleophiles. Firstly we
subjected enantioenriched sulfone 80 (4:96 e.r.) to our previously reported, two-step amination
procedure (Equation 29, part a), isolating enantioenriched 2-aminoquinoline 118, with minimal

racemization, in 10:90 e.r. and 64% overall yield.
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We next sought to determine if we could access enantioenriched 3-aryl-2-
hydroxyquinolones (can also be referred to as naphthyridones), which are among the most
common moieties in pharmaceutically relevant scaffolds. These types of groups are often exploited
in drug discovery for their likeness to amides due to a similar pKa of the N-H, but are more rigid
as the H-donor is locked in a stable aromatic ring. We were inspired by recent work from Patel
and Wei,'"” where they show S~Ar towards a variety 4-quinolinyl ethers can be accessed from 4-
(phenylsulfonyl)quinoline. We leveraged a similar two-step strategy, wherein the sulfone is first
subjected to SnAr using methanol and tert-butoxide at room temperature then followed by a

demethylation using BBr; to give the desired 2-quinolones (Equation 29, part b).

a. SyAr towards 2-amino-3-arquuinoline

O X
HiCO™ 7 ~0CH;
CSzCO3 / NH2

DMF (1.0 M) 118 (6 4% 10:90 er)
2) TFA, CH,Cl,

b. SNAr towards 3-arylquinolin-2-ols

80 (6:96 e.r.)

CH40H
tBUOK BBr, o
Ph DMF (0.33 M) CH,Cl, (0.1 M) o
2Cla (U. N O
N™ SOPh = ieash rt,3h H
119 (15:85 e.r) 120 (67%, 16:84 e.r.) 121 (52%, 16:84 e.r))

c. Aryl Nitro-group Reduction /l
O HN
Cc

10% Pd(C) (cat.) O
Cl)J\/\ CHjy O

H, (gas)
HATU A
DIPEA J_F
89 (R = SPh, 16:84 e.r.) DMF (0.3 M) N~ ~SPh

anhydrous
CH3OH (0.1 M)

122 (R = SO,Ph, 12:88 e.r) 123 (R = SO,Ph 124 (43%, 18:81 e.r.)

65%, 11.5:88.5 e.r.)

Equation 29. Post-translational modifications with enantioenriched products. Refer to Sections
2.2.14 to 2.2.17 for more details regarding the above syntheses.
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One consideration before I attempted this reaction was to be mindful that the methoxy-
substituted quinolines (or 2-quinolones as well) are much smaller in size compared to the 2-sulfide
or the 2-amino substitutions. Because of this, we expected a net loss in the overall stereochemical
stability which would then find these products racemized within minutes. Sulfone 80 was used as
a control test, and we found complete enantiodegredation of its final 2-quinolone'?’ since the
enantiopurity was very close to 0 ee%. Stereochemically stable substrates from the scope within
the classical kinetic resolution were the most optimal to use for this type of post-functionalization
strategy. Choosing sulfide 107, we oxidized this to its corresponding sulfone 119 which possesses
very high Class-3 stereochemical stability and is amenable to this transformation sequence. |
synthesized its ortho-methoxy product 120 and then shortly after obtained 2-quinolone 121 with
very good yields throughout this synthesis, and no observed racemization.

Lastly, we reduced the para-nitro group of either the sulfide 89 or its oxidized
corresponding sulfone 122 using standard Pd(C)/H2 conditions. Sulfone 122 was not reduced under
these conditions. These reductions also led to no huge losses in racemization, in overall ~65%
yields. Standard peptide coupling conditions of acyl chloride or carboxylic acid, HATU, and
excess DIPEA were then pursued immediately to yield amide 124 in minimal observed
racemization. In general, the amide coupling reaction is extremely ubiquitous across medicinal
chemistry and is arguably the important transformation in drug discovery. Amide groups provide
an H-bond donor that is often exploited in medicine to target specific key residues for potency and
selectivity, but also link various functionalities that can make these scaffolds more
pharmaceutically relevant. We synthesized this buturyl-group'®® as a control to use for a chemical
probe collaboration with Professor Chris Parker’s group at TSRI San Diego (Chapter 3). Much the

same, 2-amino groups that were obtained from the SnAr of the sulfones were also susceptible for
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amide formation using these methods. This final synthetic sequence demonstrates the extensive
utility of sulfide products for other common functionalities in drug discovery, with minimal

racemization and good yields.

2.14 Proposed Transition State Model of the SNAr of 3-arylquinolines

This SnAr project was being concluded yet unfortunately in February 2020 there was a
global shutdown due to the extreme devastations caused by the COVID-19 pandemic. I had been
finishing final experiments which required resyntheses and trituration of enantioenriched materials
starting from the atroposelective SnAr. This was important since a lot of this material was used
frequently for optimizing our post-functionalization chemistries (Section 2.13). With this minimal
access and time to our research lab as well as limited resources, we were unable to pursue more
experiments and discussion in our final publication of this work. Many of these experiments
included mechanistic studies that I and my colleagues investigated into understanding our catalytic
atroposelective SNAr. Many of these studies in this section were towards understanding how the
catalyst 77 was found to be the most optimal. We proposed many experiments to provide insight
on how our optimal catalyst outcompeted the entire suite of other catalysts tested from the

beginning of this entire project.

2.2.3 Preliminary Results from NMR Experiments to Study Catalyst-Substrate Complex
Based on our data from the catalyst screening, potential H-bonding interactions between
our optimal urea-containing catalyst and the 2-fluorinated quinoline 72 would likely be the key

driver of enantioselectivity in SnAr. We previously hypothesized that the transition-state
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mechanistic model on findings from the primary literature would lead to a potentially stronger H-
bonding network and bring the thiophenol closer to the site of activated SNAr in a stereospecific
manner (see Section 2.2.1 for an explanation of many catalysts). This engagement then would
result in enantioenriched sulfide product, favoring the reactive atropisomer that participated in the
H-bonding network through a potentially unique N-H and H-F bonding interaction. To determine
more empirically if the urea -NH chiral catalyst can engage in an H-bonding network with our
quinoline substrate through this -N and -F bidentate interaction, we ran several preliminary '°F
NMR!®-1! and TH-1SN HSQC experiments each examining the quinoline starting material in the
presence or absence of the urea catalyst.

We felt that NMR experiments would be the most visually accessible since a chemical shift
(in ppm) in these nuclei NMR experiments suggested a change due to catalyst engagement with
the starting material. These studies would require further in-depth analysis through follow-up
NMR runs. Given more time, we would have liked to run variable time-dependent NMR
experiments to study the emerging NMR shifts after addition of the catalyst. Also, each of these
NMR experiments were taken with only one trial, so these experiments should be repeated to
solidify any interesting findings. Following this point, these NMR experiments were performed in
deuterated toluene (i.e., not a feasible timeline to access “30:70 deuterated n-hexane in deuterated
m-xylenes”) which while comparable in the optimization of the reaction conditions was not the
optimal solvent system we pursued in the totality of the of the atroposelective SNAr strategy of
these fluorinated quinolines. Finally, it was difficult to access proper NMR processing software
given the short time, so we were only able to provide scans of the spectra due to limited resources.
For all these reasons, these mechanistic NMR experiments are not included in the final delivery of

this manuscript. These experiments are exclusively in this dissertation to springboard and inspire
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future exploration for the Gustafson research group in other projects that may include these

catalysts.

- @ O

g
-61.01 ppm
s

With catalyst 77, Substrate 72

MMC_09_006, "Bound Substrate"
Internal Standard: TFA (20 plL)
Solvent: toluene, d- (1.0 mL)

No catalyst 77, Substrate 72
(control)

MMC_09_006, "Unbound Substrate"
Internal Standard: TFA (20 ulL)
. Solvent: toluene, d- (1.0 mL)

Figure 24. '°F NMR Singleton Experiments to Study Catalyst-Starting Material Complex

We conducted these rudimentary '°F NMR experiments!!!!'? since at the time these were
the most straightforward and accessible given our then resources. TFA was selected to be the
internal standard for these studies since its chemical shift does not overlap with our 2-
flouroquinoline substrate. However, if we were to include TFA into the NMR tube ‘as is,” it would
likely react with the catalyst which could alter the '’F NMR substrate-catalyst interaction. In
addition, TFA is quite volatile at room temperatures so the concentration and consistency across
the experiment would be too variable. To circumvent this, we prepared a 20 uLL TFA sealed glass

ampoule that could then be equipped to the sample (i.e., slowly, and carefully lowering the
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ampoule inside the NMR tube). After taking the 'F NMR (standard experiment, 4 scans), we
assigned the quinoline’s C-2 fluorine to engage in SNAr (Figure 24, highlighted in green) possessed
a shift of -60.96 ppm. To this NMR tube was then added catalyst 77 in the matching stoichiometry
to what we typically run our SNAr at (i.e., catalyst loading of 20 mol%). After retaking '°F NMR
after 16 hours, I observed a 0.05 ppm '’F NMR shift more downfield. Looking at this data, we
have not observed a drastic change in this '’F NMR. In addition, this value is within the error of
the probe during the recording of these experiments. These experiments were a bit inconclusive,
so future experiments that were described will only help to better solidify our new learnings. It is
likely that choosing another starting material that is faster and more reactive would see these shifts

more obviously. Unfortunately, no pursuits cannot be recorded at this time.

Catalyst 77 only, no substrate 72 (control)

Figure 25. '"H-1N HSQC Singleton Experiments to Study Catalyst-Starting Material Complex
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Single nuclei '"’N NMR experiments for the starting material as the to probe a potential for
a H-bonding interaction through the fluoride could theoretically be possible using this approach.
However, these experiments were not convincing as standalone; further NMR studies would have
offered a fresher perspective in understanding this catalyst-substrate complex. We performed
preliminary 'H-'>N HSQC to examine the urea from the catalyst when in the presence and or
absence of starting material 72. In theory, if these two -NH from the urea were engaging in what
we believe is H-bonding (i.e., effects of the electric field from the substrate engaging with the
catalyst) we might see shifts in the 2-D spectra. To carry out this experiment, 16.2 mg of the
catalyst to deuterated toluene was performed to dissolution. More loading of the catalyst was
necessary since '°N is the rarest isotope and would require more sample and longer scans. Then,
internal standard nitromethane was prepared in a glass ampoule and equipped in the sample NMR

tube (i.e., for similar reasons to the case of '’F NMR experiments).

Catalyst 77, Substrate 72 Interaction

Figure 26. "H-'’N HSQC Singleton Experiments to Study Catalyst-Starting Material Complex
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After recording the 2-D NMR at this stage, I added substrate 74 to this NMR sample
ensuring dissolution, and then performed this analysis again. After studying the 'H-'>'N HSQC,
once again I found the spectral data had minor NMR shifts. One of the signals at around ['H & 6.25
ppm, *N § -87.30 ppm] had shifted more downfield ['H & 0.07 ppm, 'H & 0.46 ppm]. The other
signal (corresponding to the other urea -NH) appeared around ['H & 4.98 ppm, ’N§ -77.08 ppm],
but showed a much more subtle differential of ['H & 0.04 ppm, >N & 0.04 ppm] more downfield
after the addition of the substrate. This subtle difference in the HSQC also pairs with the
measurement of the minimal '°’F NMR shift. To strengthen these findings more experiments that
were earlier proposed would need to be performed before using this observation as a solid basis of
understanding the catalyst-substrate complex.

There has been many new NMR experiments that continue to be developed, redeveloped,
and implemented into many areas of research. One may also envision some of these new
experiments being useful to study our catalyst-substrate interaction. For example, the most recent
prevalence of fluorination throughout medicinal chemistry has warranted new methods for '°F
NMR based 2-D experiments. '°F is quite an attractive NMR-active nuclide as it is 100% natural
abundance with high detection efficiency (i.e., less time to run experiments), and typically has
fidelity due to low spectral overlap. For example, 2-D NMR experiments such as '°’F NOESY or
"H-"F HOESY are quite popular for structural elucidation of pharmaceuticals containing fluorine.
Both (i.e., Overhauser Effect) are highly sensitive NMR experiments for studying “through-space”
effects (i.e., long distances), it might be possible to observe changes if detection for the catalyst H
and substrate C2-F is observed.

Other potential experiments could be 2-D NMR experiments such as '*C-"F

HSQC/HMBC (i.e., “through-bond,” 1-2 bond distance detection limit) — becoming increasingly
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popular studies which may aid in seeing any differences made to the C2-site where SnAr takes
place (i.e., where the catalyst engages with C2-fluoride can affect the C-F bond). In all cases,
everything that was previously discussed can aid in our understanding of our SnAr using empirical
data. Especially when paired with powerful computational tools like Gaussian, all the empirical
findings from the NMR experiments would be quite helpful to solidify our understanding of the

catalyst-substrate complex.

2.2.4 Molecular Docking Tools to Visualize Atropisomeric Preference

Gaussian or newer computation tools today would likely be more quantitative and precise,
and in addition SnAr reactions study transition states (which require higher-order, longer
computation experiments). In addition, higher-order computation tools are necessary to properly
align “through-space” and provide a 3-D model of how the catalyst and substrate orient themselves
in respect to each other present in the experiment. For example, computational software considers
calculations from geometry or electronics. From our X-ray crystallography, we learned that our
major product was the (Ra)-atropisomer and then minor enantiomer in the mixture was the (Sa)-
atropisomer. Gaussian calculations using our (R,)-atropisomer in the presence of the catalyst were
attempted, but unfortunately were not able to get solutions due to a low processing power from the
CPU. Unfortunately, because of all these situations I and my colleagues decided to deprioritize our
efforts in working on any of these mechanistic studies altogether.

We turned our attention to using other approaches to examine our transition state in 3-D.
At the time of finalizing this project, my other colleagues from our research group were using other
molecular docking software in their other studies. At the time of my reporting, MOE (i.e.,
Molecular Operating Environment) was used heavily by the members of the Gustafson group to

model their atropisomeric products in 3-D space. For example, this molecular docking software is
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very helpful and is used by many research institutions and industries to visualize these structures
in space. Our group was primarily using MOE for SBDD towards a more suitable PPY-analogue

for the RET-inhibiting kinase project.

Proposed Model Transition State (Unfavored)

steric crowding

still found in this structure
between the isopropyl

and the R2-group

(R)-atropisomer is still optimized (S)-atropisomer is not preferred
from no steric-clashing

Figure 27. Unfavored interactions between starting material 3-arylquinoline 72 interaction with
catalyst 77 obtained from minimization of MOE. The proposed model is represented in a 2-D and
3-D structure.

I was inspired by a postdoctoral student in our group at this time in the project, Dr. Sagar
Vaidya, who suggested using MOE to model the catalyst and substrate transition-state “in-space,”
then allow MOE to run minimization energy calculations. In doing this, the MOE prediction should
reflect how each catalyst-substrate complex is with some degree of confidence. Running these

calculations could also provide an estimation for the preference of our SnAr reaction to proceed

via the (Ra)-atropisomer over the (Sa)-atropisomer. To see higher degrees of confidence in this
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MOE approach, one would have to run multiple minimization experiments for all the compounds
used in our three different substrate scopes. Due to limited resources and time, this would not be

feasible. I then focused our efforts on prediction using starting material 72.

Proposed Model Transition State (Favored) steric crowding

from the vinyl-group of the

N-H and F-H bonding bicylic ring and the

interactions initiates CHs S-atropisomeric conformation ~ GHs
catalyst-substrate 6] of the starting material 0
interaction >| >|
.N O

ionic interaction
orients "SPh for
S NAF

=
(R)-atropisomer is preferred (S)-atropisomer is not preferred

Figure 28. Favored interactions between starting material 3-arylquinoline 72 interaction with
catalyst 77 obtained from minimization of MOE. The proposed model is represented in a 2-D and
3-D structure.

From the start of our project, we have always presumed that the catalyst-substrate
interaction is where the -NHR group (e.g., isopropyl) of the epi-quinine urea catalyst is orientated
to “push the C3-aryl out of plane” giving us the (R.)-atropisomer due to steric-clashing (see Section
2.2.1, Figure 23). Several calculations supported two-working models where one is likely more
viable. A more favored catalyst-substrate prediction was found to be the opposite orientation. In

this model, MOE minimization found that the quinuclidine of the catalyst biases the (R.)-

atropisomer over the (Sa)-atropisomer due to steric crowding. This also better optimizes the H-
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bonding network, and this MOE 3-D prediction finds that the catalytic-directed thiophenol is closer
in this orientation to facilitate the atropisomeric SnAr. I also think this can potentially explain our
relatively flat enantioselectivity trends from our earliest catalyst screens. Especially when looking
at other more branched R-groups, enantioselectivity was very conserved across different R-group
changes (e.g., even for larger R-groups like isobutyl and adamantyl). Future experiments to test
this hypothesis would be to explore catalysts that monitor that quinuclidine (e.g., changing the

vinyl-substitution, changing the core quinuclidine into other groups, etc.).

2.15 Conclusion

Overall, this work provides access to enantioenriched 3-aryl quinolines in synthetically
useful yields and enantiopurities, with the sulfide products transformable to pharmaceutically
relevant pharmacophores with little racemization in most cases. As these and related heterocyclic
motifs are ‘pharmaceutically privileged’, this work can have numerous applications towards

biologically active atropisomeric heterocycles.
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2.15 Experimental Section

This section is a reformatting of the Supporting Information from the original manuscript.
Compound numbering is bolded to represent the preparation of that substrate. In other cases, the
numbering format is not bolded.

'H, 13C, and "’F NMR spectra are recorded from Varian VNMRS 400 MHz, Varian Inova
500 MHz and Bruker VNMRS 400 MHz at room temperature. All chemical shifts are reported in
parts per million (8) and were internally referenced to residual protio solvents (otherwise noted).
All spectral data were reported as follows: chemical shift (multiplicity [singlet (s), doublet (d),
triplet (t), quartet (q), quintet (p), and multiplet (m)], coupling constants [Hz], integration). 13C
NMR spectra were recorded with complete 'H and '°F decoupling. Some fluorine spectra are
recorded with internal fluorine standards (i.e. trifluoroacetic acid, trifluorotoluene). Conventional
mass spectra are obtained using Advion expressions CMS APCI/ASAP and HRMS were taken on
Agilent 6530 Accurate Mass QTOF ESI. Enantiomeric ratios (er or e.r.) are determined from
analytical HPLC on chiral stationary phase. Comparison with the appropriate racemic mixtures of
each substrate allowed us to confirm the HPLC spectra. In some cases, we have trace amounts of
solvents such as CH»Cl,, CHCls, and/or toluene.

All ‘Racemization Kinetics’ studies (also referred to as ‘Barrier to Rotation’) were
conducted via a time-dependent study of e.r. degradation at an indicated temperature. All data is
acquired from an HP Agilent 1100 HPLC using Chiral Technologies Inc. Daicel Group Chiralpak
IA, 1B, and IC Normal Phase chiral columns (otherwise noted).

For all cross-coupling reactions (i.e. Suzuki-Miyaura coupling, Buchwald coupling, etc.)
to obtain 3-aryl quinoline intermediates: 1,4-dioxane and deionized, distilled H>O are rigorously

degassed under nitrogen flushing 30 minutes prior to use. See Section 2.15 for more details. For
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Hartwig’s fluorination to obtain the 2-fluorinated quinolines: all reactions are conducted under
inert, anhydrous conditions using a nitrogen-filled glovebox. Anhydrous and degassed acetonitrile
(MeCN) is stored over molecular sieves in the nitrogen-filled glovebox. All reactions were
conducted in a 21 mL dram vial fitted with a Teflon-lined screw cap, along with parafilm coating
of the reaction apparatus. After the addition of the reagents and solvent (the reaction was sealed
appropriately), the reactions could be taken out of the glovebox to stir outside in ambient
conditions (please refer to Section 2.2.12 for more details). For the SxAr of 2-fluoro-3-aryl
quinoline substrates 70, our chiral Cinchona alkaloid catalysts were synthesized from readily
purchased chemicals. See section “2.2.6. Synthesis of Catalysts” for more details. Solvents were
dried over molecular sieves prior to addition into the reaction (please refer to Sections 2.15, 2.2.13
for more details on the syntheses of these compounds).

All other chemicals were purchased from Sigma Aldrich, TCI, Frontier Scientific, Acros
Organics, Strem, Oakwood, Cambridge Isotope Laboratories, or Fisher Scientific and were used
as received without further purification. All flash column chromatography (FCC) is performed
using Grade 60 Silica gel (230-400 mesh) from Fisher Scientific. All preparatory plates are
performed using Grade 60 Silica gel with fluorescent indicator F254 thin-layer chromatography
(TLC) plates. In many cases, these materials were the source of grease seen in reported 1H-NMR

spectra o (ppm) = ~1.2 (s), ~0.5 (s).

2.2.5 Helpful Tips and Tricks

1. We found that K-HPOs is universally the most effective base for the SnAr of anionic HSPh
based on highest determined product e.r. in DKR, or highest s in KR. However, NaxCO3

and KHCOj3 also provide comparable isolated yields and enantioselectivities.
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2. We found that a 0.1 M solvent mixture of 70% m-xylene and 30% hexane is universally
the most effective for the SnAr of anionic HSPh by the determined product e.r. in DKR, or
highest s in KR. Additionally this solvent also provided the most consistent yields.
However, 70:30 CCls/hexanes or 70:30 PhMe/hexanes also provide comparable isolated
yields and enantioselectivities.

3. Our developed reaction ratio is 1:2 HSPh to KoHPOs, as we found that significantly more
non-nucleophilic base is necessary to acquire comparable yields. Our optimized reaction

conditions are 10.0 equiv of thiophenol and 20.0 equiv of KoHPO4.

2.2.6 Synthesis of Catalysts

Quinine (CA1) is purchased from vendors supported by Fisher Scientific (i.e. Alfa Aesar,
Acros Organics, 99%) and used as is. Catalyst 75 was synthesized from CA1 according to the
general procedure outlined from Armstrong and coworkers.!!! This catalyst was most optimal in
our earlier report of an atroposelective SnAr of thiophenol towards 3-aryl PPYs.!?) Note that this
catalyst is also purchasable and can be used as is (i.e. Sigma Aldrich).

epi-Aminoquinine (CA3) was synthesized from CAl according to a general protocol
reported by Cassani and coworkers.®] Catalysts 76 and 75 were synthesized and purified according
to general protocols reported from Dinh and coworkers.[*! Catalyst CA6 was synthesized and
purified according to the general procedure reported from Bassas and coworkers.®! Catalyst CA25
was synthesized and purified according to the general procedure reported from Bella and
coworkers.[%] Catalyst CA26 was synthesized and purified according to the general procedure

reported from Oh and coworkers.!”!
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All spectral data of the described catalysts above agree with their reports. Please see
‘section 2.2.6. Reaction Development: Catalyst Index’ for the completed list as well as the
optimization of these catalysts towards the atroposelective SnAr of thiophenol towards sulfide
product 74.

epi-Aminoquinine (CA3) was placed in a 21 mL dram vial equipped with a stir bar, and
then dissolved into 0.5 to 0.8 M anhydrous THF. The isocyanate was then added, and the reaction
is left to stir at r.t. overnight. The resulting reaction was then concentrated in vacuo and purified
via FCC eluting with CH>Cl2/MeOH (100:0 to 80:20). Catalysts were obtained in 60-80% average
isolated yields. Note: We report catalysts that we included in the manuscript with corresponding
characterization (along selected additional examples) that were synthesized using this described

method. Other catalysts were obtained through other synthetic methods.

= H
QCHs R-N=C=X
H_£N (where X =0, S)

T 0.5 M THF

N

CA3
Equation 30. (Prep 1.) Synthesis of Cinchona Alkaloid-Based Quinine Catalysts via Isocyanates

and Isothiocyanates

1-isopropyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-

H yDmethyl)urea, 77
OCH, /B\;
N To CA3 (1.40 g, 3.09 mmol, 1.0 equiv) was added 4.0 mL of anhydrous THF

NH
HN/g

I
iPr

and isopropyl isocyanate (478 pL, 4.87 mmol, 1.5 equiv). The reaction (with
0]
workup and purification) was followed according to the general procedure

described above to yield 77 as a light beige solid (1.5 g, 85%). This catalyst was the most optimal.

See section “2.2.7. Reaction Development” for more details.
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'"H NMR (400 MHz, CDCl3) & (ppm) = 8.72 (d, J = 4.6 Hz, 1H), 8.00 (d, /= 9.2 Hz, 1H), 7.72 (d,
J=2.7Hz, 1H), 7.37 (dd, J=9.3, 3.4 Hz, 2H), 5.97 (s, 1H), 5.68 (ddd, /= 17.4, 10.0, 7.3 Hz, 1H),
5.27 (s, 1H), 4.99 (d, J= 5.8 Hz, 1H), 4.96 (d, /= 1.1 Hz, 1H), 4.64 (d, J= 7.7 Hz, 1H), 3.97 (s,
3H), 3.75 (dq, J=13.0, 6.5 Hz, 1H), 3.23 (dd, /= 13.8, 10.2 Hz, 3H), 2.79 — 2.69 (m, 2H), 2.36 —
2.28 (m, 1H), 1.73 — 1.58 (m, 3H), 1.50 — 1.40 (m, 1H), 1.03 (dd, /= 10.9, 6.5 Hz, 6H).

13C NMR (101 MHz, CDCl3) § (ppm) = 158.01, 157.49, 147.70, 144.91, 140.49, 131.83, 121.86,
115.27,101.97, 55.86, 55.64, 42.35, 41.06, 39.09, 27.35, 25.90, 23.51, 23.41.

MS (APCI) = 409.5 calculated [M]" for C24H3:N40>; experimental 409.0.

HRMS (ESI) = 409.2604 calculated [M]" found 409.2616 for C24H3:N405.

1-isobutyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-
yDmethyl)urea, CA10,
OCH /@ To CA3 (65 mg, 0.201 mmol, 1.0 equiv) was added 2.0 mL of anhydrous THF
3
N

and sec-butyl isocyanate (35 uL, 0.301 mmol, 1.5 equiv). The reaction (with

=
| NH workup and purification) was followed according to the general procedure
AN =N
iBu described above to yield CA10 as a yellow amorphous solid (69.5 mg, 82%).

H NMR (400 MHz, CDCls) & (ppm) = 8.73 (d, J = 4.6 Hz, 1H), 8.02 (dd, J= 9.2, 0.8 Hz, 1H),
7.74 (d, J=2.7 Hz, 1H), 7.42 — 7.35 (m, 2H), 6.22 (d, J = 16.0 Hz, 1H), 5.70 (ddd, J= 17.3, 10.1,
7.1 Hz, 1H), 5.36 (s, 1H), 5.06 (d, J= 5.7 Hz, 1H), 5.02 (d, J= 1.2 Hz, 1H), 4.67 (dd, J=7.9, 3.9
Hz, 1H), 3.98 (d, J = 2.0 Hz, 3H), 3.63 — 3.55 (m, 1H), 3.35 (dd, J = 13.8, 10.2 Hz, 3H), 3.03 (s,
2H), 2.92 — 2.82 (m, 2H), 2.47 — 2.40 (m, 1H), 1.79 (s, 3H), 1.57 — 1.50 (m, 1H), 1.35 (dtd, J =
11.2, 6.8, 4.2 Hz, 2H), 1.02 (dd, J = 17.6, 6.6 Hz, 4H), 0.80 (dt, J= 12.4, 7.4 Hz, 3H).

MS (APCI) = 423.6 calculated [M]" for C25sH34N4O>; experimental 423.7.
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1-(3BR,5R,7R)-adamantan-1-yl)-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-
vinylquinuclidin-2-yl)methyl)urea, CA11
OCH, @ To CA3 (50 mg, 0.155 mmol, 1.0 equiv) was added 1.6 mL of anhydrous THF
N and adamantyl isocyanate (33 mg, 0.186 mmol, 1.2 equiv). The reaction (with

=
| /’t workup and purification) was followed according to the general procedure

¢}
described above to yield CA11 as a yellow solid (66 mg, 85%).

The spectral data obtained for this catalyst are in agreeance with Greenaway

and coworkers’ report. !

1-(3,5-bis(trifluoromethyl)phenyl)-3-((5)-(6-methoxyquinolin-4-yl)((18,25,4S5,5R)-5-
vinylquinuclidin-2-yl)methyl)urea, CA13
OCH /% To CA3 (27 mg, 0.083 mmol, 1.0 equiv) was added 0.8 mL of anhydrous DCM
3
N

and 1-isocyanato-3,5-bis(trifluoromethyl)benzene (21 mg, 0.083 mmol, 1.0

=
| NH equiv). The reaction was then stirred at room temperature overnight. The
Na i N
reaction (with workup and purification) was followed according to the general
FsC CF; procedure described above to yield CA13 as a light beige foam (18 mg, 37%).

The spectral data obtained for this catalyst agrees with Greenaway and coworkers’ report. !
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1-ethyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea,
CAl6
OCH /@ To CA3 (511 mg, 1.58 mmol, 1.0 equiv) was added 3.2 mL of anhydrous THF
3
N

and ethyl isocyanate (188 pL, 2.37 mmol, 1.5 equiv). The reaction (with
= | NH
NSNS0

Et afford, CA16 as a light beige foam (367.7 mg, 59%).

workup and purification) was followed according to the general procedure to

H NMR (400 MHz, CDCl3) & (ppm) = 8.70 (d, J= 4.6 Hz, 1H), 7.99 (d, J=9.2 Hz, 1H), 7.73 (d,
J=2.7Hz, 1H), 7.37 — 7.34 (m, 2H), 5.95 (s, 1H), 5.73 — 5.65 (m, 1H), 5.27 (s, 1H), 4.98 — 4.96
(m, 1H), 4.93 (s, 1H), 4.78 (t, J = 5.4 Hz, 1H), 4.47 (s, 1H), 3.96 (s, 3H), 3.26 (s, 1 H), 3.20 — 3.14
(m, 1H), 3.08 (dd, J = 7.2, 5.6 Hz, 2H), 2.73 — 2.62 (m, 2H), 2.56 (s, 2H), 2.31 — 2.25 (m, 1H),
1.65 (t, J=3.1 Hz, 1H), 1.61 (dd, J = 6.3, 3.0 Hz, 1H), 1.44 — 1.37 (m, 1H), 0.99 (t, J= 7.2 Hz,
3H), 0.92 (dd, J = 13.9, 6.6 Hz, 1H).

13C NMR (101 MHz, CDCls) § (ppm) = 158.22, 157.96, 147.62, 144.85, 140.94, 131.73, 128.50,
121.84, 114.95, 102.08, 55.82, 41.03, 39.31, 35.32, 27.66, 27.39, 26.14, 15.47.

MS (APCI) = 395.5 calculated [M]" for C23H30N4O2; experimental 394.1.

1-allyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea,
CA18
ocn = To CA3 (1.2 g, 3.726 mmol, 1.0 equiv) was added 5.0 mL of anhydrous THF
o

and allyl isocyanate (0.5 mL, 5.59 mmol, 1.5 equiv). The reaction (with

N/ | /'K' workup and purification) was followed according to the general procedure to
S"HNT 0

v afford CA18 as a light beige foam (554.2 mg, 37%).
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H NMR (400 MHz, CDCl3) & (ppm) = 8.70 (d, J= 4.6 Hz, 1H), 7.99 (d, J=9.2 Hz, 1H), 7.71 (d,
J=2.7Hz, 1H), 7.37 - 7.34 (m, 2H), 6.16 (s, 1H), 5.77 — 5.63 (m, 2H), 5.28 (s, 1 H), 5.12 (s, 1H),
5.07 — 4.93 (m, 4H), 3.95 (s, 3H), 3.66 (t, J = 5.6 Hz, 2H), 3.25 (s, 1H), 3.14 (dd, J = 13.7, 10.2
Hz, 2H), 2.95 (s, 1H), 2.71 — 2.61 (m, 2H), 2.28 (d, J = 4.0 Hz, 1H), 1.68 — 1.65 (m, 1H), 1.61 (dd,
J=6.2,3.1 Hz, 1H), 1.47 — 1.39 (m, 1H), 0.93 (dd, J= 13.4, 6.6 Hz, 1H).

13C NMR (101 MHz, CDCls) § (ppm) = 158.15, 157.97, 147.64, 144.87, 140.78, 135.37, 131.77,
128.44, 121.86, 115.55, 115.05, 102.02, 55.83, 55.70, 42.99, 41.03, 39.21, 27.54, 27.35, 26.09.

MS (APCI) = 407.5 calculated [M]" for C24H30N4O>; experimental 407.1.

1-cyclopentyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-
yDmethyl)urea, 79
OCH /@ To CA3 (530 mg, 1.64 mmol, 1.0 equiv) was added 3.3 mL of anhydrous THF
3
N

and cyclopentyl isocyanate (0.277 mL, 2.46 mmol, 1.5 equiv). The reaction
= | NH

NS~ Hin o

(with workup and purification) was followed according to the general
procedure to afford 77 as a light beige foam (306 mg, 43%).

'TH NMR (400 MHz, CDCl3) 8 (ppm) = 8.71 (d, J= 4.5 Hz, 1H), 8.00 (d, J =
9.2 Hz, 1H), 7.72 (d, J= 2.7 Hz, 1H), 7.44 — 7.31 (m, 2H), 5.91 (s, 1H), 5.72 — 5.63 (m, 1H), 5.22
(s, 1H), 4.96 (dd, J=3.0, 1.1 Hz, 1H), 4.94 — 4.86 (m, 1H), 4.74 (d, /= 7.2 Hz, 1H), 3.96 (s, 3H),
3.88 (h, J= 6.5 Hz, 1H), 3.25 (dd, J=13.7, 7.0 Hz, 1H), 3.17 (dd, J=13.8, 10.2 Hz, 1H), 3.14 —
3.05 (m, 1H), 2.77 - 2.60 (m, 3H), 2.27 (q, J=7.5, 6.7 Hz, 1H), 1.90 — 1.77 (m, 2H), 1.61 (dddd,
J=219, 125, 6.4, 3.4 Hz, 3H), 1.49 (dt, J = 8.6, 4.3 Hz, 3H), 1.40 (dd, J = 12.7, 11.0 Hz, 1H),

1.22 (dp, J = 12.0, 5.9 Hz, 2H), 0.92 (dd, J = 13.9, 6.5 Hz, 1H).
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13C NMR (101 MHz, CDCl3) 8 (ppm) = 157.97, 147.66, 144.89, 140.98, 131.79, 128.47, 121.81,
114.92, 102.02, 55.82, 52.19, 41.02, 39.36, 33.69, 33.53, 27.69, 27.41, 26.13, 23.67.

MS (APCI) = 435.6 calculated [M]" for C26H34N4O2; experimental 435.1.

1-cyclobutyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-
yl)methyl), CA21
oCH /@ To CA3 (222 mg, 0.684 mmol, 1.0 equiv) was added 2.5 mL of anhydrous
3
N

THF and cyclobutyl isocyanate (0.1 mL, 1.0 mmol, 1.5 equiv). The reaction

=
N | /’K‘ (with workup and purification) was followed according to the general
STHNT0

procedure to afford CA21 as a light beige foam (130 mg, 45%).

'TH NMR (400 MHz, CDCl3) 8 (ppm) = 8.71 (d, J= 4.6 Hz, 1H), 7.99 (d, J =
9.2 Hz, 1H), 7.70 (d, J = 2.7 Hz, 1H), 7.47 — 7.28 (m, 2H), 6.19 (d, J=4.7 Hz, 1H), 5.68 (ddd, J
=17.4,10.1, 7.2 Hz, 1H), 5.30 (s, 1H), 5.21 (d, J= 7.6 Hz, 1H), 5.01 (d, /= 5.4 Hz, 1H), 4.97 (d,
J=1.1 Hz, 1H), 4.07 (q, J = 7.9 Hz, 1H), 3.96 (s, 3H), 3.42 — 3.24 (m, 2H), 3.19 (dd, J = 13.7,
10.2 Hz, 2H), 2.84 — 2.64 (m, 2H), 2.38 — 2.29 (m, 1H), 2.28 — 2.09 (m, 2H), 1.81 — 1.53 (m, 6H),
1.52 - 1.43 (m, 1H), 1.01 — 0.88 (m, 1H).
13C NMR (101 MHz, CDCls) 8 (ppm) = 158.06, 157.14, 147.69, 144.89, 140.10, 131.81, 128.37,
121.91,115.51,102.00, 55.88, 55.45,45.78,41.10, 38.84, 31.68, 31.50,27.28,27.07, 25.78, 15.96.

MS (APCI) = 421.6 calculated [M]" for C25sH3,N40>; experimental 420.9.
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1-((S)-(6-methoxyquinolin-4-yI)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)-3-((S)-1-

phenylethyl)urea, CA24

OCH @ To CA3 (385 mg, 1.19 mmol, 1.0 equiv) was added 2.38 mL of anhydrous
3
N THF and (R)-(+)-alpha-methylbenzyl isocyanate (0.25 mL, 1.78 mmol, 1.5
=

| /I\i-l equiv). The reaction (with workup and purification) was followed according

NSHN SN0
Ph)\CH to the general procedure to afford CA24 as a light beige solid (193 mg, 35%).

3

H NMR (400 MHz, CDCls) § (ppm) = 8.67 (d, J = 4.4 Hz, 1H), 8.00 (d, J=9.2 Hz, 1H), 7.69 (s,
1H), 7.37 (dd, J=9.2, 2.6 Hz, 1H), 7.34 — 7.27 (m, 4H), 7.24 (s, 1H), 7.20 — 7.15 (m, 1H), 6.82
(s, 1H), 5.92 (s, 1H), 5.70 (dd, J = 19.6, 6.9 Hz, 1H), 5.54 (s, 1H), 5.12 (s, 1H), 5.08 (d, J = 4.9
Hz, 1H), 4.77 (p, J = 7.1 Hz, 1H), 4.29 (s, 2H), 3.96 (s, 3H), 3.84 (s, 1H), 3.56 — 3.48 (m, 1H),
3.40 —3.31 (m, 1H), 3.13 (s, 1H), 2.82 — 2.72 (m, 1H), 2.51 — 2.45 (m, 1H), 1.82 (d, J=11.1 Hz,
2H), 1.76 (d, J = 14.8 Hz, 1H), 1.64 (d, J= 15.4 Hz, 1H), 1.34 (d, J = 6.9 Hz, 3H), 1.06 (d, J =
13.9 Hz, 1H).

13C NMR (101 MHz, CDCls) § (ppm) = 158.45, 157.00, 147.73, 145.06, 144.89, 137.94, 131.88,
128.59, 126.95, 125.97, 122.24, 116.97, 101.79, 59.62, 56.11, 54.49, 50.60, 41.21, 37.52, 27.03,
25.45,24.98, 23.53.

MS (APCI) = 471.6 calculated [M]" for C290H34N4O>; experimental 470.9.
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rt,3h
= | NH, _
2
A
CA3
60°C, 18 h

Equation 31. (Prep 2.) Synthesis of Catalyst 78

To a solution of CA3 (170 mg, 0.527 mmol, 1.0 equiv) in 2.6 mL DMF was added
carbonyldiimidazole (103 mg, 0.632 mmol, 1.2 equiv) at room temperature. The reaction was
stirred for 3 hours, and then heated to 60 °C. To this reaction was added aniline (96 pL, 1.05 mmol,
2.0 equiv), and the reaction was refluxed overnight. The resulting reaction was concentrated in
vacuo, followed by purification via FCC eluting with CH2Clo/MeOH (100:0 to 80:20) to afford /-
((S)-(6-methoxyquinolin-4-yl)((18S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)-3-phenylurea, C12
(in manuscript, C5) as a yellow amorphous solid (168 mg, 72% yield). All spectral data of this

catalyst is in agreeance with Jiang and coworkers’ report.”’!

CHs catalyst
HSPh, base
N 0.1 M solvent

L
N/ F upto2.5d,rt.

()-74

Equation 32. General Reaction for Catalyst Evaluation

In each reaction, 74 (0.0979 mmol, 1.0 equiv) and catalyst (0.00979 mmol, 10 mol%) was
used unless stated otherwise. Each reaction (after the addition of the reagents listed below) was
left to stir at room temperature for up to 2.5 days. See “Section 2.2.13” for more details about the

reaction, workup, and purification.
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2.2.7 Reaction Development of Atroposelective SNAr Towards 3-arylquinolines

In this section we report the full reaction optimization for the atroposelective SnAr. The

final transformation is detailed in Section 2.2.13.

Table 17. Full Catalyst Evaluation towards Atroposelective SNAr of 3-arylquinoline

7 7 7 _ 7
OCHs OCH;, or OCHg OCH;, OCHg B o, OCHs
N N N N
Z ‘ NH Z ‘ NH Z ‘ NH
HN/g

o CF Na HNSs

)
tBu tBu tBu
CA1164:36 er., 28 ee%, 20% CA2 (15)1 55:45 er., 10 ee%, >5% CA3 32:68 er., 36 ee%, 21% CA4 (76)1 13:87 er., 74 ee%, 43% CA5 (75)1 18:82 er, 64 ee%, 23%  CAGRI51:49 er., 1 ee%, 21%

39:61 er. ¥ 22 ee%, <6.5%

OCHs / 36:64 e.r.,11 28 ee%, <7.4%
OCH,3 OCHj3 OCHj,
OCH,3 %
NH N
/g HQN HN HN
iBu HaCO
CA9 (77) 9:91 e.r., 82 ee%, 67%
CATI1 50:50 er., 0 ee%, <5%  CA8I 37:63 err., 26 ee%, 30% 10:90 er. [ 80 ee%, 91% CA106 12:88 er., 76 ee%, 51%  CA11P113:87 er., 76 ee%, 54%  CA12 (78)19 23:77 eur., 54 ee%, 31%

OCH, OCHj,

5;85@ i %fw 2y % 3L

Fc S

CA15P1 4753 er., 6 ee%, <5% CA161911:89 er, 78 ee%, 69%  CA17117:83 er, 65 ee%, 72%  CA18P! 12:88 er, 76 ee%, 58%

= =z =
OCHj, % OCHj % OCHj % OCHj, % OCH; /g OCHj %

N N N
7 NH

CA130 20:80 e.r., 60 ee%, 24% CA14D! 44:56 exr., 12 ee%, 20%

‘ NH ‘ NH NH ‘ NH = ‘ NH
N N
X HN/&O HN/&O Nshn /&o HN/&O N HN/&O X HN/&O
|
O S N e
. [l CA23"! 16:84 er, 68 ee%, 80%  CA24P! 14:86 er, 68 ee%, 64%
CAtOM (79) 11:89 . T8 €% T% o0t a8t er, 2 0%, 65% o o o O ST oat 451 er 2 00%, 23% m B
A= H OCH /@H
= = 3
(;7 s OCH;, /é Ho
N H N
/ iPr
= Z
I /IK' 00 ) NH g 2\ )Wocm
NSy o =N S 0N
tBu (R)-CA281Y1 25:75 e.r., 50 ee%, 43%
CA25! 17:83 er, 66 ee%, <20% cA26l! 83:17 er, 66 ee%, 19.7% CA271 43:57 er., 14% ee%, 43% (5)-CA28! 40:60 e.r., 20 ee%, 24%

A K,HPO4 (1.4 mmol, 14.5 equiv), 979 uL PhMe, and HSPh (0.979 mmol, 10.0 equiv) used. !
K2HPO4 (1.97 mmol, 8.0 equiv), 489.5 uL n-hexane, 489.5 uL. PhMe, and HSPh (0.196 mmol,
5.0 equiv) used. ! Catalyst (0.0197 mmol, 20 mol%) was used for this reaction. KxHPO4 (0.3136
mmol, 8.0 equiv), 489.5 uL. n-hexane, 489.5 uLL PhMe, and HSPh (0.196 mmol, 5.0 equiv) used.
4l Catalyst (0.0197 mmol, 20 mol%) was used for this reaction. K;HPO4 (0.3136 mmol, 8.0
equiv), 294 uL n-hexane, 685 uL m-Xylene, and HSPh (0.196 mmol, 5.0 equiv) used. [ KoHPO4
(1.4 mmol, 14.5 equiv), 979 pL MTBE, and HSPh (0.979 mmol, 10.0 equiv) used. [TK,HPO4
(1.4 mmol, 14.5 equiv), 979 pL iPr,O, and HSPh (0.392 mmol, 10.0 equiv) used.
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For determination of the optimal reaction catalyst, entries CA1-CA28 (in Table 17) were
evaluated and compared for highest enantiomeric ratio (e.r.) and highest determined
enantioenriched percentage (ee%). Reported ee% and e.r. are determined using HPLC analysis.
Reported yields are represented as an average of at least n = 2 trials (optimally, ~70%). For
catalyst 77, yields are reported for comparison of two conditions.

From this catalyst evaluation, we found that catalyst 77 was the most optimal and thus was

used for further reaction development.

catalyst 77 H
catalyst 77
HSPh, K,HPO, OCH5
0.1 M solvent H £N
upto25d,rt.

Equation 33. General Reaction for the Solvent Evaluation

From selecting optimal catalyst, we next screened several different solvents and co-solvent
mixtures (Equation 33). In each reaction (Table 18), substrate 74 (0.0392 mmol, 1.0 equiv) and
catalyst 77 (0.00392 mmol, 10 mol%) is used. K2HPO4 (0.588 mmol, 14.5 equiv), 392 uL solvent,
HSPh (0.392 mmol, 10 equiv) is added to each reaction. The resulting reaction was left to stir at
the ambient temperature for each trial of each entry up to 2.5 days. See “Section 2.2.13. General
SNAr Strategy to yield enantioenriched 3-aryl-2-thioquinolines (2)” for more details about the
reaction, workup, and purification.

Based on our results, we concluded that entry 31 is found to be the most optimal and was

thus used for this reaction development.
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Table 18. Solvent Evaluation

Entry Solvent 72 e.r.M 72 ee (Yo) 72 Yield (%)™
1 14:86 72 43
2 PhMe 13:87 74 37
3 CH>Cl, 23:77 54 24
4 MTBE 21:79 58 22
5 CCly 49:51 2 73
6 THF 26:74 48 36
7 EtOAc 43:57 14 15
8 iPr,O 16:84 68 41

9glb] 12:88 76 54
1004 . 10:90 80 61
115 r-Hexanes in 10:90 80 73
121 ¢ 10:90 80 74

13l 10:90 80 40

1414 11:89 78 67
150l n-Hexanes in CCly 12:88 76 76
161 13:87 74 77

17 PhCF; 26:74 48 36
180 n-Hexanes in 16:84 68 57
191l PhCF; 14:86 72 58
20 11:89 78 26

q .

g;ei Pentane in PhMe 135(‘; ;g gz
23] 8:92 84 20
24ld] 11:89 78 66
25l Pentane in CCly 11:89 78 42
261 11:89 78 89
271d] . 10:90 80 41
235 m'ﬁyﬁiges mn 10:90 80 37
200 © 10:90 80 67

30 m-Xylenes 9.5:90.5 80 79
310 . 9.5/90.5 80 41
300 n-Hexanes in m- 10:90 30 37
330 Xylenes 9:91 82 82

[a1 392 uL of a 50:50 ratio of 2 solvents is used; 196 pL solvent A and 196 pL solvent B. 1392 uL
of a 25:75 ratio of 2 solvents is used; 98 uL solvent A and 294 uL solvent B is used. [°! 392 uL of
a 75:25 ratio of 2 solvents is used; 294 pL solvent A and 98 pL solvent B is used. [41392 uL of a
10:90 ratio of 2 solvents is used; 39 pL solvent A and 353 pL solvent B is used. [ 392 uL of a
20:80 ratio of 2 solvents is used; 78 uL solvent A and 314 pL solvent B is used. [1 392 pL of a
30:70 ratio of 2 solvents is used; 118 pL solvent A and 274 uL solvent B is used. (¢! Molecular
sieves were included in the reaction, anhydrous solvent was used. " For determination of the
optimal solvent (or bisolvent ratio), entries 1-31 were evaluated and compared for highest
enantiomeric ratio (e.r.) and highest determined enantioenriched percentage (ee%). Reported ee%
and e.r. are determined using HPLC analysis and reported as an average of at least n = 3 trials.
Reported yields are represented as an average of at least n = 3 trials (optimally, ~70%). Please

refer to below general procedure.
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catalyst 77 H

lyst 77
catalyst OCH,§

HSPh, K,HPO,

O H @

X M [50:50] Hex/PhMe O X N
“

upto2.5d N F 7

temperature i | NH

Ph No A

72 Hl}l 0
iPr

Equation 34. General Reaction for the Concentration and Temperature Evaluation

We examined the effects of concentration and temperature on the SnAr, using substrate 74
and catalyst 77. The reaction was performed in a 50:50 ratio of n-hexanes and PhMe (i.e.
Hex/PhMe), unless stated otherwise (Table 19). The resulting reaction was left to stir at the
indicated temperature for each entry up to 2.5 days. From this evaluation, Entry 1 is selected as

the most optimal and was thus used for further reaction development.

Table 19. Concentration and Temperature Evaluation

Entry Temp. (°C) | Conc. (M) 72 e.r.!f] 72 ee (%) | 72 Yield (%)
1lal r.t. 0.10 10:90 80 65
20] r.t. 0.10 10:90 80 30
3lel r.t. 0.05 8:92 84 17
4ld] r.t. 0.20 12:88 76 82
5] r.t. 0.15 11:89 78 75
62 30 0.10 10:90 80 67
7t 35 0.10 11:89 78 71
8Ll 40 0.10 13:87 74 82
glal 4 0.10 10:90 80 33

[al KoHPO4 (0.31 mmol, 8.0 equiv), 392 uL. Hex/PhMe, and HSPh (0.20 mmol, 5.0 equiv) used. !
K>HPO4 (0.16 mmol, 4.0 equiv), 392 pL Hex/PhMe, HSPh (0.10 mmol, 2.5 equiv) used. [
K>HPO; (0.31 mmol, 8.0 equiv), 784 pL Hex/PhMe, and HSPh (0.10 mmol, 5.0 equiv) used. [
K>HPO4 (0.31 mmol, 8.0 equiv), 196 uL Hex/PhMe, and HSPh (0.2 mmol, 5.0 equiv) used. [
K>HPO4 (0.31 mmol, 8.0 equiv), 261 pL Hex/PhMe, and HSPh (0.2 mmol, 5.0 equiv) used. ¥ For
determination of the optimized reaction temperature and reaction concentration, entries 1-9 were
evaluated and compared for highest enantiomeric ratio (e.r.) and highest determined
enantioenriched percentage (ee%). Reported ee% and e.r. are determined using HPLC analysis and
reported as an average of at least n = 2 trials. Reported yields are represented as an average of at
least n = 2 trials (optimally, ~70%).
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catalyst 77 H

HPh base ocH,
0.1 M [50:50] Hex/PhMe H N
upto25d,rt _— | NH
N HN/&O
iPr
Equation 35. General Reaction for the Base Evaluation
Table 20. Base Evaluation
Entry Base 72 e.r.ld 72 ee%4 | 72 Yield (%)

12l K>HPO4 10:90 80 65
200! K>oHPO4 25:75 50 76
3la] K5POy4 44:56 12 <1.0
4lal K>COs 11:89 78 9.7
5lal Cs2CO3 11:89 78 13
6% Na,COs3 11:89 78 44
718l KHCO;3 12:88 76 40
glal NaHCO; 14:86 72 37
9lal NaOH 9:91 82 2.6
10! NaOH 24:77 53 47
1101 KOH 26:74 58 49
12101 LiOH 26:74 48 29

1300 CsOH n.d° n.d. ! n.d. !
1421 NEt; 28:72 44 39
158 “No base” 15:85 70 29

[a172 (0.0392 mmol, 1.0 equiv) and catalyst 77 (0.00392 mmol, 10 mol%) was used. Base (0.3136
mmol, 8.0 equiv) was then added to the reaction. 194 puL n-hexane and 194 ul. PhMe were used
as the reaction solvent. HSPh (0.196 mmol, 5.0 equiv) was then added. 172 (0.09765 mmol, 1.0
equiv) and catalyst 77 (0.01953 mmol, 20 mol%) was used. Base (1.953 mmol, 20.0 equiv) was
then added to the reaction. 488.5 puL. n-hexane and 488.5 pLL PhMe were used as the reaction
solvent. HSPh (0.9765 mmol, 10.0 equiv) was then added. “/There was no observed reaction (i.e.,
recovered starting material). [4) For determination of the optimized reaction temperature and
reaction concentration, entries 1-15 were evaluated and compared for highest enantiomeric ratio
(e.r.) and highest determined enantioenriched percentage (ee%). Reported ee% and e.r. are
determined using HPLC analysis and reported as an average of at least n = 2 trials. Reported

yields are represented as an average of at least n = 2 trials (optimally, ~70%).
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The resulting reaction was left to stir at room temperature for each entry up to 2.5 days.
See “Section 2.2.12. General SNAr Strategy to yield enantioenriched 3-aryl-2-thioquinolines (2)”
for more details about the reaction, workup, and purification. From this base evaluation, Entry 1

is selected most optimal.[!%!!]

catalyst 77 H
catalyst 77
HSPh, K,HPO, OCHj3
0.1 M [30:70 Hex/m-xylene] X H N
upto25d,rt.
P = | NH
N HN/&O
iPr

Equation 36. General Reaction for the Catalyst Load Evaluation

Table 21. Catalyst Load Evaluation

Entry | Catalyst Load (mol %) | 72 exr.f1 | 72 ee%!? | 72 Yield (%)
112l 1 9:91 82 15
2[b] 2 9:91 82 33
3lcl 5 9:91 82 49
4] 10 10:90 80 82
Slel 20 10:90 80 91

[alCatalyst 77 (0.000979 mmol, 0.01 equiv) was used. ®/Catalyst 77 (0.00196 mmol, 0.02 equiv)
was used. [ICatalyst 77 (0.0045 mmol, 0.05 equiv) was used. “ICatalyst 77 (0.00979 mmol, 0.1
equiv) was used. ICatalyst 77 (0.0196 mmol, 0.2 equiv) was used. [TFor determination of the
optimized reaction temperature and reaction concentration, entries 1-15 were evaluated and
compared for highest enantiomeric ratio (e.r.) and highest determined enantioenriched percentage
(ee%). Reported ee% and e.r. are determined using HPLC analysis and reported as an average of
at least n = 2 trials. Reported yields are represented as an average of at least n = 2 trials
(optimally, ~70%).

Results are reported as one of 2-3 trials for each entry. In each reaction, substrate 72
(0.0979 mmol, 1.0 equiv) and catalyst 77 was used (see below for each amount). K-HPO4 (1.4

mmol, 20.0 equiv) was then added to the reaction. 294 pL n-hexane and 685 plL m-xylene was
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used as the reaction solvent. HSPh (0.979 mmol, 10.0 equiv) was then added. The resulting
reaction was left to stir at room temperature for each entry up to 2.5 days. From this catalyst loading
evaluation, Entry 5 is found to be the most optimal. With these conditions at hand, we pursued

SNAr on 3-arylquinoline 70.

2.2.8 Synthesis of 3-halogenated quinoline intermediates

CHX3, NaOH 4q,

CHs  TBACI (10 mol%) CHs
©\/\g NEt;BnClI (10 mol%) o X
N 0°Ctort, 4d —
H N
X =Cl, Br

Equation 37. General Reaction for the Catalyst Load Evaluation

General Procedure: A 100-mL round bottom flask was equipped with a magnetic stir bar and
charged with 3-methylindole (1.0 equiv), tetrabutylammonium chloride (0.1 equiv),
benzyltriethylammonium chloride (0.1 equiv), and chloroform or bromoform (0.76 M). The
mixture was cooled to 0 °C, and chilled solution of NaOH (5.5 equiv) in H2O (1.67 M) was then
added in one portion. The reaction was let to stir vigorously at room temperature for four days and
quenched with saturated citric acid. The aqueous layer was extracted with dichloromethane and
the combined organic layers were washed with brine and dried over NaSO4. After filtration and
solvent evaporation, the crude was purified by flash column chromatography using n-

hexanes:EtOAc =0 2 5% to afford the title compound.

3-chloro-4-methylquinoline
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CHs The reaction, workup and purification were followed according to the general
(:{jol procedure. The reaction of 3-methylindole (5.0 g, 38.12 mmol), TBACI (1.04 g,
" 3.812 mmol) and NEt:BnClI (868.3 mg, 3.812 mmol) dissolved into 50.16 mL
CHCls, and 22.83 mL of 9 M NaOH afforded 3-chloro-4-methylquinoline!'?! as a yellowish solid
(4.37 g, 65%).
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.80 (s, 1H), 8.11 (dd, J = 8.4, 1.6 Hz, 1H), 8.01 (dt, J =
8.5,0.7 Hz, 1H), 7.71 (ddd, J= 8.3, 6.9, 1.4 Hz, 1H), 7.62 (ddd, /= 8.3, 6.9, 1.4 Hz, 1H), 2.77 (s,
3H).
13C NMR (101 MHz, CDCls) & (ppm) = 149.09, 145.36, 141.71, 129.53, 129.40, 128.50, 128.48,
127.62, 123.82, 15.14.

MS (APCI) = 178.0 calculated [M+H]" for C10HoCIN; experimental 177.5.

3-bromo-4-methylquinoline

CH, The reaction, workup and purification were followed according to the general
ijr procedure. The reaction of 3-methylindole (2.0 g, 15.25 mmol), TBACI (424 mg,

1.525 mmol) and NEt3:BnClI (347 mg, 1.525 mmol) dissolved into 20 mL CHBrs3,

and 9.1 mL of 9 M NaOH afforded 3-bromo-4-methylquinoline as a yellowish solid (1.48 g, 44%).
TH NMR (400 MHz, CDCl3) & (ppm) = 8.90 (s, 1H), 8.09 (dt, J = 8.4, 0.9 Hz, 1H), 8.05 — 8.03
(dt,J=8.5,0.8 Hz, 1H), 7.72 (ddd, /= 8.3, 6.9, 1.3 Hz, 1H), 7.60 (ddd, J= 8.3, 6.9, 1.2 Hz, 1H),
2.80 (s, 3H).
13C NMR (101 MHz, CDCl3) 8 (ppm) = 151.71, 146.31, 143.13, 130.01, 129.27, 128.94, 127.40,
123.93, 119.99, 18.20.

MS (APCI) = 222.0 calculated [M+H]" for C10HoBrN; experimental 221.6.
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2.2.9 Bromination to yield 3-bromo-4-quinolol

0
OH E‘éN—Br OH
— —— —
R’ N DMF R’ N

R' = OCH,, H

Equation 38. General Reaction for the Catalyst Load Evaluation

General Procedure: To 4-quinolol starting materials (1.0 equiv) was added N-bromosuccinimide
(NBS, 1.0 equiv) in 0.7 to 1 M DMF. The reaction was then stirred at room temperature (unless
otherwise stated) for up to 18 h. To this reaction was added ice water, and the product was

recrystallized. Vacuum filtration afforded products in quantitative yields (>90%).

3-bromoquinolin-4-ol

The reaction, workup and purification were followed according to the general

OH

| B procedure. The reaction of 4-hydroxyquinoline (10.0 g, 70.0 mmol, 1.0 equiv),
B

N NBS (11.41 g, 70.0 mmol, 1.0 equiv) and 100 mL DMF afforded 3-

bromogquinolin-4-ol as yellowish solid (quantitative). The spectral data for this compound were in

agreeance with Boudet and coworkers.!3!

3-bromo-7-methoxyquinolin-4-ol

oH The reaction (at 55 °C), workup and purification were followed according

B . ..
/@\)j/ " to the general procedure. The reaction of 4-hydroxy-7-methoxyquinoline
H,CO N~

(1.00 g, 5.71 mmol), NBS (1.22 g, 6.85 mmol, 1.2 equiv) and 5.7 mL DMF
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afforded 3-bromo-7-methoxyquinolin-4-ol as a pale white solid (quantitative). The product was

then taken to the next step (i.e., chlorination with POCI3) without any characterization.

2.2.10 Chlorination to yield 3-bromo-4-chloroquinoline

OH Cl
R’ N/ reflux, 18 h R’ N/
R' = OCHj, H

Equation 39. General Reaction for the Catalyst Load Evaluation

General Procedure: To 3-bromoquinolin-4-ol (1.0 equiv) was added 0.7 to 1 M POCI3, and then
subjected to reflux from 2 to 18 h. The resulting reaction mixture was quenched very slowly with
ice water, and then partitioned with CH2Cl>. The organic layer was extracted out and then
subsequently rinsed with saturated aqueous NaCl. The organic layer was dried over anhydrous
Na>SO4 and then concentrated in vacuo to afford the final 4-chloroquinoline intermediates for

cross couplings.

3-bromo-4-chloroquinoline
Cl 5 The reaction, workup and purification were followed according to the general
| I\F procedure. The reaction of 3-bromoquinolin-4-ol (5.0 g, 22.3 mmol, 1.0 equiv)
and 30 mL POCI3 at room temperature 3-bromo-4-chloroquinoline as a sienna-colored solid (4.25
g, 79%).
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.94 (s, 1H), 8.24 (ddd, J = 8.5, 1.4, 0.7 Hz, 1H), 8.11
(ddd,J=8.5,1.3,0.6 Hz, 1H), 7.78 (ddd, /= 8.4, 6.9, 1.4 Hz, 1H), 7.67 (ddd, J= 8.3, 6.9, 1.2 Hz,

1H).
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13C NMR (101 MHz, CDCl3) 8 (ppm) = 151.56, 146.97, 141.64, 130.38, 129.78, 128.60, 127.38,
124.41, 117.97.

MS (APCI) = 243.9 calculated [M+H]" for CoHsBrCIN; experimental 244.1.

3-bromo-4-chloro-7-methoxyquinoline

The reaction, workup and purification were followed according to the
Cl

/@l\)j/Bf general procedure. The reaction of (1.14 g, 4.49 mmol) was dissolved in 9.0
MeO Nig

mL of 1,4-dioxane, and POCI3 (4.2 mL, 44.87 mmol) was then added in one
portion. The reaction was stirred at 90 °C for 3 hours. The workup and purification were followed
according to the general procedure. 3-bromo-4-chloro-7-methoxyquinoline was obtained as a dark
red solid product (1.12 g, 92%).

TH-NMR (400 MHz, CD30D) & (ppm) = 8.82 (s, 1H), 8.12 (d, J = 9.0 Hz, 1H), 7.38 — 7.31 (m,
2H), 3.97 (s, 3H).

I3C NMR (101 MHz, CD30D) & (ppm) = 163.22, 152.94, 149.98, 142.75, 126.68, 123.52, 122.93,
116.13, 108.19, 56.37.

MS (APCI) = 272.5 calculated [M]" for C10H7BrCINO; experimental 272.4
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2.2.11 Synthesis of 3-aryl quinoline intermediates

Il? iPr
R’ N Pd(OAc),, XPhos R/p
c . Rt K3PO4
Y YRS t4dioxane H0 iPr iy
N7 O R2 B(OH),  80-95 °C, overnight XPhos
R'=Me or Cl R = cyclohexyl

R2=H,F

Equation 40. Buchwald Coupling to yield 3-aryl quinoline intermediates

General Procedure — Buchwald Coupling: To 3-chloro-4-R!-2-R?-quinoline (1.0 equiv) in a
100-mL round bottom flask equipped with magnetic stir bar, 2-R'-(3, 4 or 5)-R2-phenylboronic
acid (1.1 equiv), PdA(OAc)> (0.1 equiv), XPhos (0.2 equiv), and K3PO4 (2.0 equiv) were added. The
mixture was thoroughly purged and refilled with argon. This mixture was then dissolved in
degassed (bubbled with argon for 20 minutes) 1,4-dioxanes (0.25 M) and degassed H>O (3:1 ratio
of 1,4-dioxane/H»0), and the reaction was let to stir under reflux at 90 °C for 12-24 hours. The
reaction was quenched with deionized H>O and partitioned with EtOAc. The aqueous layer was
further extracted with EtOAc, and the combined organic layers were washed with brine and dried
over NaSOg4. After filtration and solvent evaporation, the crude was purified by flash column
chromatography using n-Hexanes:EtOAc =0 = 5% or 10% to afford the desired coupling products
in 33-97% yields. Note: some of the reactions were performed in a 20-mL scintillation vial, which
was quickly purged with argon after adding all reagents and solvent. The vial was then capped

tightly and placed on a reaction block instead of an oil bath.
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R! S Pd(PPhg3)4

4N
d\/[ + ZSR3  1,4-dioxane, H,0
N~ D R2 B(OH),  80-95°C, overnight
R'=Cl
R?=H,F

Equation 41. Suzuki Coupling to yield 3-aryl quinoline intermediates

General Procedure 2 — Buchwald Coupling: To 3-bromo-4-R!-2-R2-quinoline (1.0 equiv) in a
100-mL round bottom flask equipped with magnetic stir bar, 2-R!-(3, 4 or 5)-R?-phenylboronic
acid (1.1 equiv), Pd(PPh3)4 (0.05 equiv), and K>COs3 (2.5 equiv) were added. The mixture was
thoroughly purged and refilled with argon. This mixture was then dissolved in degassed (bubbled
with argon for 20 minutes) 1,4-dioxanes (0.3 M) and degassed H>O (3:1 ratio of 1,4-dioxane/H>0),
and the reaction was let to stir under reflux at 90 °C for 12-24 hours. The reaction was quenched
with deionized H>O and partitioned with EtOAc. The aqueous layer was further extracted with
EtOAc, and the combined organic layers were washed with brine and dried over NaSOg4. After
filtration and solvent evaporation, the crude was purified by flash column chromatography using
n-Hexanes:EtOAc = 0 = 5% or 10% to afford the desired coupling products in 42-63% yields.
Note: some of the reactions were performed in a 20-mL scintillation vial, which was quickly
purged with argon after adding all reagents and solvent. The vial was then capped tightly and

placed on a reaction block instead of an oil bath.

3-(2-fluorophenyl)-4-methylquinoline

The reaction, workup and purification were followed according to the General

CHs O

O A Procedure 1. The reaction with 3-chloro-4-methylquinoline (777 mg, 4.37
J F
N
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mmol), 2-fluorophenylboronic acid (796 mg, 5.69 mmol), Pd(OAc)2 (98 mg, 0.44 mmol), XPhos
(417 mg, 0.89 mmol), K3PO4 (1.86 g, 8.75 mmol) in 17.5 mL of degassed 1,4-dioxane and 5.8 mL
of degassed deionized H>O afforded the product as an orange oil (825 mg, 3.48 mmol, 80%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.77 (s, 1H), 8.17 (d, J= 8.4 Hz, 1H), 8.13 — 8.09 (m, 1H),
7.75 (ddd, J=8.3, 6.8, 1.3 Hz, 1H), 7.63 (ddd, J=8.3, 6.9, 1.2 Hz, 1H), 7.48 -7.42 (m, 1H), 7.35
(td, J=7.4,2.0 Hz, 1H), 7.29 (td, /= 7.4, 1.1 Hz, 1H), 7.22 (ddd, J=9.5, 8.2, 1.1 Hz, 1H), 2.60
(d, J=1.7 Hz, 3H).

13C NMR (101 MHz, CDCls) 8 (ppm) = 160.01 (d, J = 247.0 Hz), 151.06, 146.97, 142.76, 131.88
(d,J=3.2 Hz), 130.05 (d, /= 8.0 Hz), 129.78, 129.33, 128.41, 127.75, 126.87, 125.91 (d, /= 16.3
Hz), 124.34 (d, /= 3.8 Hz), 124.23, 115.85 (d, ] = 22.2 Hz), 15.77 (d, J = 2.5 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -40.16.

MS (APCI) = 238.1 calculated [M+H]" for C16Hi3FN; experimental 237.5.

3-(2-fluoro-4-methylphenyl)-4-methylquinoline
CH, The reaction, workup and purification were followed according to the

General Procedure 1. The reaction with 3-chloro-4-methylquinoline (495

mg, 2.79 mmol), 2-fluoro-4-methoxyphenyl boronic acid (558 mg, 3.62
mmol), Pd(OAc) (62 mg, 0.28 mmol), XPhos (266 mg, 0.56 mmol), K3PO4 (1.20 g, 5.57 mmol)
in 11.1 mL of degassed 1,4-dioxane and 3.7 mL of degassed deionized H>O afforded the product
as a yellow solid (540 mg, 2.15 mmol, 77%).

'TH NMR (400 MHz, CDCls) & (ppm) = 8.75 (s, 1H), 8.16 — 8.08 (m, 2H), 7.74 (ddd, J = 8.3, 6.9,
1.4 Hz, 1H), 7.61 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.23 (t, /= 7.7 Hz, 1H), 7.10 (ddd, /=7.7, 1.6,

0.8 Hz, 1H), 7.04 (dt, J= 10.8, 1.1 Hz, 1H), 2.59 (d, /= 1.7 Hz, 3H), 2.45 (s, 3H).
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13C NMR (101 MHz, CDCl3) § (ppm) = 159.88 (d, J = 246.5 Hz), 151.57, 147.25, 142.35, 140.64
(d,J=7.8 Hz), 131.54 (d, J= 3.8 Hz), 130.02, 129.08, 128.49, 127.81, 126.71, 125.07 (d, ] = 3.2
Hz), 124.22, 122.95 (d, J = 16.6 Hz), 116.35 (d, J =22.0 Hz), 21.22 (d, J = 1.7 Hz), 15.74 (d, J =
2.5 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -115.73.

MS (APCI) = 252.1 calculated [M+H]" for C17H;sFN; experimental 251.8.

3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-methylquinoline
cF, The reaction, workup and purification were followed according to the General

CHy O Procedure 1. The reaction with 3-chloro-4-methylquinoline (700 mg, 3.94
O N\/ F  mmol), 2-fluoro-5-(trifluoromethyl)phenylboronic acid (1.07 g, 5.12 mmol),
Pd(OAc): (88 mg, 0.39 mmol), XPhos (376 mg, 0.79 mmol), K3PO4 (1.70 g, 7.88 mmol) in 15.8
mL of degassed 1,4-dioxane and 5.3 mL of degassed deionized H>O afforded the product as an
orange oil (719 mg, 2.36 mmol, 60%).
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.74 (s, 1H), 8.16 (dd, J = 8.4, 0.7 Hz, 1H), 8.12 (ddd, J
=8.4, 1.4, 0.6 Hz, 1H), 7.78 (td, /= 7.6, 1.4 Hz, 1H), 7.75 — 7.71 (m, 1H), 7.68 — 7.62 (m, 2H),
7.35 (t,J=8.7 Hz, 1H), 2.59 (d, /= 1.7 Hz, 3H).
I3C NMR (101 MHz, CDCl3) & (ppm) = 161.82 (d, J=253.5 Hz), 150.66, 147.54, 142.74, 130.09,
129.66, 129.36 (p, J = 3.7 Hz), 127.56, 127.47 (d, J = 3.6 Hz), 127.38 (d, J = 3.6 Hz), 127.09,
126.90 (d, /=3.0 Hz), 124.97, 124.21, 122.26, 116.61 (d, J=23.8 Hz), 15.79 (d, /= 2.4 Hz).
19F NMR (376 MHz, CDCl3) 6 (ppm) = -61.89 (d, J = 1.7 Hz), -108.38 (m).

MS (APCI) = 306.1 calculated [M+H]" for C17H2F4N; experimental 305.9.
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3-(2,4-difluorophenyl)-4-methylquinoline
The reaction, workup and purification were followed according to the General

Procedure 1. The reaction with 3-chloro-4-methylquinoline (600 mg, 3.38

mmol), 2,4-difluorophenylboronic acid (693 mg, 4.39 mmol), Pd(OAc)> (76
mg, 0.34 mmol), XPhos (322 mg, 0.68 mmol), K3PO4(1.43 g, 6.76 mmol) in 13.5 mL of degassed
1,4-dioxane and 4.5 mL of degassed deionized H>O afforded the product as a pale yellow solid
(592 mg, 2.32 mmol, 69%).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.72 (s, 1H), 8.14 (dd, J = 8.5, 1.2 Hz, 1H), 8.10 (dd, J =
8.4,1.3 Hz, 1H), 7.75 (ddd, J=8.3, 6.8, 1.4 Hz, 1H), 7.63 (ddd, J= 8.3, 6.8, 1.3 Hz, 1H), 7.32 (td,
J=8.4,6.4Hz, 1H), 7.04 (tdd, /= 8.3, 2.6, 1.0 Hz, 1H), 6.98 (ddd, J=9.5, 8.8, 2.5 Hz, 1H), 2.57
(d, J=1.7 Hz, 3H).

13C NMR (126 MHz, CDCl3) & (ppm) = 162.91 (dd, J = 249.4, 11.0 Hz), 160.11 (dd, J = 249.8,
12.3 Hz), 151.20, 147.37, 142.52, 132.56 (dd, J = 9.5, 4.7 Hz), 130.03, 129.30, 127.66, 127.48,
126.86, 124.17, 122.14 (dd, J=16.8, 4.0 Hz), 111.64 (dd, J=21.4, 3.7 Hz), 104.25 (td, J = 25.7,
2.3 Hz), 15.66 (t, /= 5.0 Hz).

19F NMR (470 MHz, CDCl3) & (ppm) = -108.33 (q, /= 9.0 Hz), -108.57 (p, J = 8.0 Hz).

MS (APCI) = 256.1 calculated [M+H]" for C6H2F2N; experimental 256.1.
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3-(2-fluoro-5-nitrophenyl)-4-methylquinoline
g The reaction, workup and purification were followed according to the

CHs
O N O General Procedure 1. The reaction with 3-chloro-4-methylquinoline (600

N” F mg, 3.38 mmol), 2-fluoro-5-nitrophenylboronic acid (812 mg, 4.39
mmol), Pd(OAc)2 (76 mg, 0.34 mmol), XPhos (322 mg, 0.68 mmol), K3PO4 (1.40 g, 6.76 mmol)
in 13.5 mL of degassed 1,4-dioxane and 4.5 mL of degassed deionized H>O afforded the product
as an orange oil (476 mg, 1.69 mmol, 50%).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.74 (s, 1H), 8.37 (ddd, J= 9.0, 4.3, 2.8 Hz, 1H), 8.32 (dd,
J=6.2,2.8 Hz, 1H), 8.17 (ddd, /= 8.4, 1.4, 0.6 Hz, 1H), 8.12 (ddd, /= 8.4, 1.4, 0.7 Hz, 1H), 7.79
(ddd, J=18.3, 6.9, 1.4 Hz, 1H), 7.66 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.39 (t, /= 8.6 Hz, 1H), 2.60
(s, 3H).

13C NMR (126 MHz, CDCl3) & (ppm) = 166.22 (d, J=258.2 Hz), 153.00, 150.40, 147.01, 145.54,
132.87, 132.60, 130.50 (d, /=5.0 Hz), 130.34 (d, /= 19.1 Hz), 129.96, 128.72, 128.50 (d, /=9.9
Hz), 126.89, 119.67 (d, J = 25.1 Hz), 18.55, (d, J = 2.6 Hz).

19F NMR (470 MHz, CDCl3) & (ppm) = -102.27.

MS (APCI) = 283.1 calculated [M+H]" for C16H12FN202; experimental 283.2.

4-chloro-3-(2-fluorophenyl)quinoline
The reaction, workup and purification were followed according to the General

Procedure 2. The reaction with 3-bromo-4-chloroquinoline (1.0 g, 4.12 mmol),

2-fluorophenyl boronic acid (635 mg, 4.54 mmol), Pd(PPh3)4 (238 mg, 0.21
mmol), KoCO3(1.42 g, 10.31 mmol) in 13.7 mL of degassed 1,4-dioxane and 4.6 mL of degassed

deionized H>O afforded the product as a light yellow oil (668 mg, 2.59 mmol, 63%).
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H NMR (400 MHz, CDCl3) 5 (ppm) = 8.82 (s, 1H), 8.36 (ddd, J= 8.4, 1.5, 0.7 Hz, 1H), 8.19 (dd,
J=8.4,0.7 Hz, 1H), 7.85 — 7.78 (m, 1H), 7.71 (ddd, J=8.2, 7.0, 1.2 Hz, 1H), 7.53 — 7.40 (m, 2H),
7.31 (td, J=7.5, 1.1 Hz, 1H), 7.25 (ddd, J= 9.5, 8.5, 0.9 Hz, 1H).

13C NMR (101 MHz, CDCl3) § (ppm) = 159.93 (d, J = 248.7 Hz), 151.08, 148.07, 141.64, 131.77
(d,J=2.8 Hz), 130.74 (d, J = 8.1 Hz), 130.49, 129.60, 128.06, 127.97, 126.27, 124.65, 124.24 (d,
J=3.8 Hz), 123.90 (d, J= 15.7 Hz), 116.02 (d, J = 21.7 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -113.91.

MS (APCI) = 258.0 calculated [M+H]" for C1sH1oCIFN; experimental 257 4.

4-chloro-3-(2-fluorophenyl)-7-methoxyquinoline
The reaction, workup and purification were followed according to the

General Procedure 2. The reaction with 3-bromo-4-chloro-7-

methoxyquinoline (1.12 g, 4.11 mmol), 2-fluorophenylboronic acid
(633 mg, 4.52 mmol), Pd(PPh3)4 (237 mg, 0.21 mmol), KoCO3 (1.42 g, 10.28 mmol) in 16.4 mL
of degassed 1,4-dioxane and 5.5 mL of degassed deionized H>O afforded the product as a white
solid (513 mg, 1.78 mmol, 43%).

TH-NMR (400 MHz, CDCl3) & (ppm) = 8.73 (s, 1H), 8.22 (d, /=9.2 Hz, 1H), 7.49 — 7.44 (m, 2H),
7.42 (td, J=7.4, 1.9 Hz, 1H), 7.33 (dd, J = 9.2, 2.5 Hz, 1H), 7.29 (td, J= 7.5, 1.2 Hz, 1H), 7.23
(ddd, J=9.5,8.2, 1.1 Hz, 1H), 3.99 (s, 3H).

I3C NMR (101 MHz, CDCl3) & (ppm) = 161.45, 160.05 (d, J = 248.4 Hz), 151.51 (d, J= 1.5 Hz),
150.19, 141.29, 131.93 (d, J=2.9 Hz), 130.49 (d, /= 8.1 Hz), 125.93, 125.85, 124.15 (d, J = 3.8
Hz), 124.13 (d, J=15.8 Hz), 121.35, 121.03, 115.94 (d, J=21.9 Hz), 107.61, 55.69.

YF NMR (376 MHz, CDCl3) § (ppm) = -112.25

HRMS (ESI) = 288.0586 calculated [M+H]" for C1Hi2CIFNO; experimental 288.0578.
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DKR Substrate, 1j
or The reaction, workup and purification were followed according to the General
O X Procedure 1. The reaction with 4-chloro-2-fluoro-3-(2-
N~ F fluorophenyl)quinoline, (£)-1f (435 mg, 1.37 mmol), phenylboronic acid (220
mg, 1.8 mmol), Pd(OAc)2(31.4 mg, 0.14 mmol), XPhos (130.6 mg, 0.274 mmol), K3PO4 (715 mg,
4.11 mmol, 3.0 equiv) in 5.5 mL of degassed 1,4-dioxane and 1.8 mL of degassed deionized H>O
afforded 2-fluoro-3-(2-fluorophenyl)-4-phenylquinoline, 1g as a whitish solid (234.5 mg, 0.74
mmol, 54%).
'TH NMR (500 MHz, CDCl3) 8 (ppm) = 8.06 (d, /= 8.4 Hz, 1H), 7.78 — 7.72 (m, 1H), 7.62 (d, J
= 6.8 Hz, 1H), 7.48 — 7.44 (m, 1H), 7.37 —7.27 (m, 3H), 7.26 — 7.21 (m, 2H), 7.15 (d, /= 7.8 Hz,
1H), 7.05 — 6.96 (m, 3H).
13C NMR (126 MHz, CDCls) 6 (ppm) = 160.50 (d, J=193.1 Hz), 158.56 (d, J = 188.4 Hz), 153.71
(d,J=5.7Hz), 145.68 (d, J=17.2 Hz), 135.46 (d, J = 3.8 Hz), 132.39, 130.73, 130.26, 129.75 (d,
J=139.1 Hz), 128.48, 128.33, 127.91, 127.12 — 126.77 (m), 126.38, 123.79, 121.24 (d, J = 16.2
Hz), 117.25 (d, J=36.7 Hz), 115.43 (d, J=21.5 Hz).

19F NMR (470 MHz, CDCl3) & (ppm) = -62.58 (d, J = 7.5 Hz), -112.85 — -113.00 (m).

MS (APCI) = 258.0 calculated [M+H]" for C2;H;3F2N; experimental 257.4.

DKR Substrate, 1k
The reaction, workup and purification were followed according to the
O Q General Procedure 1. The reaction with 3-chloro-2-fluoro-4-
methylquinoline (430 mg, 2.20 mmol), benzo[b]thien-3-ylboronic acid

(470 mg, 2.64 mmol), Pd(OAc)2 (49 mg, 0.22 mmol), XPhos (210 mg, 0.44 mmol), K3PO4(933 g,
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4.40 mmol) in 8.8 mL of degassed 1,4-dioxane and 2.9 mL of degassed deionized H,O afforded
3-(benzo[b]thiophen-3-yl)-2-fluoro-4-methylquinoline, (£)-1h as a pink solid (400 mg, 1.36
mmol, 62%).

TH-NMR (400 MHz, CDCl3) & (ppm) = 8.09 — 8.01 (m, 2H), 7.96 (dt, J = 8.0, 1.1 Hz, 1H), 7.78
(ddd, J=8.4, 6.9, 1.4 Hz, 1H), 7.62 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.47 (s, 1H), 7.41 (ddd, J =
8.1,5.3,3.0 Hz, 1H), 7.38 — 7.34 (m, 2H), 2.55 (s, 3H).

13C NMR (101 MHz, CDCl3) & (ppm) = 160.33, 157.93, 149.89 (d, J = 5.9 Hz), 144.94 (d, J =
17.3 Hz), 139.78, 138.59, 130.40, 128.65, 127.10 (d, J = 1.8 Hz), 126.72, 126.21 (d, J = 2.4 Hz),
124.60 (d, J=13.4 Hz), 124.39, 122.82, 122.48, 117.03 (d, J=36.3 Hz), 109.96 (d, /= 41.7 Hz),
16.29 (d, J=3.7 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -60.26.

MS (APCI) = 294.1 calculated [M+H]" for C1sHi3FNS; experimental 294.2.

4-methyl-3-(2-nitrophenyl)quinoline
The reaction, workup and purification were followed according to the General

Je
O A Procedure 1. The reaction with 3-chloro-4-methylquinoline (500 mg, 2.82

2 NO,
N mmol), 2-nitrophenylboronic acid (611 mg, 3.66 mmol), Pd(OAc)2 (63 mg,

0.28 mmol), XPhos (268 mg, 0.56 mmol), K3PO4(1.20 g, 5.63 mmol) in 11.3 mL of degassed 1,4-
dioxane and 3.7 mL of degassed deionized H>O afforded the product as a yellow crystal after
washing with n-hexanes (302 mg, 1.14 mmol, 40%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.67 (s, 1H), 8.17 — 8.12 (m, 2H), 8.06 (ddd, J = 8.5, 1.4,

0.6 Hz, 1H), 7.78 — 7.70 (m, 2H), 7.66 — 7.60 (m, 2H), 7.41 (dd, ] = 7.6, 1.5 Hz, 1H), 2.47 (s, 3H).
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13C NMR (101 MHz, CDCl3) 8 (ppm) = 149.57, 149.24, 147.32, 141.35, 133.53, 133.03, 132.78,
130.57, 130.10, 129.40, 129.20, 127.48, 126.99, 124.62, 124.08, 15.65.

MS (APCI) = 265.1 calculated [M+H]" for C16H13N202; experimental 265.0.

3-(2-cyanophenyl)-4-methylquinoline

The reaction, workup and purification were followed according to the General

CHs O

O AN Procedure 1. The reaction with 3-chloro-4-methylquinoline (300 mg, 1.69
= CN

N mmol), 2-cyanophenylboronic acid (323 mg, 2.20 mmol), Pd(OAc)> (38 mg,

0.17 mmol), XPhos (161 mg, 0.34 mmol), K3PO4 (717 mg, 3.38 mmol) in 6.8 mL of degassed 1,4-
dioxane and 2.3 mL of degassed deionized H>O afforded the product as a yellow solid (134 mg,
0.55 mmol, 33%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.74 (s, 1H), 8.16 (dd, J = 8.4, 1.3 Hz, 1H), 8.11 (dd, J =
8.4,1.5Hz, 1H), 7.83 (dd,J=17.8, 1.4 Hz, 1H), 7.77 (td, J="7.8, 1.5 Hz, 1H), 7.73 (td, J="7.9, 1.6
Hz, 1H), 7.65 (ddd, J= 8.3, 6.8, 1.3 Hz, 1H), 7.56 (td, /= 7.7, 1.2 Hz, 1H), 7.47 (dd, J=7.7, 1.2
Hz, 1H), 2.60 (s, 3H).

13C NMR (101 MHz, CDCls) 8 (ppm) = 150.17, 147.54, 142.41, 142.20, 133.03, 132.82, 131.11,
130.86, 130.06, 129.69, 128.38, 127.52, 127.13, 124.34, 117.68, 113.74, 15.74.

MS (APCI) = 245.1 calculated [M+H]" for C17H;3N2; experimental 244.7.

2-(4-methylquinolin-3-yl)benzoate
CH O The reaction, workup and purification were followed according to the
3
P®
—
N° O OCHj;

General Procedure 1. The reaction with 3-chloro-4-methylquinoline (600

mg, 3.38 mmol, 1.0 equiv) were added (2-
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(methoxycarbonyl)phenyl)boronic acid (790 mg, 4.39 mmol, 1.3 equiv), Pd(OAc) (76 mg, 0.34
mmol, 0.1 equiv), XPhos (322 mg, 0.68 mmol, 0.2 equiv), and K3PO4 (1.43 g, 6.76 mmol, 2.0
equiv) in 13.5 mL of degassed 1,4-dioxane and 4.5 mL of degassed deionized H>O afforded
product as a yellow solid (472 mg, 1.69 mmol, 50%).

TH-NMR (400 MHz, CDCl3) & (ppm) = 8.65 (s, 1H), 8.14 (d, J = 8.4 Hz, 1H), 8.10 (dt, J = 7.8,
0.7 Hz, 1H), 8.07 (dt, J = 8.5, 0.8 Hz, 1H), 7.72 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.65 — 7.58 (m,
2H), 7.53 (td, J=17.6, 1.3 Hz, 1H), 7.30 (dt, J= 7.6, 0.7 Hz, 1H), 3.59 (s, 3H), 2.46 (s, 3H).

13C NMR (101 MHz, CDCls) 8 (ppm) = 167.21, 150.46, 146.90, 140.49, 139.69, 134.20, 131.94,
131.73, 130.62, 130.52, 129.98, 128.78, 128.03, 127.66, 126.59, 124.09, 52.04, 15.56.

MS (APCI) = 278.1 calculated [M+H]" for C1sH16NO>; experimental 277.7.

1-(2-(4-methylquinolin-3-yl)phenyl)ethanone

CcH The reaction, workup and purification were followed according to the
3 CI
O X General Procedure 1. The reaction with 3-chloro-4-methylquinoline (736
N” 07 “CH,

mg, 4.14 mmol), (2-acetylphenyl)boronic acid (883 mg, 5.39 mmol),
Pd(OAc)2 (93 mg, 0.41 mmol), XPhos (395 mg, 0.83 mmol), K3PO4 (1.76 g, 8.29 mmol) in 16.6
mL of degassed 1,4-dioxane and 5.5 mL of degassed deionized H>O afforded the product in as a
bright orange oil (533 mg, 2.04 mmol, 49%).

TH-NMR (400 MHz, CDCl3) & (ppm) = 8.67 (s, 1H), 8.14 (dd, J = 8.4, 0.8 Hz, 1H), 8.06 (ddd, J
=8.4,1.5,0.6 Hz, 1H), 7.81 (ddd, J="7.7, 1.5, 0.5 Hz, 1H), 7.73 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H),
7.64 —7.57 (m, 2H), 7.53 (td, J = 7.6, 1.4 Hz, 1H), 7.30 (ddd, J = 7.5, 1.5, 0.5 Hz, 1H), 2.47 (s,

3H), 2.18 (s, 3H).
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13C NMR (100 MHz, CDCl3) 8 (ppm) = 201.29, 150.55, 147.15, 141.07, 139.89, 137.47, 133.84,
131.73, 131.38, 130.10, 129.09, 128.76, 128.20, 127.69, 126.88, 124.14, 29.67, 15.67.

MS (APCI) = 262.1 calculated [M+H]" for C1sHi¢NO; experimental 262.2.

4-methyl-3-(2-(trifluoromethoxy)phenyl)quinoline
CcH O The reaction, workup and purification were followed according to the
3

O X General Procedure 1. The reaction with 3-chloro-4-methylquinoline (700
OCF;

—

N
mg, 3.94 mmol), 2-(trifluoromethoxy)phenylboronic acid (1.06 g, 5.12

mmol), Pd(OAc) (88 mg, 0.39 mmol), XPhos (376 mg, 0.79 mmol), K3PO4 (1.70 g, 7.88 mmol)
in 15.8 mL of degassed 1,4-dioxane and 5.3 mL of degassed deionized H>O afforded the product
as an orange oil (1.04 g, 3.42 mmol, 87%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.72 (s, 1H), 8.16 (ddd, J = 8.4, 1.3, 0.6 Hz, 1H), 8.10
(ddd,J=8.4,1.4,0.6 Hz, 1H), 7.75 (ddd, /=8.3, 6.9, 1.4 Hz, 1H), 7.63 (ddd, J=8.3, 6.9, 1.3 Hz,
1H), 7.53 — 7.47 (m, 1H), 7.46 — 7.40 (m, 2H), 7.39 — 7.34 (m, 1H), 2.52 (s, 3H).

13C NMR (101 MHz, CDCl3) 8 (ppm) = 151.13, 147.26, 147.01 (d, J = 1.7 Hz), 142.13, 132.29,
131.94, 130.05, 129.65, 129.32, 129.23, 127.64, 126.87 (d, J = 18.0 Hz), 124.20, 121.07 (q, J =
1.5 Hz), 120.27 (d, J=258.2 Hz), 15.60.

19F NMR (376 MHz, CDCl3) & (ppm) = -56.34.

MS (APCI) = 304.1 calculated [M+H]" for C17H3F3NO; experimental 303.9.

3-([1,1°-biphenyl]-2yl)-4-methylquinoline

The reaction, workup and purification were followed according to the General
CH,

O X Procedure 2. The reaction with 3-bromo-4-methylquinoline (450 mg, 2.03

~ Ph
N
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mmol), 2-biphenylboronic acid (441 mg, 2.23 mmol), Pd(PPh3)4 (117 mg, 0.10 mmol), K>CO3
(700 mg, 5.07 mmol) in 6.8 mL of degassed 1,4-dioxane and 2.3 mL of degassed deionized H,O
afforded product as orange oil (576 mg, 1.95 mmol, 96%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.67 (s, 1H), 8.07 (dd, J = 8.4, 0.7 Hz, 1H), 7.92 (ddd, J
=84, 1.4,0.6 Hz, 1H), 7.68 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 7.56 — 7.51 (m, 3H), 7.51 — 7.45 (m,
1H), 7.36 (dt, J=7.3, 1.1 Hz, 1H), 7.14 — 7.06 (m, 5H), 2.31 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 152.07, 146.62, 142.13, 141.18, 140.74, 136.77, 134.01,
131.33, 130.28, 129.85, 129.38, 128.73, 128.32, 128.01, 127.67, 127.33, 126.74, 126.49, 124.04,
15.61.

MS (APCI) = 296.1 calculated [M+H]" for C22H;sN; experimental 295.4.

4-methyl-3-(o-tolyl)quinoline

The reaction, workup and purification were followed according to the General

Ll

O X Procedure 1. The reaction with 3-chloro-4-methylquinoline (600 mg, 3.38
= CH
N : mmol), o-tolylboronic acid (597 mg, 4.39 mmol), Pd(OAc)> (76 mg, 0.34

mmol), XPhos (322 mg, 0.68 mmol), KzPO4 (1.43 g, 6.76 mmol) in 13.5 mL of degassed 1,4-
dioxane and 4.5 mL of degassed deionized H,O afforded the product as a dark orange oil (716 mg,
3.07 mmol, 91%).

'TH NMR (400 MHz, CDCls) & (ppm) = 8.71 (s, 1H), 8.19 (dt, J= 8.5, 0.8 Hz, 1H), 8.09 (dt, J =
8.5,0.8 Hz,1H), 7.75 (ddd, J= 8.4, 6.9, 1.4 Hz, 1H), 7.63 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.38 —
7.33 (m, 2H), 7.33 — 7.28 (m, 1H), 7.18 (d, J= 7.2 Hz, 1H), 2.48 (s, 3H), 2.10 (s, 3H).

13C NMR (101 MHz, CDCls) 8 (ppm) = 150.99, 146.65, 141.69, 137.88, 136.54, 134.12, 130.12,

129.98, 129.70, 129.00, 128.07, 127.89, 126.76, 125.85, 124.10, 20.01, 15.36.
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MS (APCI) = 234.1 calculated [M+H]" for C17H;6N; experimental 233.8.

3-(2-chlorophenyl)-4-methylquinoline

The reaction, workup and purification were followed according to the General

CH;
O N Procedure 1. The reaction with 3-chloro-4-methylquinoline (1.00 g, 5.63
= Cl
N mmol), 2-chlorophenylboronic acid (1.16 g, 7.32 mmol), Pd(OAc)2 (126 mg,

0.56 mmol), XPhos (537 mg, 1.13 mmol), K3PO4 (2.40 g, 11.26 mmol) in 22.5 mL of degassed
1,4-dioxane and 7.6 mL of degassed deionized H>O afforded the product as an orange oil (651 mg,
2.57 mmol, 46%).

'"H NMR (400 MHz, CDCl3) & (ppm) = 8.70 (s, 1H), 8.16 (ddd, J = 8.4, 1.4, 0.6 Hz, 1H), 8.10
(ddd,/=8.4,1.4,0.6 Hz, 1H), 7.75 (ddd, /=8.4, 6.9, 1.4 Hz, 1H), 7.62 (ddd, J=8.3, 6.8, 1.4 Hz,
1H), 7.57 — 7.53 (m, 1H), 7.42 — 7.37 (m, 2H), 7.34 — 7.30 (m, 1H), 2.52 (s, 3H).

13C NMR (101 MHz, CDCls) 8 (ppm) = 151.01, 147.28, 142.02, 137.31, 134.18, 132.02, 131.66,
130.05, 129.67, 129.42, 129.17, 127.70, 126.84, 126.74, 124.21, 15.55.

MS (APCI) = 254.1 calculated [M+H]" for C16H3CIN; experimental 254.1.

3-(2-chloro-4-methylphenyl)-4-methylquinoline

CHa The reaction, workup and purification were followed according to the
C:|3 O General Procedure 1. The reaction with 3-chloro-4-methylquinoline (800
O N” cl mg, 4.60 mmol), 2-chloro-4-methylphenylboronic acid (860 mg, 5.06
mmol), Pd(OAc)> (103 mg, 0.460 mmol), XPhos (438 mg, 0.920 mmol), KzPO4(2.0 g, 11.5 mmol,
2.5 equiv) in 18 mL of degassed 1,4-dioxane and 6.0 mL of degassed deionized H>O afforded the

product as an orange oil (475.3 mg, 2.57 mmol, 46%).
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H NMR (400 MHz, CDCl3) & (ppm) = 8.69 (s, 1H), 8.15 (d, J = 8.4 Hz, 1H), 8.10 (dd, J = 8.4,
1.3 Hz, 1H), 7.74 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.62 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.38 — 7.36
(m, 1H), 7.19 (d, J = 1.0 Hz, 2H), 2.52 (s, 3H), 2.43 (s, 3H).

13C NMR (101 MHz, CDCls) § (ppm) = 151.35, 147.27, 142.37, 139.88, 134.35, 133.96, 132.19,
131.52, 130.26, 130.10, 129.26, 127.91, 127.83, 126.86, 124.36, 21.14, 15.72.

MS (APCI) = 267.8 calculated [M+H]" for C17H14CIN; experimental 267.5.

4-methyl-3-(2-(trifluoromethyl)phenyl)quinoline

The reaction, workup and purification were followed according to the General

CH,4
O SN Procedure 1. The reaction with 3-chloro-4-methylquinoline (651 mg, 3.657
= CF
N : mmol), 2-(trifluoromethyl)phenylboronic acid (1.04 g, 5.486 mmol, 1.5

equiv), Pd(OAc)2 (83 mg, 0.37 mmol), XPhos (353 mg, 0.74 mmol), K3PO4(1.94 g, 9.143 mmol)
in 14.6 mL of degassed 1,4-dioxane and 5.0 mL of degassed deionized H>O afforded the product
as a dark orange oil (681 mg, 2.37 mmol, 86%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.69 (s, 1H), 8.17 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz,
1H), 7.83 (d, /= 7.9 Hz, 1H), 7.77 — 7.72 (m, 1H), 7.65 — 7.59 (m, 2H), 7.56 (t, J= 7.7 Hz, 1H),
7.30 (d, J="7.5 Hz, 1H), 2.41 (s, 3H).

I3C NMR (101 MHz, CDCl3) & (ppm) = 150.61 (q, J = 30.0 Hz), 147.34, 142.10, 137.53, 130.19
(q, J = 7.8 Hz), 129.76, 129.59, 129.47, 128.62, 128.15, 127.69, 127.20, 126.78 (d, J = 30 Hz),
126.16, 124.35, 124.18, 16.01 (d, J = 36.4 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -59.37.

MS (APCI) = 287.3 calculated [M+H]" for C17H2F3N; experimental 287.3.
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3-([1,1°-biphenyl]-2yl)-4-chloroquinoline

The reaction, workup and purification were followed according to the General

g

O AN Procedure 2. The reaction with 3-bromo-4-chloroquinoline (1.0 g, 4.12 mmol),
Z Ph

N 2-biphenylboronic acid (898 mg, 4.54 mmol), Pd(PPh3)4(238 mg, 0.21 mmol),

K>CO3(1.42 g, 10.31 mmol) in 13.7 mL of degassed 1,4-dioxane and 4.6 mL of degassed deionized
H>O afforded the product as a light yellow oil (548 mg, 1.74 mmol, 42%).

TH-NMR (400 MHz, CDCl3) & (ppm) = 8.53 (s, 1H), 8.25 (dd, J = 8.4, 1.4 Hz, 1H), 8.07 (dt, J =
8.6, 0.8 Hz, 1H), 7.74 (ddd, /= 8.4, 6.9, 1.4 Hz, 1H), 7.64 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.57 —
7.54 (m, 2H), 7.53 — 7.44 (m, 2H), 7.17 — 7.12 (m, 5H).

13C NMR (101 MHz, CDCls) 8 (ppm) = 152.04, 147.47, 141.99, 140.60, 140.38, 134.62, 133.42,
131.28,130.37,129.91, 129.60, 129.23 (2 x CH), 128.90, 128.09 (2 x CH), 127.72,127.24, 127.01,
126.12, 124.43.

MS (APCI) = 316.1 calculated [M+H]" for C2;H;sCIN; experimental 315.7.

KR Substrate, 117
The reaction, workup and purification were followed according to the General

Procedure 1. The reaction with 3-([1,1'-biphenyl]-2-yl)-4-chloro-2-

fluoroquinoline (333 mg, 1.00 mmol), phenylboronic acid (158 mg, 1.30
mmol), Pd(OAc)2 (22 mg, 0.10 mmol), XPhos (95 mg, 0.20 mmol), K3PO4 (530 mg, 2.50 mmol)
in 4.0 mL of degassed 1,4-dioxane and 1.3 mL of degassed deionized H>O afforded the product 3-
(/1,1'-biphenyl]-2-yl)-2-fluoro-4-phenylquinoline, (+)-117 as an orange solid (102 mg, 0.27

mmol, 27%).
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TH-NMR (400 MHz, CDCls) § (ppm) = 8.00 (dd, J = 8.4, 1.2 Hz, 1H), 7.69 (ddd, J=8.4, 6.8, 1.5
Hz, 1H), 7.45 (dd, J = 8.5, 1.5 Hz, 1H), 7.39 — 7.31 (m, 4H), 7.28 — 7.23 (m, 2H), 7.21 — 7.15 (m,
2H), 7.12 (dddd, J = 6.8, 5.4, 4.2, 1.7 Hz, 3H), 6.95 (dt, J= 7.3, 1.8 Hz, 1H), 6.91 — 6.86 (m, 2H),
6.41 (dt, J=17.6, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) § (ppm) = 160.37, 157.98, 152.07 (d, J = 5.8 Hz), 145.23 (d, J =
17.3 Hz), 141.16 (d, J = 145.4 Hz), 134.85 (d, /= 3.8 Hz), 131.93, 131.24 (d, J= 3.2 Hz), 130.08,
129.98 (d, J = 15.2 Hz), 129.96, 129.07, 128.45, 128.12, 128.03 (d, J = 1.6 Hz), 127.80, 127.72,
127.57 (d, J= 4.5 Hz), 126.70 (d, J = 13.1 Hz), 126.65, 126.57 (d, J= 1.9 Hz), 125.96 (d, J=2.3
Hz), 122.56 (d, J = 36.0 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -59.06.

MS (APCI) = 376.2 calculated [M+H]" for C27H9FN; experimental 376.2.

2.2.12 Hartwig Fluorination to yield 2-fluoro-3-arylquinoline (1)

AgF,
MeCN

—_—
rt., 18 h
(degassed,
anhydrous)

Equation 42. General Fluorination Method Towards Substrate 70. Adapted from Hartwig and
coworkers’ selective C-H fluorination. !4

To 3-aryl-2-R!-quinoline (1.0 equiv) was dissolved in 0.5 - 0.1 M anhydrous MeCN in the
glovebox. Once dissolved, silver (II) fluoride (3.5 equiv) was then added to the reaction and the
vial was sealed with a Teflon-lined cap. Each fluorination reaction was brought out of the glovebox
to stir at room temperature overnight (unless otherwise stated). The resulting reaction was gravity

filtered, and the solid was thoroughly rinsed with EtOAc. The resulting filtrate was poured into a
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separatory funnel containing saturated aqueous NaHCO3, and then partitioned with EtOAc. The
resulting organic layer was extracted and rinsed with more saturated aqueous NaHCOs3. The
resulting organic layer was washed with saturated aqueous NaCl, then dried over Na>SOa. After
filtration and solvent evaporation, the crude was purified by FCC using n-hexanes:EtOAc =0 -

5% or 10% to afford (#)-1 in ~20-90% yields.

3-chloro-2-fluoro-4-methylquinoline

To 3-chloro-4-methylquinoline (850 mg, 4.776 mmol) was added silver (II)
CH,

©\)\IC| fluoride (2.4 g, 16.71 mmol) in 10 mL anhydrous MeCN. The reaction (with
=
N

F workup and purification) was followed according to the general procedure to
afford 3-chloro-2-fluoro-4-methylquinoline as a whitish solid (203 mg, 1.03 mmol, 22%).
TH NMR (500 MHz, CDCl3) 6 (ppm) = 7.97 — 7.93 (m, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.71 (ddd,
J=28.3,7.0,1.2 Hz, 1H), 7.60 — 7.55 (m, 1H), 2.79 (s, 3H).
13C NMR (101 MHz, CDCls) & (ppm) = 156.03 (d, J = 239.5 Hz), 147.22 (d, J= 3.5 Hz), 143.13
(d,/=16.2 Hz), 130.43 (d, /= 1.0 Hz), 128.82 (d), 127.55 (d, J=2.0 Hz), 126.86 (d, /=2.6 Hz),
124.14 (d), 116.17 (d, J=37.8 Hz), 15.78 (d, J = 3.7 Hz).
19F NMR (470 MHz, CDCl3) & (ppm) = -68.24.

MS (APCI) = 196.6 calculated [M]" for C1oH7CIFN; experimental 195.9.

DKR Substrate, 74
To 3-(2-fluorophenyl)-4-methylquinoline (2.6 g, 11.0 mmol) was added silver

O (IT) fluoride (5.6 g, 38.9 mmol) in 22.0 mL anhydrous MeCN. The reaction

N~ °F F (with workup and purification) was followed according to the general
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procedure to afford 2-fluoro-3-(2-fluorophenyl)-4-methylquinoline, (+)-74 as a pale beige solid
(1.6 g, 6.6 mmol, 60%).

'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.06 (d, J= 8.3 Hz, 1H), 8.01 (d, J= 8.4 Hz, 1H), 7.76 (t,
J=7.6 Hz, 1H), 7.60 (t, J=7.6 Hz, 1H), 7.51 — 7.43 (m, 1H), 7.36 — 7.31 (m, 1H), 7.29 (d, /="7.3
Hz, 1H), 7.25 —7.20 (m, 1H), 2.57 (s, 3H).

I3C NMR (101 MHz, CDCl3) & (ppm) = 161.48, 159.93, 159.02, 157.54, 149.44 (d, J = 5.4 Hz),
144.96 (d, J = 17.2 Hz), 132.26 (dd, J = 2.8, 0.9 Hz), 130.74 (d, J = 8.1 Hz), 130.63 (d,J = 0.9
Hz), 128.71 (d, J= 1.6 Hz), 127.13 (d, J= 1.9 Hz), 126.38 (d, /= 2.4 Hz), 124.59 (d, J = 0.9 Hz),
124.33 (d,J=3.7 Hz), 116.06 (d, /=21.9 Hz), 16.33 (dd, /= 3.8, 1.4 Hz).

YF NMR (376 MHz, CDCl3)  (ppm) = -61.50, -112.34.

MS (APCI) = 255.3 calculated [M]" for CisH11F2N; experimental 255.8.

DKR Substrate, 1d
To 3-(2-fluoro-4-methylphenyl)-4-methylquinoline (530 mg, 1.97

CHs O CH,
O A mmol) was added silver (II) fluoride (1.01 g, 6.89 mmol) in 4.0 mL

AN F
N"F anhydrous MeCN in the glovebox. The reaction (with workup and

purification) was followed according to the general procedure to afford 2-fluoro-3-(2-fluoro-4-
methylphenyl)-4-methylquinoline, (+)-1d as a whitish solid (246 mg, 0.913 mmol, 43%).

TH NMR (500 MHz, CDCl3) 6 (ppm) = 8.03 (d, J= 8.3 Hz, 1H), 7.99 — 7.96 (m, 1H), 7.75 - 7.71
(m, 1H), 7.59 — 7.55 (m, 1H), 7.19 (t, J= 7.7 Hz, 1H), 7.10 — 7.06 (m, 1H), 7.04 (d, /= 10.4 Hz,
1H), 2.56 (d, J=0.9 Hz, 3H), 2.43 (s, 3H).

13C NMR (126 MHz, CDCls) 6 (ppm) = 160.44 (d, J = 149.1 Hz), 158.50 (d, J = 142.6 Hz), 149.24

(d, J= 5.8 Hz), 144.98 (d, J = 17.5 Hz), 141.39 (d, J = 7.9 Hz), 131.80 (d, J = 1.6 Hz), 130.39,
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128.71 (d, J= 1.4 Hz), 127.15 (d, J= 1.7 Hz), 126.22 (d, J = 2.6 Hz), 125.05, 124.52, 118.06 (dd,
J=16.6,3.2 Hz), 117.49 (d, J = 36.0 Hz), 116.50 (dd, J = 21.6, 4.1 Hz), 21.38 (d, J = 4.2 Hz),
16.22.

15F NMR (470 MHz, CDCl3) & (ppm) = -67.73 (d, J = 4.7 Hz), -115.09 (dt, J= 11.6, 6.7 Hz).

MS (APCI) = 269.3 calculated [M]" for Ci7H3F2N; experimental 269.8.

DKR Substrate, le
cF, To 3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-methylquinoline (700 mg, 2.40

CHs O mmol) was added silver (II) fluoride (1.23 g, 8.42 mmol) in 4.8 mL anhydrous
O N\/ . F  MeCN in the glovebox. The reaction (with workup and purification) was
followed according to the general procedure to afford 2-fluoro-3-(2-fluoro-5-
(trifluoromethyl)phenyl)-4-methylquinoline, (£)-1e as a golden amorphous solid (309 mg, 0.963
mmol, 40%)
TH NMR (500 MHz, CDCIl3) & (ppm) = 8.06 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.81 —
7.76 (m, 1H), 7.76 — 7.72 (m, 1H), 7.64 (dd, J= 6.6, 2.1 Hz, 1H), 7.60 (d, /= 7.4 Hz, 1H), 7.35 (t,
J=8.7Hz, 1H), 2.57 (s, 3H).
13C NMR (101 MHz, CDCl3) é (ppm) = 162.06 (dd, J = 253.6, 1.2 Hz), 158.22 (d, J = 240.3 Hz),
149.56 (d, J=5.4 Hz), 145.28 (d, J=17.5 Hz), 130.99, 129.83 (p, J=4.2 Hz), 128.84 (d,J=1.6
Hz), 128.34 — 127.93 (m), 127.32 (d, J = 3.7 Hz), 126.94 (d, J = 1.9 Hz), 126.60 (d, J = 2.4 Hz),
124.58 (d, J=0.8 Hz), 123.69 (q, J = 271.6 Hz), 122.39 (d, J = 3.3 Hz), 122.29 (dd, /= 3.3, 15.9
Hz), 16.44.
1F NMR (376 MHz, CDCl3) & (ppm) = -60.73, -61.62, -106.43.

MS (APCI) = 323.3 calculated [M]" for Ci7H:F4sNO; experimental 323.9.
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DKR Substrate, 1f

F To 3-(2,4-difluorophenyl)-4-methylquinoline (588 mg, 2.30 mmol) was

added silver (II) fluoride (1.18 g, 8.06 mmol) in 4.6 mL anhydrous MeCN

in the glovebox. The reaction (with workup and purification) was followed
according to the general procedure to afford 3-(2,4-difluorophenyl)-2-fluoro-4-methylquinoline,
(+)-1f as a pale-yellow solid (465 mg, 1.7 mmol, 74%).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.06 — 8.03 (m, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.76 (t, J =
7.6 Hz, 1H), 7.60 (t, J=7.7 Hz, 1H), 7.30 (q, /= 7.6, 7.2 Hz, 1H), 7.03 (ddd, J = 8.6, 6.6, 2.4 Hz,
1H), 6.99 (td, J=9.2, 2.5 Hz, 1H), 2.56 (s, 3H).

13C NMR (126 MHz, CDCl3) § (ppm) = 163.39 (dd, J = 250.9, 11.9 Hz), 161.43 (d, J = 12.4 Hz),
159.50 (d, J=28.9 Hz), 157.70, 149.48 (d, /= 5.9 Hz), 145.15 (d, J=17.6 Hz), 133.05 (t, /=7.0
Hz), 130.71 (d, J=1.0 Hz), 128.82 (d, /= 1.6 Hz), 127.08 (d, /= 1.9 Hz), 126.44 (dd, J=2.4,0.5
Hz), 124.57 (d, J= 1.0 Hz), 116.50 (d, J = 36.2 Hz), 111.79 (d, J = 25.3 Hz), 104.55 (t, J = 25.7
Hz), 16.27 (d, J=3.5 Hz).

I3F NMR (470 MHz, CDCl3) & (ppm) = -61.61 (t, J = 4.0 Hz), -76.59, -107.65 (dt, J = 14.9, 8.1
Hz).

MS (APCI) = 273.3 calculated [M]" for CisH10F3N; experimental 273.8.

DKR Substrate, 1g
NO, To 3-(2-fluoro-5-nitrophenyl)-4-methylquinoline (460 mg, 1.63 mmol) was
added silver (II) fluoride (831.8 mg, 5.70 mmol) in 3.3 mL anhydrous MeCN

in the glovebox. The reaction (with workup and purification) was followed
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according to the general procedure to afford 2-fluoro-3-(2-fluoro-5-nitrophenyl)-4-
methylquinoline, (+)-1g as yellow solid (206 mg, 0.684 mmol, 42%)

'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.38 (ddd, J=9.1, 4.3, 2.9 Hz, 1H), 8.29 (dd, J=6.0, 2.8
Hz, 1H), 8.08 — 8.05 (m, 1H), 7.99 (d, J = 8.3 Hz, 1H), 7.82 — 7.77 (m, 1H), 7.66 — 7.60 (m, 1H),
7.42 —7.37 (m, 1H), 2.59 (d, /= 0.9 Hz, 3H).

I3C NMR (101 MHz, CDCls) 6 (ppm) = 163.77 (d, J=258.9 Hz), 157.91 (d, J = 240.2 Hz), 149.70
(d, J=5.2 Hz), 145.37 (d, J = 17.5 Hz), 144.34, 128.88 (d, J = 1.7 Hz), 128.36 (d, J = 4.8 Hz),
127.15 (d, J=10.1 Hz), 126.83 (d, J= 1.9 Hz), 126.78 (d, J = 2.5 Hz), 126.52 (d, J = 10.1 Hz),
124.62,122.92 (dd, /= 19.1,3.3 Hz), 117.18 (d, /= 24.8 Hz), 114.95 (d, /=36.3 Hz), 16.41 (dd,
J=3.9, 1.4 Hz).

1F NMR (376 MHz, CDCl3) & (ppm) = -61.69 (d, J = 5.6 Hz), -100.89 (p, J = 5.7 Hz).

MS (APCI) = 300.3 calculated [M]" for Ci6H10F2N202; experimental 300.8.

DKR Substrate, 1h
To 4-chloro-3-(2-fluorophenyl)quinoline (562 mg, 2.18 mmol) was added

silver (IT) fluoride (636.12 mg, 7.63 mmol) and dissolved in anhydrous 4.4 mL

MeCN in the glovebox. The reaction (with workup and purification) was
followed according to the general procedure to afford 4-chloro-2-fluoro-3-(2-
Sfluorophenyl)quinoline, (+)-1h as a pale yellowish solid (346 mg, 1.25 mmol, 43%).

'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.27 — 8.20 (m, 1H), 7.99 (d, J = 8.3 Hz, 1H), 7.78 (ddd,
J=8.4,7.0,1.3 Hz, 1H), 7.64 — 7.59 (m, 1H), 7.47 (dddd, /= 8.3, 7.2, 5.3, 1.8 Hz, 1H), 7.41 (td,

J=174,1.7Hz, 1H), 7.28 (td, J= 7.6, 1.1 Hz, 1H), 7.26 — 7.20 (m, 1H).

291



13C NMR (101 MHz, CDCl3) § (ppm) = 160.31 (d, J= 191.3 Hz), 157.87 (d, J= 184.0 Hz), 145.65
(d,J="7.5 Hz), 145.10 (d, J= 18.3 Hz), 131.99 (d, J= 2.5 Hz), 131.65 (d, /= 1.1 Hz), 131.29 (d,
J=28.2Hz), 128.42 (d, J= 1.7 Hz), 127.34 (d, J = 2.6 Hz), 125.42 (d, J = 2.5 Hz), 124.91 (d, J =
1.3 Hz), 124.23 (d, J= 3.7 Hz), 119.51 (dd, J = 16.0, 3.5 Hz), 117.61 (d, J = 39.8 Hz), 115.99 (d,
J=21.5Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -60.57 (d, J = 6.7 Hz), -112.66 — -112.74 (m).

MS (APCI) = 275.7 calculated [M]" for C;sHsCIF2N; experimental 276.1

DKR Substrate, 11
To 3-(2-fluorophenyl)-7-methoxy-4-methylquinoline (500 mg, 1.738

mmol) was added silver (II) fluoride (887.4 mg, 6.08 mmol, 3.5 equiv)

and dissolved in anhydrous 17.0 mL MeCN in the glovebox. The
reaction (with workup and purification) was followed according to the general procedure to afford
4-chloro-3-(2-fluorophenyl)-7-methoxyquinoline, (£)-1i as a white solid (249 mg, 0.815 mmol,
47%).
'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.15 (d, J= 9.2 Hz, 1H), 7.51 — 7.45 (m, 1H), 7.42 — 7.38
(m, 1H), 7.33 = 7.29 (m, 2H), 7.28 — 7.26 (m, 1H), 7.24 (d, /=9.3 Hz, 1H), 3.97 (d, /= 0.8 Hz,
3H).
13C NMR (101 MHz, CDCl3) & (ppm) = 162.62, 160.80 (d, J = 136.7 Hz), 158.36 (d, J = 128.9
Hz), 147.38 (d, J=19.1 Hz), 145.44 (d, /= 7.8 Hz), 131.71 (d, J=109.1 Hz), 126.22 (d, J=5.3
Hz), 124.22, 120.45 (d, J = 2.8 Hz), 120.10 (d, /= 7.8 Hz), 116.04 (d, /= 21.5 Hz), 114.79 (d, J
=39.2 Hz), 107.14 (d, J = 8.5 Hz), 55.91 (d, /= 10.2 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -61.07 (d, J = 6.8 Hz), -112.76 — -112.85 (m).
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MS (APCI) = 305.7 calculated [M+H]" for C16H19oCIF2NO; experimental 306.1.

DKR/KR Hybrid Substrate, 98
To 4-methyl-3-(2-nitrophenyl)quinoline (390 mg, 1.477 mmol) was added

silver (II) fluoride (754 mg, 5.169 mmol) and dissolved in anhydrous 14.7 mL

MeCN in the glovebox. The reaction (with workup and purification) was
followed according to the general procedure to afford 2-fluoro-4-methyl-3-(2-
nitrophenyl)quinoline, (+)-98 as a pale yellowish solid (202 mg, 0.716 mmol, 49%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.24 (d, J = 8.2 Hz, 1H), 8.03 — 7.96 (m, 2H), 7.76 (t, J =
7.2 Hz, 2H), 7.65 (t, J= 7.8 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.39 (d, J = 7.5 Hz, 1H), 2.47 (s,
3H).

13C NMR (101 MHz, CDCl3) & (ppm) = 157.78 (d, J = 238.8 Hz), 148.78, 147.32 (d, J = 5.5 Hz),
144.96 (d, J=17.5 Hz), 133.66, 132.96, 130.65, 129.91, 129.21 (d, /J=3.2 Hz), 128.84 (d, /= 1.6
Hz), 127.03 (d, J=1.7 Hz), 126.49 (d, J= 2.4 Hz), 125.21, 124.43, 120.19 (d, /= 36.7 Hz), 16.29
(d, J=3.8 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -62.59.

MS (APCI) = 283.3 calculated [M]" for CisH11FN>O; experimental 282.8.

DKR/KR Hybrid Substrate, 100
To 2-(4-methylquinolin-3-yl)benzonitrile (76 mg, 0.310 mmol) was added

silver (II) fluoride (159.0 mg, 1.09 mmol) in 1.0 mL anhydrous MeCN in the

glovebox. The reaction (with workup and purification) was followed
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according to the general procedure to afford 2-(2-fluoro-4-methylquinolin-3-yl)benzonitrile, (+)-
100 as a pale yellowish oil (52 mg, 0.198 mmol, 64%).

TH NMR (400 MHz, CDCl3) & (ppm) = 7.99 — 7.93 (m, 3H), 7.72 (ddd, J = 8.4, 6.9, 1.6 Hz, 2H),
7.61 —7.50 (m, 2H), 6.94 (d, /= 1.0 Hz, 1H), 2.73 (d, J= 1.0 Hz, 3H).

I3C NMR (101 MHz, CDCl3) & (ppm) = 149.36 (d, J = 2.1 Hz), 145.86, 140.39, 136.33, 129.80,
128.76 (d, J= 2.8 Hz), 128.18, 128.12, 127.06 (d, J = 2.1 Hz), 123.54 — 123.39 (m), 121.72 (d, J
= 1.8 Hz), 121.44, 118.70, 118.56, 110.98 (d, /= 10.6 Hz), 14.66 (q, /=3.9 Hz),9.57 (d,J =4.2
Hz).

19F NMR (470 MHz, CDCl3) & (ppm) = -65.81.

MS (APCI) = 262.3 calculated [M]" for C17H11FN2; experimental 262.8.

DKR/KR Hybrid Substrate, 102

To methyl 2-(4-methylquinolin-3-yl)benzoate (644 mg, 2.32 mmol) was

added silver (II) fluoride (1.11 g, 7.63 mmol) and dissolved in 4.4 mL
F COoCHs anhydrous MeCN in the glovebox. The reaction (with workup and
purification) was followed according to the general procedure to afford methyl 2-(2-fluoro-4-
methylquinolin-3-yl)benzoate, (£)-102 as a whitish solid (337 mg, 49% yield).

'TH NMR (500 MHz, CDCl3) 6 (ppm) = 8.18 (dd, J=7.9, 1.1 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H),
7.99 —7.97 (m, 1H), 7.72 (ddd, J= 8.3, 7.0, 1.3 Hz, 1H), 7.65 (td, /= 7.5, 1.4 Hz, 1H), 7.56 (dtd,
J=9.1, 8.0, 1.3 Hz, 2H), 7.29 (dd, /= 7.8, 1.1 Hz, 1H), 3.66 (s, 3H), 2.45 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 (ppm) = 166.48, 158.30 (d, J = 239.1 Hz), 146.34 (d, J = 6.0 Hz),

144.44 (d, J=17.3 Hz), 135.08 (d, J = 2.8 Hz), 132.38, 131.69, 130.91, 130.02, 129.83, 128.55,
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128.48 (d, J= 1.8 Hz), 125.93 (d, J = 2.5 Hz), 124.30, 123.50 (d, J = 36.7 Hz), 52.04, 15.98 (d, J
=3.9 Hz).
19F NMR (376 MHz, CDCl3) & (ppm) = -62.51.

MS (APCI) Calculated: 295.3 calculated [M]" for Ci1sH14FNO2; experimental 294.9.

DKR/KR Hybrid Substrate, 104
To 1-(2-(4-methylquinolin-3-yl)phenyl)ethanone (440 mg, 1.68 mmol)

CHs O
O A was added silver (II) fluoride (860 mg, 5.89 mmol) and dissolved in 3.4

NP COCHs
mL anhydrous MeCN in the glovebox. The reaction (with workup and

purification) was followed according to the general procedure to afford I-(2-(2-fluoro-4-
methylquinolin-3-yl)phenyl)ethenone, (+)-104 as a whitish solid (55 mg, 12% yield).

TH NMR (500 MHz, CDCl3) § (ppm) = 8.02 — 7.99 (m, 1H), 7.99 — 7.95 (m, 1H), 7.91 (dd, J =
7.7, 1.0 Hz, 1H), 7.72 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H), 7.62 (td, J = 7.5, 1.4 Hz, 1H), 7.56 (tt, J =
7.6, 1.5 Hz, 2H), 7.31 — 7.27 (m, OH), 2.44 (s, 3H), 2.44 (s, 3H).

13C NMR (126 MHz, CDCl3) 6 (ppm) = 202.5, 161.7, 159.8, 149.5 (d, J = 6.4 Hz), 147.3 (d, J =
18.2 Hz), 141.2, 135.7 (d, J=3.0 Hz), 134.7 (d, /= 3.8 Hz), 134.5, 132.6, 132.0, 131.3 (d,/=1.4
Hz), 129.8 (d, /= 1.5 Hz), 128.7, 126.9, 126.1 (d, J=38.8 Hz), 31.3, 18.7.

19F NMR (376 MHz, CDCl3) & (ppm) = -83.83.

MS (APCI) Calculated: 279.3 calculated [M]" for Ci1sH14FNO; experimental 279.1.

KR Substrate, 106

To 4-methyl-3-(2-(trifluoromethoxy)phenyl)quinoline (1.0 g, 3.30 mmol)

was added silver (II) fluoride (1.69 g, 11.55 mmol) in 6.6 mL anhydrous
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MeCN in the glovebox. The reaction (with workup and purification) was followed according to
the general procedure to afford 4-methyl-3-(2-(trifluoromethoxy)phenyl)quinoline, (£)-106 as a
yellow oil (628 mg, 1.94 mmol, 59%).

'TH NMR (500 MHz, CDCl3) & (ppm) = 8.04 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.78 —
7.73 (m, 1H), 7.59 (t, J="7.7 Hz, 1H), 7.53 — 7.49 (m, 1H), 7.42 (t, J= 7.4 Hz, 2H), 7.35 (dd, J =
7.6, 1.7 Hz, 1H), 2.51 (s, 3H).

13C NMR (126 MHz, CDCls) & (ppm) = 158.54 (d, J = 240.5 Hz), 149.02 (d, J = 5.7 Hz), 147.36
(d,/=1.9 Hz), 145.12 (d, J=17.6 Hz), 132.39, 130.57, 130.33, 128.78 (d, /= 1.5 Hz), 127.21 (d,
J=3.2 Hz), 127.04, 126.97 (d, J = 1.8 Hz), 126.32 (d, J= 2.3 Hz), 124.55, 121.14, 120.44 (q, J =
258.7 Hz), 118.36 (d, J=36.3 Hz), 16.11 (q, /= 3.3 Hz).

YF NMR (376 MHz, CDCl3) & (ppm) = -56.47, -61.43.

MS (APCI) = 321.3 calculated [M]" for Ci7H:F4sNO; experimental 321.9.

KR Substrate, 108

To 3-([1,1'-biphenyl]-2-yl)-4-methylquinoline (576 mg, 1.96 mmol) was

added silver (II) fluoride (1.0 g, 6.85 mmol) in 3.9 mL anhydrous MeCN in
the glovebox. The reaction (with workup and purification) was followed according to the general
procedure to afford 3-(/1,1'-biphenyl]-2-yl)-2-fluoro-4-methylquinoline, (+)-108 as a yellow
solid (205 mg, 0.651 mmol, 33.5%).

TH NMR (500 MHz, CDCl3) & (ppm) = 7.91 (d, J = 8.4 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.70 —
7.65 (m, 1H), 7.55 — 7.46 (m, 4H), 7.32 (d, J= 7.7 Hz, 1H), 7.14 (ddd, J=10.4, 4.5, 2.2 Hz, 5H),

2.32 (s, 3H).
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13C NMR (126 MHz, CDCls) § (ppm) = 159.88, 157.98, 147.97 (d, J = 6.1 Hz), 144.70 (d, J =
17.5Hz), 141.78 (d,J=231.2 Hz), 132.12 (d, J= 3.0 Hz), 131.02, 130.31, 129.99, 128.87, 128.80,
128.62 (d, J = 1.6 Hz), 128.14 (d, J = 0.6 Hz), 127.48, 127.09, 126.93 (d, J = 1.8 Hz), 126.00 (d,
J=22Hz), 124.38, 123.30 (d, J= 36.2 Hz), 16.14 (dd, J= 4.1, 2.2 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -86.27.

MS (APCI) = 313.4 calculated [M]" for C2oH6FN; experimental 313.9.

KR Substrate, 110

To 4-methyl-3-(o-tolyl)quinoline (654 mg, 2.80 mmol) was added silver (II)

CH; fluoride (1.43 g, 9.82 mmol) in 5.6 mL anhydrous MeCN in the glovebox. The
reaction (with workup and purification) was followed according to the general procedure to afford
2-fluoro-4-methyl-3-(o-tolyl)quinoline, (+)-110 as a pale-yellow amorphous solid (336 mg, 1.33
mmol, 48%).

'TH NMR (500 MHz, CDCIl3) & (ppm) = 8.04 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.77 —
7.72 (m, 1H), 7.62 — 7.57 (m, 1H), 7.36 (dd, J = 6.2, 1.3 Hz, 2H), 7.30 (td, J = 6.7, 6.0, 2.8 Hz,
1H), 7.16 (d, J= 7.6 Hz, 1H), 2.46 (s, 3H), 2.10 (s, 3H).

13C NMR (126 MHz, CDCls) & (ppm) = 158.91 (d, J = 240.0 Hz), 148.19 (d, J = 6.5 Hz), 144.88
(d, J=17.2 Hz), 137.00, 133.27 (d, J = 2.9 Hz), 130.30, 130.15, 130.09, 128.71, 128.63, 127.23
(d, J=1.7 Hz), 126.16 (d, J = 2.4 Hz), 126.06, 124.43, 122.99 (d, J = 36.8 Hz), 19.83 (d, J=0.7
Hz), 15.88 (dt, /= 6.0, 2.6 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -86.29.

MS (APCI) = 251.3 calculated [M]" for C17H14FN; experimental 251.9.
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KR Substrate, 112

CH, To 3-(2-chlorophenyl)-4-methylquinoline (466 mg, 1.8395 mmol) was added
O ~ silver (IT) fluoride (938 mg, 6.428 mmol) and dissolved in 3.7 mL anhydrous
pz Cl
N F

MeCN in the glovebox. The reaction (with workup and purification) was
followed according to the general procedure to afford 3-(2-chlorophenyl)-2-fluoro-4-
methylquinoline, (+)-112 as a pale yellowish oil (321 mg, 1.12 mmol, 65%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.05 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.75
(ddd,/=8.4,6.9, 1.5 Hz, 1H), 7.58 (d, /= 6.9 Hz, 1H), 7.56 — 7.54 (m, 1H), 7.43 — 7.37 (m, 2H),
7.32 —7.28 (m, 1H), 2.49 (s, 3H).

13C NMR (126 MHz, CDCls, X-C coupling where X = F, Cl) 8 (ppm) = 159.69 — 157.70 (m),
148.95 (d, J = 5.7 Hz), 147.45, 145.05 (d, J = 17.2 Hz), 142.13, 140.38, 136.10, 134.92, 134.69,
134.13, 132.10, 131.37 (d, J = 11.0 Hz), 130.75, 130.49 — 130.22 (m), 129.98 (d, J = 9.1 Hz),
129.27—-128.55 (m), 128.37—127.83 (m), 127.15 (d, J=18.1 Hz), 126.25 (d, J=12.9 Hz), 125.09
(d, J=140.2 Hz), 124.19, 15.56 (d, /= 2.9 Hz).

19F NMR (470 MHz, CDCl3) & (ppm) = -62.15.

MS (APCI) = 271.2 calculated [M]" for Ci6H;1CIFN; experimental 271.8.

KR Substrate, 114
CH, To 3-(2-chloro-4-methylphenyl)-4-methylquinoline (475 mg, 1.78

mmol) was added silver (II) fluoride (906 mg, 6.21 mmol) and dissolved

in 17.7 mL anhydrous MeCN in the glovebox. The reaction (with workup

and purification) was followed according to the general procedure to afford 3-(2-chloro-4-
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methylphenyl)-2-fluoro-4-methylquinoline, (£)-114 as a pale yellowish oil (321 mg, 1.18 mmol,
65%).

'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.04 (d, J= 8.4 Hz, 1H), 7.99 (d, J= 8.4 Hz, 1H), 7.75 (t,
J=8.4Hz, 1H), 7.59 (t, /= 8.4 Hz, 1H), 7.38 (s, 1H), 7.19 (d, J = 4.3 Hz, 2H), 2.50 (s, 3H), 2.43
(s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 158.75 (d, J = 240.2 Hz), 148.97 (d, J = 5.7 Hz), 145.11
(d, J=17.3 Hz), 140.42, 134.18, 131.45, 130.41, 130.34 (d, J= 1.8 Hz), 129.75 (d, J = 3.2 Hz),
128.80, 127.91, 127.11 (d, J = 1.8 Hz), 126.22 (d, J = 2.2 Hz), 124.56, 121.07 (d, J = 36.4 Hz),
21.20, 16.01.

19F NMR (376 MHz, CDCl3) & (ppm) = -62.24.

MS (APCI) = 285.7 calculated [M]" for C;7H3CIFN; experimental 285.8.

KR Substrate, 73

To 4-methyl-3-(2-(trifluoromethyl)phenyl)quinoline (595 mg, 2.07 mmol)

was added silver (II) fluoride (1.06 g, 7.25 mmol) and dissolved in 4.1 mL

anhydrous MeCN in the glovebox. The reaction (with workup and
purification) was followed according to the general procedure to afford 2-fluoro-4-methyl-3-(2-
(trifluoromethyl)phenyl)quinoline, (£)-115 as a pale yellowish oil (561 mg, 1.84 mmol, 89%).
'TH NMR (500 MHz, CDCl3) & (ppm) = 8.02 (d, J = 6.8 Hz, 1H), 8.00 (d, /= 8.4 Hz, 1H), 7.83 (d,
J=28.1 Hz, 1H), 7.78 — 7.73 (m, 1H), 7.67 — 7.64 (m, 1H), 7.61 — 7.57 (m, 2H), 7.31 (d, /= 7.2
Hz, 1H), 2.41 (d, J=2.1 Hz, 3H).

13C NMR (126 MHz, CDCls) & (ppm) = 158.50 (d, J = 239.8 Hz), 148.86 (d, J= 5.7 Hz), 145.19

(d,J=17.2 Hz), 132.70, 132.18, 131.85, 130.59, 129.79 (q, J = 29.8 Hz), 128.87 (d, /= 11.0 Hz),
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126.84, 126.52 (q, J = 5.2 Hz), 126.38 (d, J = 2.3 Hz), 124.51, 122.75 (q, J = 274.1 Hz), 120.77
(d,J=37.2 Hz).
1F NMR (376 MHz, CDCl5) § (ppm) = -60.64, -61.02.

MS (APCI) = 305.3 calculated [M]" for Ci7H11FsN; experimental 305.9.

3-([1,1'-biphenyl]-2-yl)-4-chloro-2-fluoroquinoline (starting material for DKR substrate 117)
To 4-chloro-3-(2-(trifluoromethyl)phenyl)quinoline (595 mg, 2.07 mmol) was

added silver (II) fluoride (1.06 g, 7.25 mmol, 3.5 equiv) and dissolved in 4.1

mL anhydrous MeCN in the glovebox. The reaction (with workup and
purification) was followed according to the general procedure to afford 3-(/1,1'-biphenyl]-2-yl)-
4-chloro-2-fluoroquinoline as a pale yellowish oil (602 mg, 1.803 mmol, 87%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.18 (d, J = 8.5 Hz, 1H), 7.93 (d, J = 7.0 Hz, 1H), 7.74
(ddd, J=8.4,6.9, 1.5 Hz, 1H), 7.61 — 7.49 (m, 4H), 7.40 (dd, J = 7.5, 1.4 Hz, 1H), 7.25 — 7.20 (m,
2H), 7.20 — 7.13 (m, 3H).

13C NMR (101 MHz, CDCl3) & (ppm) = 158.23 (d, J = 241.2 Hz), 144.88 (d, J = 1.8 Hz), 141.60
(d,J=2179 Hz), 130.47 (d, J =3.9 Hz), 128.40 (d, J = 1.8 Hz), 127.15 (d, J = 2.5 Hz), 125.30 (d,
J=2.5Hz), 124.80 (d, J = 1.8 Hz), 123.54 (d, ] = 39.6 Hz), 115.15 (d, J = 21.5 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -58.60.

MS (APCI) = 333.8 calculated [M+H]" for C2;H;3CIFN; experimental 334.1.
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2.2.13 General SNAr Strategy to yield enantioenriched 3-aryl-2-(phenylthio)quinolines (2)

catalyst 77 or (rac)-catalyst (20 mol%)

10.0 equiv HSPh R*
20.0 equiv K;HPO,
0.1 M [70:30 m-xylene/hexane] N s
60-80 h, r.t. i
Ph
70 71
catalyst 77 i (rac)-catalyst
OCHj
H
]
Ny

iPr= =0 50:50 mixture of quinine and quinidine
Equation 43. Atroposelective SnAr optimization can be found in ‘Section 2.2.7 Reaction
Development.’

To fluoroquinoline 70 (1.0 equiv) in a 1.6-dram vial equipped with a stir bar was added
K2HPO4 (20.0 equiv) and 20 mol% catalyst 77. The reaction was then taken into 0.1 M solvent
mixture of anhydrous 70% m-xylene and 30% n-hexanes (anhydrous, HPLC grade) and stirred
until all the non-dissolved solids were suspended. Thiophenol (10.0 equiv) was then added to the
reaction. The SxAr reaction was stirred vigorously (up to 1500 rpm) at room temperature for up to
60-80 h (generally, the reactions stirred for 60 h, but other substrates required more time to reach
optimal conversions and yields).

The resulting reaction was then diluted with CH>Cl, and subsequently quenched with
deionized H>O. The organic layer was isolated through liquid extraction, and subsequently
partitioned with 1.0 N NaOH (aq.). The resulting organic layer was extracted, washed with
saturated aqueous NaCl, re-extracted, and dried over Na;SOs. After filtration, the filtrate was

isolated in vacuo at 25 °C. The crude was then purified by FCC using n-hexanes:EtOAc = 0% >
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5-10% to afford the pure enantioenriched (R.)-71 (and recovered enantioenriched (S2)-70 for KR)
in optimal yields.

In some cases, the determined Rys of both 2 and 1 were very similar, resulting in mixtures
that were either difficult to purify or had led to co-elution. For these cases, the resulting mixture
was first isolated in vacuo at 25 °C. The purified mixture was then oxidized to sulfone 3. This
afforded a larger difference in polarity and allowed us to purify our products. For more details
regarding our oxidation method, see “Section 2.2.14 Post-translational Modifications of 2 (and

enantioenriched-1).”

For racemic HPLC standards: We either 1) switched catalyst 77 to (rac)-catalyst, or 2) heated our
enantioenriched compounds to racemization. For our racemization via heating methods, see

“Section 2.2.18 Racemization Kinetics” for more details regarding procedure.

Analytical chiral HPLC was used for determination of e.r., ee%, conversions, and s-factors
of enantioenriched 2. To improve e.r. (or achieve enantiopurity) post-DKR, enantioenriched
products were either:

(1) triturated using 100% HPLC grade n-hexanes, or

(2) partially dissolving the product in small amounts of reagent-pure DCE and then
recrystallization with slow addition of HPLC grade n-hexane. The resulting liquor and precipitate

were isolated and separated.
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DKR Product, 74

Following the general procedure: 72 (50 mg, 0.2033 mmol, 1.0 equiv), catalyst

77 (16.6 mg, 0.04065 mmol, 0.2 equiv) and KoHPO4 (707 mg, 4.065 mmol,

20.0 equiv) were added into a vial and dissolved in 1.42 mL m-xylene and 609

puL n-hexanes. Thiophenol (228 uL, 2.236 mmol, 11.0 equiv) was then added to the reaction. The
workup and purification following the general procedure afforded 3-(2-fluorophenyl)-4-methyl-
2-(phenylthio)quinoline, 74 as a white solid (64 mg, 0.185 mmol, 91%, 10:90 e.r.).

For racemic standards: 20 mol% (rac)-catalyst (13.2 mg, 0.04065 mmol) was used. The reaction

was stirred at room temperature for 4 days.

Scale-up Procedure of 74: Following the general procedure, 72 (1.0 g, 3.906 mmol, 1.0 equiv),
catalyst 77 (318 mg, 0.781 mmol, 0.2 equiv) and KoHPO4 (13.6 g, 78.12 mmol, 20.0 equiv) were
added into a 250 mL round-bottom flask that was equipped with a stir bar. A mixture of 28 mL m-
xylene and 12 mL n-hexanes was then added. Thiophenol (10 mL, 9.8 mmol, 10.0 equiv) was
added to the reaction, and the reaction was left to stir for 3 days at room temperature. The workup
and purification following the general procedure afforded the final product 74 as a white solid
(1.05 g, 3.04 mmol, 78%, 13:87 e.r.).

TH NMR (500 MHz, CDCl3) & (ppm) =6 7.99 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.67
—7.61 (m, 3H), 7.55 —7.48 (m, 2H), 7.46 — 7.40 (m, 4H), 7.35 (td, J="7.5, 1.1 Hz, 1H), 7.29 (t, J
= 8.8 Hz, 1H), 2.46 (s, 3H).

I3C NMR (126 MHz, CDCl3) & (ppm) = 160.12 (d, J=246.7 Hz), 158.94, 147.41, 142.61, 134.86,
132.41, 131.30, 130.65 (d, J = 8.0 Hz), 129.33, 129.22, 128.74, 128.29, 127.17, 126.24, 125.66,
124.67 (d, J=17.0 Hz), 124.43, 124.40, 124.15, 115.99 (d, J=21.8 Hz), 15.78 (d, /= 3.1 Hz).

19F NMR (376 MHz, CDCls) & (ppm) = -112.02 (q, J = 7.4 Hz).
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MS (APCI) = 345.4 calculated [M]" for C22H6FNS; experimental 344.9.

HRMS (ESI) = 346.1066 calculated [M+H]" found 346.1075.

DKR Product, 81

Following the general procedure: 72 (50 mg, 0.2033 mmol, 1.0 equiv), catalyst

77 (16.6 mg, 0.04065 mmol, 0.2 equiv) and KoHPO4 (707 mg, 4.065 mmol,

H3gﬁ} 20.0 equiv) were used. 1.42 mL m-xylene and 609 pL hexane were added. 2-

tolylthiol (208.3 pL, 2.033 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 3 days at room temperature. More 2-tolylthiol
(104 pL, 1.02 mmol, 5.0 equiv) and KoHPO4 (354 mg, 2.033 mmol, 10.0 equiv) was added at this
temperature, and the resulting reaction stirred for an additional 18 hours. The workup and
purification following the general procedure afforded 3-(2-fluorophenyl)-4-methyl-2-(o-
tolylthio)quinoline, 81 as a white solid (37 mg, 0.103 mmol, 56%). Sulfide 81 was taken onto
oxidation to sulfone 82 without determination of e.r. See Section K for more details.

For racemic standards: 20 mol% (rac)-catalyst (13.2 mg, 0.04065 mmol) was used. The reaction

was stirred at room temperature for 2.5 days. The racemic standard was isolated and then
subsequently oxidized to the sulfone rac-82.

'TH NMR (500 MHz, CDCl3) 8 (ppm) = 7.97 (d, J= 8.3 Hz, 1H), 7.59 (d, J= 7.2 Hz, 1H), 7.49 (d,
J=7.0Hz, 2H), 7.37 — 7.31 (m, 2H), 7.29 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 8.4 Hz, 1H), 7.19 —
7.14 (m, 3H), 2.42 (s, 3H), 2.29 (s, 3H).

13C NMR (126 MHz, CDCl3) 8 (ppm) = 158.90 (s), 142.98 (s), 137.56 (s), 136.18 (s), 135.57 (s),

132.33 (d, J= 3.5 Hz), 130.75 (s), 130.70 (s), 130.50 (s), 130.45 (s), 129.72 (s), 129.70 (s), 129.30
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—129.27 (m), 128.83 (s), 127.57 (s), 127.47 (s), 126.78 (d, J = 11.5 Hz), 126.44 (s), 126.22 (s),
125.93 (d, J= 1.0 Hz), 124.55 (d, J = 3.6 Hz), 124.25 (s).
19F NMR (470 MHz, CDCl3) & (ppm) = -113.08.

MS (APCI) = 360.3 calculated [M]" for C23HsFNS; experimental 359.5.

DKR Product, 83

Following the general procedure: 74 (50 mg, 0.2033 mmol, 1.0 equiv), catalyst

77 (16.6 mg, 0.04065 mmol, 0.2 equiv) and KoHPO4 (707 mg, 4.065 mmol,

20.0 equiv) were used. 1.42 mL m-xylene and 609 pL n-hexanes was added.
2-tolylthiol (208.3 pL, 2.033 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 3 days at room temperature.
More 2-tolylthiol (104 uL, 1.02 mmol, 5.0 equiv) and KoHPO4 (354 mg, 2.033 mmol, 10.0 equiv)
was added at this temperature, and the resulting reaction stirred for an additional 18 hours. The
workup and purification followed according to the general procedure afforded 3-(2-fluorophenyl)-
4-methyl-2-(p-tolylthio)quinoline, 83 as a pale yellow solid (17 mg, 0.047 mmol, 23%, 30:70 e.r.).

For racemic standards: 20 mol% (rac)-catalyst (13.2 mg, 0.04065 mmol) was used. The reaction

was stirred at room temperature for 2.5 days. The racemic standard was isolated and then
subsequently oxidized to the sulfone rac-83.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.95 (d, J = 8.3 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.59
(ddt, J =8.4, 6.8, 1.5 Hz, 1H), 7.50 — 7.45 (m, 2H), 7.43 (dd, J = 8.4, 1.4 Hz, 2H), 7.37 — 7.34 (m,

1H), 7.31 (d, J = 7.2 Hz, 1H), 7.24 (d, J = 8.9 Hz, 1H), 7.22 — 7.18 (m, 2H), 2.44 — 2.37 (m, 6H).
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13C NMR (101 MHz, CDCls) 8 (ppm) = 161.48, 159.45, 159.02, 147.55, 142.50, 138.43, 135.06,
132.51, 130.69 (d, J = 7.8 Hz), 129.65, 129.34, 128.81, 127.65, 127.15, 126.29, 125.60, 12491,
124.74, 124.46, 124.19, 116.10 (d, ] = 21.9 Hz), 21.47 (d, ] = 3.2 Hz), 15.81 (d, ] = 3.5 Hz).

1F NMR (376 MHz, CDCl3) & (ppm) = -127.21 (dt, J = 8.9, 5.8 Hz).

MS (APCI) = 360.3 calculated [M]" for C23HsFNS; experimental 359.5.

HRMS (ESI) = 359.4624 calculated [M+H]" found 360.1223.

DKR Product, 84

Following the general procedure: 74 (25 mg, 0.2033 mmol, 1.0 equiv), catalyst

77 (16.6 mg, 0.04065 mmol, 0.2 equiv) and K;HPO4 (707 mg, 4.065 mmol,

ol 20.0 equiv) were used. A mixture of 1.42 mL m-xylene and 609 uL n-hexanes

\© was added. 2-chlorothiophenol (240 pL, 2.033 mmol, 10.0 equiv) was then
added to the reaction. The reaction vial was capped, and then left to stir up to 3.5 days at room
temperature. The workup and purification following the general procedure afforded 2-((2-
chlorophenyl)thio)-3-(2-fluorophenyl)-4-methylquinoline, 84 as a white solid (46 mg, 0.122
mmol, 60%, 35:65 e.r.).

For racemic standards: 20 mol% (rac)-catalyst (13.2 mg, 0.04065 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.

'TH NMR (400 MHz, CDCl3) 6 (ppm) = 7.97 (d, J= 6.9 Hz, 1H), 7.73 (d, J= 8.6 Hz, 1H), 7.59 (t,
J=17.5Hz,2H), 7.48 (t,J=6.6 Hz, 3H), 7.41 (d, J="7.4 Hz, 1H), 7.34 — 7.29 (m, 2H), 7.28 — 7.22
(m, 3H), 2.43 (s, 3H).

13C NMR (126 MHz, CDCls) & (ppm) = 161.28, 159.32, 157.92, 147.38, 143.21, 139.16, 137.21,

132.40 (d, J = 2.9 Hz), 131.47, 130.97, 130.84 (d, J = 8.1 Hz), 130.07, 130.03 (d, J = 2.4 Hz),
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129.55, 129.27, 128.29, 127.41 (d, ] = 7.6 Hz), 127.07, 126.40, 125.95, 124.72, 124.57 (d, J = 3.8
Hz), 124.27,116.16 (d, ] = 21.9 Hz), 29.85.

19F NMR (470 MHz, CDCl3) 6 (ppm) = -113.08.

MS (APCI) = 379.9 calculated [M]" for C22H;sCIFNS; experimental 379.8.

HRMS (ESI) = 379.8774 calculated [M+H]" found 380.0635.

DKR Product, 85

CH, Following the general procedure: 1d (50 mg, 0.1851 mmol, 1.0 equiv),

catalyst 77 (15.1 mg, 0.0370 mmol, 0.2 equiv) and KoHPO4 (644 mg,

3.70 mmol, 20.0 equiv) were used. 1.3 mL m-xylene and 550 pL n-

hexanes were added. Thiophenol (189 pL, 1.851 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 4.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 3-(2-fluoro-4-methylphenyl)-4-
methyl-2-(phenylthio)quinoline, 85 as a white solid (47.5 mg, 0.131 mmol, 71%, 14:86 e.r.).

For racemic standards: 20 mol% (rac)-catalyst (12.0 mg, 0.0370 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.

'TH NMR (400 MHz, CDCIs) & (ppm) = 7.96 (dd, J = 8.1, 1.1 Hz, 1H), 7.76 (dd, J = 8.2, 1.0 Hz,
1H), 7.61 — 7.58 (m, 1H), 7.57 — 7.54 (m, 2H), 7.46 (ddd, J=8.3, 6.9, 1.3 Hz, 1H), 7.38 (dd, J =
5.1,1.9Hz,3H), 7.23 (d, J= 7.7 Hz, 1H), 7.13 (d, J="7.1 Hz, 1H), 7.06 (d, /= 10.3 Hz, 1H), 2.48
(d,/J=0.7 Hz, 3H), 2.42 (d, /= 0.6 Hz, 3H).

13C NMR (101 MHz, CDCl3) & (ppm) = 161.23, 159.30, 158.78, 147.41, 142.73, 141.41 (d, J =
7.8 Hz), 134.97, 132.03, 131.39, 129.26, 128.76, 128.32, 127.26, 126.35, 125.62, 125.24, 124.19,

121.54 (d,J=17.3 Hz), 116.74, 116.52, 21.53, 15.84.
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1F NMR (376 MHz, CDCl3) § (ppm) = -122.13 — -122.36 (m).

MS (APCI) = 360.1 calculated [M]" for C23HsFNS; experimental 359.4.

DKR Product, 86

Following the general procedure: 1e (50 mg, 0.155 mmol, 1.0 equiv), catalyst

CF,

77 (12.5 mg, 0.03095 mmol, 0.2 equiv) and K;HPO4 (538.5 mg, 3.095 mmol,

20.0 equiv) was used. 1.09 mL m-xylene and 460 pL hexane was added.

Thiophenol (158 pL, 1.55 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 4.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 3-(2-fluoro-5-
(trifluoromethyl)phenyl)-4-methyl-2-(phenylthio)quinoline, 86 as a pale yellowish oil (40.6 mg,
0.0980 mmol, 63%, 13:87 e.r.). Trituration was followed according to the general procedure to
improve e.r. of 86 (11.2 mg, 0.025 mmol, 9:91 e.r., 28%, recovered solid).

For racemic standards: 20 mol% (rac)-catalyst (10.0 mg, 0.03095 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.97 (dt, J = 8.4, 1.3 Hz, 1H), 7.82 (dt, ] = 8.5, 1.3 Hz,
1H), 7.77 — 7.74 (m, 1H), 7.66 — 7.62 (m, 1H), 7.48 (d, J = 1.4 Hz, 1H), 7.37 — 7.34 (m, 1H), 7.32
(d,J=17.2 Hz, 15H), 2.42 (d, ] = 1.5 Hz, 1H).

13C NMR (101 MHz, CDCls) & (ppm) = 164.69 (d, J = 10.6 Hz), 162.21 (d, J = 10.6 Hz), 161.61
(d, J=12.6 Hz), 159.19, 159.06, 147.52, 143.10, 134.81, 133.29 (d, J = 4.5 Hz), 133.20 (d, J =
4.5 Hz), 131.22, 129.58, 129.34, 128.85, 128.42, 126.39, 126.27, 125.86, 124.20, 120.79 (dd, J =
17.4,4.0 Hz), 111.87 (dd, J=21.3, 3.7 Hz), 104.58 (t, J=25.6 Hz), 15.86.

19F NMR (376 MHz, CDCl3) & (ppm) = -23.55 (q, J = 8.5 Hz), -23.85 (dt, J = 16.7, 8.4 Hz).
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MS (APCI) = 414.1 calculated [M]" for C23H;5F4NS; experimental 413.9.

HRMS (ESI) = 414.0940 calculated [M+H]" found 414.0953.

DKR Product, 87

g Following the general procedure: 1f (50 mg, 0.183 mmol, 1.0 equiv), 20

mol% catalyst 77 (14.9 mg, 0.0366 mmol) and K;HPO4 (637 mg, 3.66

mmol, 20.0 equiv) were used. 1.28 mL m-xylene and 549 uL n-hexanes

were added. Thiophenol (187 pL, 1.83 mmol, 10.0 equiv) was added to the reaction. The reaction
vial was capped, and then left to stir up to 4.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 3-(2,4-difluorophenyl)-4-
methyl-2-(phenylthio)quinoline, 87 as a pale yellowish oil (35 mg, 0.096 mmol, 53%, 12:88 e.r.).

For racemic standards: 20 mol% (rac)-catalyst (11.9 mg, 0.0366 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.

'TH NMR (400 MHz, CDCls) & (ppm) = 7.96 (dd, J = 8.7, 1.3 Hz, 1H), 7.77 (dd, J = 8.8, 1.6 Hz,
1H), 7.61 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.54 — 7.46 (m, 3H), 7.39 — 7.35 (m, 3H), 7.34 — 7.29
(m, 1H), 7.05 (tdd, J= 8.2, 2.5, 1.0 Hz, 1H), 6.98 (td, J=9.1, 2.5 Hz, 1H), 2.41 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 164.70 (d, J = 10.6 Hz), 162.22 (d, J= 10.6 Hz), 161.62
(d, J = 12.4 Hz), 159.20, 159.07, 147.53, 143.11, 134.98, 134.81, 133.25 (dd, J = 9.5, 4.6 Hz),
131.23, 129.47 (d, J = 23.3 Hz), 128.86, 128.43, 126.39, 126.27, 125.86, 124.22, 120.80 (dd, J =
17.5,4.1 Hz), 111.87 (dd, J=21.2, 3.5 Hz), 104.58 (t, J=25.6 Hz), 15.86.

19F NMR (376 MHz, CDCl3) 6 (ppm) = -108.36 (q, J = 8.5 Hz), -108.60 — -108.71 (m).

HRMS (ESI) = 364.0972 calculated [M+H]" for C22Hi6F2NS found 364.0980.
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DKR Product, 89

NO, Following the general procedure: 1g (50 mg, 0.166 mmol, 1.0 equiv), CA9

CHy O (in manuscript, C4) (13.6 mg, 0.0332 mmol, 0.2 equiv) and KsHPO4 (577.7
X
O = F mg, 3.32 mmol, 20.0 equiv) were used. 1.16 mL m-xylene and 498 uL n-
hexanes were added. Thiophenol (169 pL, 1.66 mmol, 10.0 equiv) was added
to the reaction. The reaction vial was capped, and then left to stir up to 4.5 days at room
temperature. The workup and purification followed according to the general procedure afforded
3-(2-fluoro-5-nitrophenyl)-4-methyl-2-(phenylthio)quinoline, 2g as a pale yellowish oil (55 mg,
0.140 mmol, 84%, 16:84 e.r.).

For racemic standards: 20 mol% (rac)-catalyst (10.8 mg, 0.0332 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.

Scale-up Procedure of 2g: Following the general procedure, 1g (500 mg, 1.66 mmol, 1.0 equiv),
CA9 (in manuscript, C4) (135.7 mg, 0.332 mmol, 0.2 equiv) and KoHPO4 (5.78 g, 33.2 mmol,
20.0 equiv) were added into a 20 mL dram vial that was equipped with a stir bar. 11.6 mL m-
xylene and 5.0 mL n-hexanes were added. Thiophenol (1.7 mL, 16.6 mmol, 10.0 equiv) was added
to the reaction, and the reaction was left to stir for 3 days at room temperature. The workup and
purification followed according to the general procedure afforded 2g as a pale yellowish,
amorphous solid (635 mg, 98%, 20:80 e.r.).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.36 (ddt, J = 3.5, 2.6, 1.8 Hz, 1H), 8.25 (s, 1H), 7.98 (dt,
J=28.3, 1.3 Hz, 1H), 7.85 — 7.81 (m, 1H), 7.68 — 7.63 (m, 1H), 7.55 — 7.50 (m, 1H), 7.47 — 7.44

(m, 1H), 7.34 (t, ] = 1.8 Hz, 1H), 2.42 (d, J = 1.5 Hz, 1H).
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13C NMR (101 MHz, CDCls) 8 (ppm) = 165.14, 162.57, 157.89, 147.70, 144.45, 143.41, 134.47,
130.90, 130.13, 129.48, 128.97, 128.68 (d, J = 5.0 Hz), 128.57, 126.51, 126.48, 126.38, 126.31,
126.09, 125.24,124.23, 117.12 (d, J = 24.8 Hz), 16.07.

19F NMR (376 MHz, CDCl3) & (ppm) = -100.80 (q, J = 5.7 Hz).

MS (APCI) Calculated: 391.1 calculated [M]" for C16H10F2N20>; experimental 389.9.

HRMS (ESI) = 391.0917 calculated [M+H]* found 391.0924.

DKR Product, 90

Following the general procedure: 1h (50 mg, 0.181 mmol, 1.0 equiv), catalyst

O AN 77 (14.8 mg, 0.0363 mmol, 0.2 equiv) and K;HPO4 (631.6 mg, 3.63 mmol,

F
N/§

i 20.0 equiv) were used. 1.27 mL m-xylene and 543 pL n-hexanes were added.

Thiophenol (185 pL, 1.81 mmol, 10.0 equiv) was added to the reaction. The reaction vial was
capped, and then left to stir up to 4.5 days at room temperature. The workup and purification were
followed according to the general procedure and afforded crude 4-chloro-3-(2-fluorophenyl)-2-
(phenylthio)quinoline, 90. Crude sample of 90 was then immediately taken oxidized to sulfone
91 without any clean isolation of 91. See Section K for more details.

For racemic standards: 20 mol% (rac)-catalyst (11.8 mg, 0.0363 mmol) was used. The reaction

was stirred at room temperature for 2.5 days. The resulting sulfide racemic 2h was also taken to
the oxidized sulfone 3h.

MS (APCI) Calculated: 365.9 calculated [M]" for C2;Hi3CIFNS; experimental 365.9.
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DKR Product, 92

Following the general procedure: 1i (50 mg, 0.163 mmol, 1.0 equiv),

Cl
O = 20 mol% catalyst 77 (13.3 mg, 0.0327 mmol) and KoHPO4 (569 mg,
A F
HsCO N"s

Ph 3.27 mmol, 20.0 equiv) were used. 1.14 mL m-xylene and 490 uL n-
hexanes were added. Thiophenol (167 pL, 1.64 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 4.5 days at room temperature. The workup and
purification were followed according to the general procedure and afforded crude 4-chloro-3-(2-
fluorophenyl)-7-methoxy-2-(phenylthio)quinoline, 92. The crude sample of 92 was then
immediately taken oxidized to sulfone 93 without any clean isolation of 2i. See Section 2.2.14 for

more details.

For racemic standards: Enantioenriched 92 was heated to racemization. See Section 2.2.18 for

more details. MS (APCI) Calculated: 395.9 calculated [M]" for C22H;sCIFNOS; experimental

396.5.

DKR Product, 94

Following the general procedure: 1j (50 mg, 0.158 mmol, 1.0 equiv), catalyst

77 (13.0 mg, 0.0315 mmol, 0.2 equiv) and KoHPO4 (548.6 mg, 3.15 mmol,

20.0 equiv) were used. 1.11 mL m-xylene and 471 pL n-hexanes were added.
Thiophenol (161 pL, 1.58 mmol, 10.0 equiv) was added to the reaction. The reaction vial was
capped, and then left to stir up to 4.5 days at room temperature. The workup and purification were
followed according to the general procedure and afforded crude 3-(2-fluorophenyl)-4-phenyl-2-
(phenylthio)quinoline, 94. Crude sample of 94 was then immediately taken oxidized to sulfone

95 without any clean isolation of 94. See Section 2.2.14 for more details. For racemic standards:
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Enantioenriched 94 was heated to racemization. See Section 2.2.18 for more details. MS (APCI)

Calculated: 407.5 calculated [M]" for C27H sFNS; experimental 407.6.

DKR Product, 96

CHs ’ S Following the general procedure: 1k (50 mg, 0.166 mmol, 1.0 equiv),

O t Q catalyst 77 (13.6 mg, 0.0332 mmol, 0.2 equiv) and KoHPO4 (577.7 mg, 3.32
N~ 'S

Ph mmol, 20.0 equiv) were used. 1.16 mL m-xylene and 498 uL n-hexanes

were added. Thiophenol (169 pL, 1.66 mmol, 10.0 equiv) was added to the reaction. The reaction
vial was capped, and then left to stir up to 4.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 3-(benzo[bjthiophen-3-yl)-4-
methyl-2-(phenylthio)quinoline, 96 as a pale yellowish oil (42 mg, 0.11 mmol, 64%, 14:86 er).
96 was then triturated using 100% HPLC grade n-hexanes. The resulting solid and filtrate were
isolated; the resulting solid was reportedly more enantioenriched (30 mg, 52%, 3:97 e.r.). Overall
yield beginning from 1Kk is 46.5%.

For racemic standards: Enantioenriched 96 was heated to racemization. See Section 2.2.18 for

more details.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.99 — 7.95 (m, 2H), 7.78 (d, J = 8.5 Hz, 1H), 7.62 (ddd,
J=28.3,6.8,1.4 Hz, 1H), 7.52 — 7.48 (m, 4H), 7.42 (dt, J= 8.0, 4.0 Hz, 1H), 7.36 — 7.32 (m, SH),
2.38 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 147.53, 140.14, 138.78, 135.00, 132.54, 129.47, 129.36,
128.75, 128.34, 127.20, 125.74, 124.86, 124.69, 124.21, 123.01, 122.80, 113.91, 15.99.

MS (APCI) = 383.5 calculated [M]" for C24H7NS;; experimental 382.9.

HRMS (ESI) = 384.0887 calculated [M+H]" found 384.0895.
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KR Product, 105

CHj Following the general procedure: 106 (50 mg, 0.187 mmol, 1.0 equiv),

O \ 5 catalyst 77 (15.3 mg, 0.0374 mmol, 0.2 equiv) and KoHPO4 (551 mg, 3.74
N" g O3

Ph mmol, 20.0 equiv) were used. 1.31 mL m-xylene and 561 pL n-hexanes were

added. Thiophenol (190.7 pL, 1.87 mmol, 10.0 equiv) was added to the reaction. The reaction vial
was capped, and then left to stir up to 2.5 days at room temperature. The workup and purification
followed according to the general procedure afforded 4-methyl-2-(phenylthio)-3-(2-
(trifluoromethoxy)phenyl)quinoline, 105 as a pale yellowish oil (34 mg, 0.0839 mmol, 45%, 9:91
e.r.) and recovered 1p as a beige foam (32 mg, 0.101 mmol, 54%, 83:17 e.r.). Conv =45%, s =21.

For racemic standards: 20 mol% (rac)-catalyst (12 mg, 0.0374 mmol) was used. The reaction was

stirred at room temperature for 4 days.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.98 (dd, J = 8.3, 1.6 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H),
7.62 (ddd, J=8.4, 6.9, 1.4 Hz, 1H), 7.56 (tq, J=4.9, 2.3 Hz, 3H), 7.51 — 7.42 (m, 4H), 7.41 (d, J
=3.7 Hz, 1H), 7.39 (d, /= 1.8 Hz, 2H), 2.40 (s, 3H).

13C NMR (101 MHz, CDCl3) & (ppm) =158.96, 147.50 (q, J = 1.5 Hz), 147.45, 142.43, 134.93,
132.84, 131.39, 130.35, 130.13, 129.42, 129.31, 128.82, 128.38, 128.09, 126.97, 126.23, 124.23,
121.87 (q, J=274.3), 120.67 (q, /= 1.7 Hz), 15.84.

19F NMR (470 MHz, CDCl3) & (ppm) = -57.66.

MS (APCI) Calculated: 411.4 calculated [M]" for C23H6F3sNOS; experimental 411.4.

HRMS (ESI) = 411.0905 calculated [M+H]" found 412.1002 (2.5 ppm).
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KR Product, 108

Following the general procedure: 107 (25 mg, 0.0798 mmol, 1.0 equiv),

catalyst 77 (6.52 mg, 0.016 mmol, 0.2 equiv) and KoHPO4 (278 mg, 1.596

Ph mmol, 20.0 equiv) were used. 559 uL m-xylene and 239 pL n-hexanes were
added. Thiophenol (81 pL, 0.798 mmol, 10.0 equiv) was added to the reaction. The reaction vial
was capped, and then left to stir up to 2.5 days at room temperature. The workup and purification
followed according to the general procedure afforded 3-(/1,1'-biphenyl]-2-yl)-4-methyl-2-
(phenylthio)quinoline, 108 as a pale yellowish oil (13.5 mg, 0.0335 mmol, 42%, 11:89 e.r.) and
recovered 108 (10 mg, 0.0327 mmol, 41%, 82:18 e.r.). Conv = 44%, s = 16.

For racemic standards: 20 mol% (rac)-catalyst (5.2 mg, 0.016 mmol) was used. The reaction was

stirred at room temperature for 3 days.

Scale-up Procedure of 108: 107 (265 mg, 0.839 mmol, 1.0 equiv), 20% mol catalyst 77 (68.4 mg,
0.1677 mmol) and KoHPO4 (2.92 g, 16.772 mmol, 20.0 equiv) were added into a 20 mL dram vial
equipped with a stir bar. 5.82 mL m-xylene and 2.5 mL n-hexanes were then added. Thiophenol
(855.5 uL, 8.386 mmol, 10.0 equiv) was added to the reaction, and the reaction was left to stir for
3 days at room temperature. The workup and purification followed according to the general
procedure afforded ee-108 as a pale yellowish oil (58 mg, 0.033 mmol, 17%, 15:85 e.r.) and ee-
107 (168 mg, 0.531 mmol, 63%, 93:7 e.r.). Conv = 55%, s = 15.

'TH NMR (400 MHz, CDCIl3) 8 (ppm) =7.79 (d, J= 8.4 Hz, 1H), 7.67 (d, J= 8.4 Hz, 1H), 7.57 (d,
J=2.5Hz, 3H), 7.51 (s, 3H), 7.39 (s, 2H), 7.38 (s, 3H), 7.35 - 7.32 (m, 2H), 7.14 (d, J = 5.5 Hz,

3H), 2.21 (s, 3H).
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13C NMR (101 MHz, CDCls) 8 (ppm) = 159.52, 147.09, 144.95, 142.77, 142.49, 141.34, 141.08,
135.29, 135.08, 134.91, 132.58, 131.68, 131.60, 130.60, 130.36, 129.47, 128.95, 128.78, 128.31,
128.18, 127.95, 127.62, 127.52, 127.04, 126.18, 125.34, 124.10, 15.94.

MS (APCI) Calculated: 403.5 calculated [M]" for C2sH21NS; experimental 403.5.

HRMS (ESI) = 403.1395 calculated [M+H]" found 404.1490

KR Product, 109

Following the general procedure: 110 (25 mg, 0.0995 mmol, 1.0 equiv),

catalyst 77 (8.0 mg, 0.0199 mmol, 0.2 equiv) and KoHPO4 (346 mg, 1.99

Ph mmol, 20.0 equiv) were used. 299 puL m-xylene and 299 uL n-hexanes were
added. Thiophenol (101.5 pL, 0.995 mmol, 10.0 equiv) was added to the reaction. The reaction
vial was capped, and then left to stir up to 4.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 4-methyl-2-(phenylthio)-3-(o-
tolyl)quinoline, 109 as a pale yellowish oil (20 mg, 0.0597 mmol, 60%, 29:71 e.r.) and recovered

110 (4.5 mg, 0.0179 mmol, 21%, 83:17 e.r.). Conv = 62%, s = 4.7.

For racemic standards: 20 mol% (rac)-catalyst (6.4 mg, 0.0199 mmol) was used. The reaction was
stirred at room temperature for about 3 days.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.96 (d, J = 8.3 Hz, 1H), 7.76 (d, J = 8.3 Hz, 1H), 7.61 —
7.56 (m, 3H), 7.47 (t, J= 6.9 Hz, 1H), 7.41 — 7.35 (m, 6H), 7.22 (d, J = 7.4 Hz, 1H), 2.34 (s, 3H),
2.15 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 159.25, 146.88, 141.80, 137.28, 136.52, 135.12, 132.74,
131.23, 130.43, 128.85, 128.49, 126.55, 126.43, 125.73, 124.19, 124.12, 19.88, 19.81, 15.60,

15.53.
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MS (APCI) Calculated: 341.5 calculated [M]" for C23H9NS; experimental 341.4.

HRMS (ESI) = 341.1238 calculated [M+H]" found 342.1331

KR Product, 111

Following the general procedure: 112 (50 mg, 0.1845 mmol, 1.0 equiv),

catalyst 77 (15.1 mg, 0.03689 mmol, 0.2 equiv) and K;HPO4 (641.9 mg, 3.69

Ph mmol, 20.0 equiv) were used. 1.3 mL m-xylene and 553.5 uL n-hexanes were
added. Thiophenol (188 uL, 1.845 mmol, 10.0 equiv) was added to the reaction. The reaction vial
was capped, and then left to stir up to 4.5 days at room temperature. The workup and purification
followed according to the general procedure afforded 3-(2-chlorophenyl)-4-methyl-2-
(phenylthio)quinoline, 111 as a pale yellowish oil (31 mg, 0.0849 mmol, 46%, 11:89 e.r.) and
recovered 112 (15 mg, 0.05535 mmol, 30%, 83:17 e.r.). Conv =46%, s = 15.

For racemic standards: 20 mol% (rac)-catalyst (12 mg, 0.03689 mmol) was used. The reaction

was stirred at room temperature for about 3 days.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.97 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 8.6 Hz, 1H), 7.77 —
7.51 (m, 5H), 7.51 — 7.42 (m, 3H), 7.42 — 7.29 (m, 5H), 2.38 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 158.75, 147.38, 142.37, 136.13, 134.94, 134.75, 132.14,
131.35, 130.89, 130.06, 129.42, 129.24, 128.83, 128.40, 127.25, 126.37, 125.76, 124.24, 124.22,
29.85, 15.61.

MS (APCI) Calculated: 361.9 calculated [M]" for C20H6CINS; experimental 361.9.
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KR Product, 113

Following the general procedure: 114 (50 mg, 0.1754 mmol, 1.0 equiv),

CH, O CH;
O A catalyst 77 (14.3 mg, 0.03507 mmol, 0.2 equiv) and KoHPO4 (610 mg,
= Cl

I§3h 3.51 mmol, 20.0 equiv) were used. 1.23 mL m-xylene and 525 uL n-

N

hexanes were added. Thiophenol (179 pL, 1.75 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 4.5 days at room temperature. The reaction vial
was capped, and then left to stir up to 4.5 days at room temperature. The workup and purification
followed according to the general procedure afforded 3-(2-chloro-4-methylphenyl)-4-methyl-2-
(phenylthio)quinoline, 114 as a pale yellowish oil (27 mg, 0.07367 mmol, 42%, 19:81 e.r.) and
recovered 113 (24.5 mg, 0.0859 mmol, 49%, 81.5:18.5 e.r.). Conv = 52%, s = 6.9.

For racemic standards: 20 mol% (rac)-catalyst (11.4 mg, 0.03507 mmol) was used. The reaction

was stirred at room temperature for about 3 days.

'TH NMR (400 MHz, CDCl3) & (ppm) = 7.95 (ddd, J = 8.4, 1.4, 0.6 Hz, 1H), 7.75 (ddd, J = 8.4,
1.4,0.6 Hz, 1H), 7.59 (ddd, /= 8.3, 6.9, 1.5 Hz, 1H), 7.56 — 7.53 (m, 2H), 7.46 (ddd, J= 8.2, 6.8,
1.4 Hz, 1H), 7.39 — 7.36 (m, 3H), 7.22 (d, J= 7.6 Hz, 1H), 7.12 (ddd, J = 7.7, 1.7, 0.7 Hz, 1H),
7.06 (dd, J=10.3, 0.8 Hz, 1H), 2.47 (s, 3H), 2.42 (s, 3H).

13C NMR (101 MHz, CDCIs) & (ppm) = 161.24, 159.32, 158.79, 147.43, 142.74, 141.46, 141.38,
134.98, 132.01, 131.41, 129.29, 128.82, 128.33, 127.27, 126.36, 125.64, 125.28, 124.20, 121.64,
121.47,116.75, 116.53, 21.52, 15.84.

MS (APCI) Calculated: 375.9 calculated [M]" for C23H;sCINS; experimental 374.7

HRMS (ESI) = 376.0927 calculated [M+H]" found 376.0936 (2.5 ppm).
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KR Product, 73

Following the general procedure: 115 (50 mg, 0.163 mmol, 1.0 equiv), catalyst

CH;
O A O 77 (16.1 mg, 0.0326 mmol, 0.2 equiv) and K;HPO4 (567 mg, 3.26 mmol, 20.0

N EhCFS equiv) were used. 1.14 mL m-xylene and 489 pL n-hexanes were added.
Thiophenol (166.3 pL, 1.63 mmol, 10.0 equiv) was added to the reaction. The reaction vial was
capped, and then left to stir up to 2.5 days at room temperature. The workup and purification
followed according to the general procedure afforded 4-methyl-2-(phenylthio)-3-(2-
(trifluoromethyl)phenyl)quinoline, 73 as a pale yellowish oil (16 mg, 0.0408 mmol, 25%, 5:95
e.r.) and recovered 115 (30 mg, 0.099 mmol, 61%, 68:32 e.r.). Conv = 28%, s = 27.

For racemic standards: 20 mol% (rac)-catalyst (10.5 mg, 0.0326 mmol) was used. The

reaction was stirred at room temperature for about 3 days.

TH NMR (500 MHz, CDCl3) & (ppm) = 7.95 (dd, J = 8.4, 1.7 Hz, 1H), 7.89 (d, J = 7.9 Hz, 1H),
7.78 (d, J=8.6 Hz, 1H), 7.70 (t, J=7.5 Hz, 1H), 7.64 — 7.59 (m, 2H), 7.55 — 7.52 (m, 2H), 7.50 —
7.46 (m, 1H), 7.39 (d, J = 4.5 Hz, 2H), 7.37 (d, J= 1.6 Hz, 2H), 2.33 (s, 3H).

13C NMR (126 MHz, CDCl3) & (ppm) = 153.17 (d, J = 1462.9 Hz), 142.43 — 135.73 (m), 134.92,
132.66 (d, J = 3.8 Hz), 132.24, 131.46, 130.53, 129.97 (q, J = 30.3 Hz), 129.37 (d, J = 23.8 Hz),
128.89 (d, /=9.5 Hz), 128.41, 127.24 (q), 126.87 (q, /= 5.0 Hz), 126.21, 125.80, 124.20, 16.39.
19F NMR (470 MHz, CDCl3) & (ppm) = -60.78.

MS (APCI) Calculated: 395.4 calculated [M]" for C23H;6F3NS; experimental 395.1.

KR Product, 117

Ph Following the general procedure: 116 (50 mg, 0.1538 mmol, 1.0 equiv),

O h [ catalyst 77 (12.6 mg, 0.03076 mmol, 0.2 equiv) and K;HPOs (522.3 mg, 3.002

Ph mmol, 20.0 equiv) were used. 1.05 mL m-xylene and 450 uL n-hexanes were
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added. Thiophenol (153.1 uL, 1.501 mmol, 10.0 equiv) was added to the reaction. The reaction
vial was capped, and then left to stir up to 2.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 3-(71,1'-biphenyl]-2-yl)-4-
phenyl-2-(phenylthio)quinoline, 117 as a pale yellowish oil (16 mg, 0.0215 mmol, 14%, 7:93 e.r.)
and enantioenriched 116 (16 mg, 0.408 mmol, 62%, 64:36 e.r.). Conv = 15%, s = 22.

'"H NMR (400 MHz, CDCl3) & (ppm) = 7.77 (d, J = 8.5 Hz, 1H), 7.66 (dd, J = 6.3, 1.9 Hz, 2H),
7.54 —7.43 (m, 5H), 7.41 — 7.36 (m, 3H), 7.30 — 7.27 (m, 2H), 7.22 — 7.17 (m, 2H), 7.14 — 7.06
(m, 5H), 7.02 (t, J= 1.8 Hz, 1H), 7.00 (t, J=2.0 Hz, 1H), 6.85 (d, /= 7.6 Hz, 1H), 6.21 (d, J=17.6
Hz, 1H).

13C NMR (101 MHz, CDCl3) & (ppm) = 160.34, 147.57, 146.24, 141.72, 140.73, 135.62, 135.24,
135.11, 134.36, 132.90, 131.68, 131.43, 130.66, 130.52, 130.04, 129.42, 128.87, 128.62, 127.77,
127.52,127.31, 126.86, 125.84, 125.46, 29.85.

MS (APCI) Calculated: 465.6 calculated [M]" for C33H23NS; experimental 465.4.

HRMS (ESI) = 465.6140 calculated [M+H]" found 466.1631 (2.5 ppm).

DKR/KR Hybrid Product, 97

CHs Following the general procedure: 98 (50 mg, 0.177 mmol, 1.0 equiv), (15.6
O \/ No, M8 0.0354 mmol) and KoHPO4 (616 mg, 3.54 mmol, 20.0 equiv) were used.
N~ s 2

Ph 1.24 mL m-xylene and 531 pL n-hexanes were added. Thiophenol (180.6 uL,
1.77 mmol, 10.0 equiv) was added to the reaction. The reaction vial was capped, and then left to
stir up to 2 days at room temperature. The workup and purification followed according to the

general procedure afforded 4-methyl-3-(2-nitrophenyl)-2-(phenylthio)quinoline, 97 as a bright
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yellow solid (53 mg, 0.1416 mmol, 80%, 15:85 e.r.) and recovered 98 (7 mg, 0.02478 mmol, 14%,
63:37 e.r.). Convp = 27%.

For racemic standards: 20 mol% (rac)-catalyst (11.5 mg, 0.0354 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.

'"H NMR (400 MHz, CDCl3)  (ppm) = 8.18 (d, J= 8.2 Hz, 1H), 7.88 (d, /= 8.3 Hz, 1H), 7.75 (d,
J=28.6 Hz, 1H), 7.71 — 7.66 (m, 1H), 7.60 (dt, J = 8.2, 1.4 Hz, 1H), 7.56 — 7.52 (m, 1H), 7.41 —
7.38 (m, 2H), 7.32 — 7.25 (m, 5H), 2.29 (d, J= 1.2 Hz, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 157.47, 148.84, 147.19, 141.57, 134.57, 133.41, 132.63,
131.06, 130.25, 128.94, 126.37, 125.19, 125.14, 124.16, 29.85, 16.11.

MS (APCI) = 372.4 calculated [M]" for C20H16N20:S; experimental 371.8.

HRMS (ESI) = 373.1011 calculated [M+H]" found 373.1018 (2.0 ppm).

DKR/KR Hybrid Product, 99

CHs Following the general procedure: 100 (50 mg, 0.1906 mmol, 1.0 equiv),

O t N catalyst 77 (15.6 mg, 0.0381 mmol, 0.2 equiv) and Ko;HPO4 (663 mg, 3.81
N S

Ph mmol, 20.0 equiv) were used. 1.32 mL m-xylene and 573 pL n-hexanes were

added. Thiophenol (195 uL, 1.91 mmol, 10.0 equiv) was added to the reaction. The reaction vial
was capped, and then left to stir up to 2.5 days at room temperature. The workup and purification
followed according to the general procedure afforded 2-(4-methyl-2-(phenylthio)quinolin-3-
yl)benzonitrile, 99 as a light beige solid (29 mg, 0.0896 mmol, 47%, 25:75 e.r.) and recovered 100
(21 mg, 0.0801 mmol, 42%, 65:35 e.r.). Conv, = 38%.

For racemic standards: 20 mol% (rac)-catalyst (12.3 mg, 0.0381 mmol) was used. The reaction

was stirred at room temperature for 2.5 days.
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'TH NMR (400 MHz, CDCI3) & (ppm) = 7.97 (d, J = 9.9 Hz, 1H), 7.83 (d, J=7.9 Hz, 1H), 7.79 —
7.72 (m, 2H), 7.63 (d, J = 6.8 Hz, 1H), 7.60 — 7.56 (m, 1H), 7.53 — 7.47 (m, 4H), 7.38 — 7.35 (m,
3H), 2.41 (s, 3H).

13C NMR (101 MHz, CDCI3) 8 157.99, 147.73, 142.56, 141.38, 134.85, 133.34, 133.01, 131.81,
131.04, 129.87, 129.45, 128.95, 128.52, 126.23, 126.08, 124.33, 117.55, 114.46, 15.89.

MS (APCI) = 352.5 calculated [M]" for C23H16N2S; experimental 352.6.

HRMS (ESI) = 352.4550 calculated [M+H]" found 353.1110

DKR/KR Hybrid Product, 101

CHs O Following the general procedure: 102 (25 mg, 0.0847 mmol, 1.0 equiv),

O h catalyst 77 (7 mg, 0.0169 mmol, 0.2 equiv) and K;HPO4 (295 mg, 1.69
NP g COOCH;

Ph mmol, 20.0 equiv) were used. 593 uL m-xylene and 254 puL n-hexanes

were added. Thiophenol (86 uL, 0.847 mmol, 10.0 equiv) was added to the reaction. The reaction
vial was capped, and then left to stir up to 2.5 days at room temperature. The workup and
purification followed according to the general procedure afforded methyl 2-(4-methyl-2-
(phenylthio)quinolin-3-yl)benzoate, 101 as a white foamy solid (16.3 mg, 0.0424 mmol, 50%,
64:36 e.r.) and recovered 102 (12 mg, 0.0398 mmol, 47%, 54:46 e.r.). Convp = 22%.

For racemic standards: 20 mol% (rac)-catalyst (5.5 mg, 0.0354 mmol) was used. The reaction was

stirred at room temperature for 2.5 days.

'TH NMR (400 MHz, CDCIs) & (ppm) = 8.17 (dd, J = 8.0, 1.6 Hz, 1H), 7.95 (dd, J = 8.3, 1.9 Hz,
1H), 7.78 (dd, J = 8.4, 1.8 Hz, 1H), 7.66 (td, J= 7.5, 1.4 Hz, 1H), 7.57 (tdd, J=7.7, 4.2, 1.4 Hz,
2H), 7.52 — 7.44 (m, 3H), 7.33 (dd, J = 5.1, 2.0 Hz, 3H), 7.29 (dd, J = 7.6, 1.5 Hz, 1H), 3.64 (s,

3H), 2.33 (s, 3H).
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13C NMR (126 MHz, CDCl3) & (ppm) = 161.25, 159.29, 158.95, 147.60, 143.14, 142.47, 136.28,
132.39, 130.63, 130.53, 130.38, 129.36, 129.27, 129.17, 127.22, 126.32, 126.14, 125.56, 125.03,
124.90, 124.50, 124.19, 116.03, 20.96, 15.81.

MS (APCI) = 385.5 calculated [M]" for C24H9NO2S; experimental 384.9.

DKR/KR Hybrid Product, 103

CHs Following the general procedure: 104 (50 mg, 0.179 mmol, 1.0 equiv),

O = catalyst 77 (14.6 mg, 0.0358 mmol, 0.2 equiv) and KoHPO4 (622.9 mg,
NP g COCHs

Ph 3.58 mmol, 20.0 equiv) were used. 1.25 mL m-xylene and 537 pL n-

hexanes were added. Thiophenol (183 pL, 1.79 mmol, 10.0 equiv) was added to the reaction. The
reaction vial was capped, and then left to stir up to 2.5 days at room temperature. The workup and
purification followed according to the general procedure afforded 1-(2-(4-methyl-2-
(phenylthio)quinolin-3-yl)phenyl)ethan-1-one, 103 as a light yellow solid (41 mg, 0.111 mmol,

62%, 74:26 e.r.) and recovered 104 (20 mg, 0.0716 mmol, 40%, 63:37 e.r.). Conv, = 35%.

For racemic standards: 20 mol% (rac)-catalyst (12 mg, 0.0358 mmol) was used. The reaction was
stirred at room temperature for 4 days.

'TH NMR (400 MHz, CDCl3) 8 7.96 —7.92 (m, 1H), 7.89 (dd, J=7.6, 1.3 Hz, 1H), 7.77 — 7.72 (m,
1H), 7.63 (td, J = 7.4, 1.6 Hz, 1H), 7.58 (ddt, J = 8.4, 6.9, 1.6 Hz, 2H), 7.53 — 7.43 (m, 3H), 7.36
(qd, J=3.8, 1.6 Hz, 3H), 7.30 (dd, J="7.2, 1.5 Hz, 1H), 2.36 (s, 3H), 2.33 (s, 3H).

13C NMR (101 MHz, CDCl3) 8 (ppm) = 200.62, 158.01, 147.23, 141.43, 139.66, 136.23, 134.76,
132.68, 132.21, 131.96, 131.34, 129.32, 129.14, 128.83, 128.80, 128.37, 126.45, 125.72, 124.14,
29.15.

MS (APCI) = 369.5 calculated [M]" for C24H19NOS; experimental 369.5.

HRMS (ESI) = 369.4820 calculated [M+H]" found 370.1283.
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2.2.14 Post Functionalization of Enantioenriched 71 towards Sulfones

Equation 44. Oxidation to yield enantioenriched 3-aryl-2-(phenylsulfonyl)quinolines 124

To 71 (1.0 equiv) was added (m)-chloroperoxybenzoic acid (i.e., mCPBA, ~2.0 equiv) and
0.1 M EtOAc. The reaction was stirred at room temperature up to 2 days. The resulting reaction
was then quenched with saturated aqueous sodium bicarbonate and diluted with EtOAc. The
organic layer was extracted out, and subsequently rinsed with brine. The organic layers were
recombined, and then dried over Na>SOs. The combined organic layers were concentrated in
vacuo. The resulting crude residue was then purified by FCC using n-hexanes:EtOAc = 0% —=>
30% to afford the purified 124 (and in some cases, recovered enantioenriched 70) in 60-80%
yields. Yields and e.r.s are reported as an average of at least 2 trials; the amount shown is reported

of 1 trial for simplicity.

Sulfone Product, 80

Following the general procedure: 72 (1.05 g, 3.04 mmol, 78%, 13:87 e.r., 1.0

equiv), mCPBA (1.2 g, 6.38 mmol, 2.1 equiv) and 30.4 mL EtOAc were used.

The workup and purification following the general procedure afforded 3-(2-
Sfluorophenyl)-4-methyl-2-(phenylsulfonyl)quinoline, 80 as a white solid (942 mg, 2.5 mmol,

82%, 15:85 e.r.). 80 was then triturated using 80:20 HPLC grade n-hexanes/DCE. The resulting
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solid and filtrate were isolated; the resulting solid was more enantioenriched (594 mg, 1.57 mmol,
63%, 6:94 e.r.). The overall yield beginning from 7410 o) is 40%.

'TH NMR (500 MHz, CDCls) & 8.13 (d, J = 8.2 Hz, 1H), 8.07 (d, J = 8.1 Hz, 1H), 7.80 — 7.77 (m,
1H), 7.74 — 7.70 (m, 3H), 7.56 (t, J= 7.5 Hz, 1H), 7.45 (dd, /= 9.8, 5.6 Hz, 1H), 7.41 (t, J="7.9
Hz, 2H), 7.29 (td, J = 7.4, 1.8 Hz, 1H), 7.24 (dd, J = 7.5, 0.9 Hz, 1H), 7.04 (t, J = 8.8 Hz, 1H),
2.42 (s, 3H).

13C NMR (126 MHz, CDCl3) & (ppm) = 160.22 (d, J=246.5 Hz), 156.04, 147.82, 145.42, 139.33,
133.25, 133.03, 131.20, 130.85 (d, J = 8.0 Hz), 130.62, 129.34, 129.00, 128.65, 128.56, 125.53,
124.33, 123.90 (d, J= 3.5 Hz), 122.66 (d, /= 16.9 Hz), 115.33 (d, J=21.8 Hz), 15.87.

19F NMR (376 MHz, CDCl3) 6 (ppm) = -110.93.

MS (APCI) Calculated: 377.4 calculated [M]" for C20H16FNO:S; experimental 377.3.

Sulfone Product, 82

Following the general procedure: 81 (37 mg, 0.1027 mmol, 1.0 equiv),

mCPBA (35.4 mg, 0.2054 mmol, 2.0 equiv) and 1.02 mL EtOAc were used.

\8 The workup and purification following the general procedure afforded 3-(2-
GCHs fluorophenyl)-4-methyl-2-(o-tolylsulfonyl)quinoline, 82 as a white solid

(6.04 mg, 0.0308 mmol, 15%, 26:74 e.r.). The overall yield beginning from 81 is 11%.
'TH NMR (400 MHz, CDCl3) 8 (ppm) = 7.99 — 7.95 (m, 1H), 7.74 — 7.69 (m, 1H), 7.58 (ddd, J =
8.3,6.9, 1.4 Hz, 1H), 7.54 — 7.49 (m, 2H), 7.47 (ddd, J= 8.2, 6.9, 1.4 Hz, 1H), 7.39 (td, J = 7.4,
2.0 Hz, 1H), 7.36 — 7.31 (m, 3H), 7.27 (d, J=7.1 Hz, 1H), 7.21 (td, J=7.0, 6.4, 2.7 Hz, 1H), 2.43

(s, 3H), 2.32 (s, 3H).
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13C NMR (126 MHz, CDCl3) & (ppm) = 160.27 (d, J = 246.8 Hz), 158.95, 145.37 (d, J = 560.6
Hz), 142.47, 136.28, 132.40 (d, J = 2.2 Hz), 130.66 (d, J = 8.5 Hz), 130.53, 130.39 (d, J= 3.0 Hz),
129.36, 129.27, 129.17 (d, J = 1.8 Hz), 127.22, 126.32 (d, J = 1.4 Hz), 126.14, 125.56, 124.96 (d,
J=17.2 Hz), 124.50 (t, J = 4.4 Hz), 124.19, 116.20 (d, J = 3.2 Hz), 116.04 (d, J = 2.5 Hz), 20.95
(d,J=2.3 Hz), 15.82 (q, J=3.1, 2.4 Hz).

19F NMR (376 MHz, CDCI3) § (ppm) = -112.07 — -112.16 (m).

MS (APCI) Calculated: 391.5 calculated [M]" for C23HsFNO2S; experimental 391.6

Sulfone Product, 122

NO, Following the general procedure: 89 (635 mg, 1.62 mmol, 98%, 20:80 e.r., 1.0

equiv), mCPBA (505 mg, 2.93 mmol, 2.1 equiv) and 16.2 mL EtOAc were

used. The workup and purification followed according to the general

procedure afforded 3-(2-fluoro-5-nitrophenyl)-4-methyl-2-
(phenylsulfonyl)quinoline, 122 as a white solid. 122 was then triturated using 80:20 HPLC grade
n-hexanes/DCE. The resulting solid and filtrate were isolated; the resulting solid was more
enantioenriched (225 mg, 0.534 mmol, 33%, 12:88 e.r.). The overall yield beginning from 1go0
me) 18 32%.
'TH NMR (400 MHz, CDCl3) & (ppm) = 8.39 (ddd, J = 9.1, 4.4, 2.8 Hz, 1H), 8.12 — 8.08 (m, 3H),
7.99 (d,J=7.8 Hz, 1H), 7.82 (d, /= 7.2 Hz, 2H), 7.76 — 7.72 (m, 1H), 7.63 — 7.58 (m, 1H), 7.48
(t,J=7.7Hz, 2H), 7.42 (t,J=7.9 Hz, 1H), 7.37 — 7.32 (m, 1H), 2.46 (s, 3H).
13C NMR (101 MHz, CDCls) & (ppm) = 165.32, 162.75, 155.74, 147.80, 145.68, 143.98, 138.91,
134.83, 133.97, 133.82, 131.21, 130.39, 129.99, 129.84, 129.20, 128.82, 128.69, 128.47, 126.75

(d, J=10.2 Hz), 124.40, 116.57 (d, J = 25.1 Hz), 16.12.
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15F NMR (376 MHz, CDCl3) & (ppm) = -99.14 (dd, J = 10.2, 3.4 Hz).

MS (APCI) Calculated: 422.4 calculated [M]" for C20HsFN204S; experimental 422.2

Sulfone Product, 91

Following the general procedure: Crude mixture of 90 (70.6 mg, 0.181 mmol,

1.0 equiv), mCPBA (66 mg, 0.380 mmol, 2.1 equiv) and 2.0 mL EtOAc were

PH \E:) used. The workup and purification following the general procedure afforded
4-chloro-3-(2-fluorophenyl)-2-(phenylsulfonyl)quinoline, 91 as a white solid (65 mg, 0.162
mmol, 79%, 12:88 e.r.). The overall yield from 1h is 79%.

'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.37 (d, J = 8.4 Hz, 1H), 8.23 (d, ] = 8.4 Hz, 1H), 8.15 (s,
1H), 8.06 (d, J = 7.8 Hz, 1H), 7.95 — 7.84 (m, 2H), 7.80 (d, J = 7.4 Hz, 1H), 7.65 (d, J = 7.5 Hz,
2H), 7.57 — 7.45 (m, 5H), 7.42 — 7.37 (m, 1H), 7.36 — 7.32 (m, 1H), 7.14 (t, ] = 8.9 Hz, 1H).

13C NMR (101 MHz, CDCl3, X-C coupling where X = F, Cl) § (ppm) = 170.78, 160.17 (d, J =
247.6 Hz), 156.51, 138.80, 134.44 (d, ] =84.8 Hz), 133.65, 132.77 (d, ] =2.5 Hz), 131.86, 131.44
(d, J=8.1 Hz), 131.02 (d, J = 21.5 Hz), 130.57, 130.19 (d, J = 41.3 Hz), 129.21, 128.75, 128.45,
127.24, 125.73, 124.93, 123.93 (d, ] = 3.5 Hz), 121.22 (d, ] = 17.0 Hz), 115.45 (d, ] = 21.5 Hz).
19F NMR (376 MHz, CDCl3) 6 (ppm) = -111.84 (ddd, J =9.5, 7.2, 5.1 Hz).

MS (APCI) Calculated: 397.9 calculated [M]" for C21H13CIFNO:S; experimental 398.0

HRMS (ESI) = 397.8484 calculated [M+H]" found 398.0427.

Sulfone Product, 93

Following the general procedure: 92 (64.5 mg, 0.163 mmol, 1.0 equiv),

mCPBA (51 mg, 0.295 mmol, 2.0 equiv) and 1.6 mL EtOAc were used.

The workup and purification following the general procedure afforded

327



4-chloro-3-(2-fluorophenyl)-7-methoxy-2-(phenylsulfonyl)quinoline, 93 as a white solid (63 mg,
0.147 mmol, 90%, 17:83 e.r.). The resulting solid and filtrate were isolated; the resulting solid was
more enantioenriched (30 mg, 0.0685 mmol, 42%, 6:94 e.r.). Overall yield from 92 is 42%.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.19 (d, J= 9.2 Hz, 1H), 7.66 (d, J = 8.0 Hz, 2H), 7.56 (d,
J=17.3Hz, 1H), 7.52 (d, J= 1.8 Hz, 1H), 7.48 — 7.28 (m, 5H), 7.23 (d, /=9.2 Hz, 1H), 7.01 (t, J
=8.9 Hz, 1H), 3.99 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 162.62, 161.50, 160.12, 159.00, 157.72, 147.47, 147.28,
145.47, 145.41, 132.60, 131.94, 131.50, 130.87, 126.32, 126.11, 124.58, 123.89, 120.46, 119.79,
115.00, 114.61, 77.16, 55.96.

19F NMR (376 MHz, CDCl3) & (ppm) = -111.82 (dt, J = 9.3, 5.9 Hz).

MS (APCI) Calculated: 427.9 calculated [M]" for C2oH;sCIFNOsS; experimental 428.1.

HRMS (ESI) = 427.8744 calculated [M+H]" found 428.0497.

Sulfone Product, 95

Following the general procedure: 94 (37 mg, 0.1027 mmol, 1.0 equiv),

mCPBA (35 mg, 0.2054 mmol, 2.0 equiv) and 1.02 mL EtOAc were used. The

F
S=0

PH O workup and purification following the general procedure afforded 3-(2-
fluorophenyl)-4-phenyl-2-(phenylsulfonyl)quinoline, 95 as a white solid (27 mg, 0.0652 mmol,
40%, 12:88 e.r.). The overall yield from 94 is 40%.

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.19 (t, J = 8.7 Hz, 1H), 8.10 (t, J= 1.9 Hz, 1H), 8.00 (dt,
J=17.8,1.4 Hz, 1H), 7.87 — 7.66 (m, 3H), 7.60 — 7.52 (m, 3H), 7.42 (t, J="7.9 Hz, 3H), 7.30 — 7.12

(m, 5H), 7.00 (d, J = 7.3 Hz, 1H), 6.75 (t, J= 8.3 Hz, 1H).
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13C NMR (101 MHz, CDCl3) & (ppm) = 170.81, 160.04 (d, J = 245.8 Hz), 154.42 (d, J = 359.2
Hz), 146.01, 139.31, 135.32, 134.41 (d, /= 84.8 Hz), 133.42 (d, /=2.8 Hz), 133.36, 131.03 (d, J
=25.4 Hz), 130.53 (d, /= 5.7 Hz), 130.44 — 130.29 (m), 129.99 (d, J = 1.4 Hz), 129.55, 129.41,
129.16, 129.07 (d, J = 1.8 Hz), 128.63, 128.59, 128.45, 128.16 (d, J = 5.3 Hz), 127.82, 126.87,
125.34,123.09 (d, J=3.2 Hz), 122.49 (d, /= 16.6 Hz), 114.76 (d, J = 21.9 Hz).

19F NMR (376 MHz, CDCl3) & (ppm) = -109.32 (dtd, J = 9.5, 6.1, 2.0 Hz).

MS (APCI) Calculated: 439.5 calculated [M]" for C27H1sFNO:S; experimental 440.1.

HRMS (ESI) = 439.5044 calculated [M+H]" found 440.1157.

Sulfone Product, 119

Following the general procedure: 107 was split into three trials (37 mg, 0.1027

mmol, 1.0 equiv), and then mCPBA (35.4 mg, 0.2054 mmol, 2.0 equiv) and

Ph/S\(:)O 1.02 mL EtOAc were used for each trial. The workup and purification
following  the  general  procedure  afforded  3-(/1,1'-biphenyl]-2-yl)-4-methyl-2-
(phenylsulfonyl)quinoline, 119 as a white solid. Samples were then combined towards the end to
perform future post-translational modifications (20.4 mg, 55%, 15:85 e.r.).

'TH NMR (400 MHz, CDCl3) 8 (ppm) = 8.10 (t, /= 1.9 Hz, 2H), 8.02 — 7.99 (m, 2H), 7.93 (d, J =
1.5 Hz, 2H), 7.84 (d, J = 7.2 Hz, 1H), 7.66 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 7.61 — 7.58 (m, 3H),
7.54 —7.49 (m, 3H), 7.42 (d, J= 7.9 Hz, 3H), 7.09 (d, J = 7.1 Hz, 2H), 2.15 (s, 3H).

I3C NMR (126 MHz, CDCl3) & (ppm) = 170.66, 167.07, 146.56, 143.71 (d, J=323.3 Hz), 140.01,
135.11 (d, J = 54.8 Hz), 134.58, 134.02, 133.34, 131.58, 131.12, 130.94, 130.42, 130.37, 130.25,
129.99, 129.73, 129.52, 129.41, 129.06 (d, J = 12.4 Hz), 128.57, 128.47, 127.90, 127.51, 127.12,
126.91 (d, J=20.5 Hz), 124.26, 16.06.

MS (APCI) Calculated: 435.5 calculated [M]" for C23H21NO>S; experimental 434.8.
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2.2.15 Amination to yield enantioenriched 2-amino-3-arylquinoline 118
TFA

H,CO OCH, CHxCl, (0.7 M)
F » >
§ Ph/S\\:O CHZCCSEC(:1O.(3) M) /©\)

H,CO OCH;

80

not characterized,
taken into next step in telescopic synthesis

Equation 45. Amination of 3-arylquinolines. Procedure was followed according to the procedure
reported in Cardenas and coworkers.!”]

Step 1. To 80 (594 mg, 1.57 mmol, 63%, 6:94 e.r.,, 1.0 equiv) was added 2,4-
dimethoxybenzylamine (20 mL, 31.7 mmol, 20.0 equiv), Cs2CO3 (2.3 g, 7.0 mmol, 20.0 equiv)
and 16 mL CH>Cl,. The resulting reaction was stirred at room temperature for up to 3.5 days. The
resulting reaction was then diluted with more CH>Cl, and then partitioned with distilled, deionized
water. The organic layer was extracted out, and subsequently rinsed with brine. The resulting
organic layers were recombined, dried over Na>SOs, recollected after filtration, and concentrated
in vacuo. The crude product of this step was then purified by FCC using n-hexanes:EtOAc = 5%
- 80% to afford N-(2,4-dimethoxybenzyl)-3-(2-fluorophenyl)-4-methylquinolin-2-amine as a
pure white solid.

Step 2. To the vial containing this substrate was charged 3.0 mL CH>CL. TFA was then
dropwise added to the reaction (0.15 mL, 1.87 mmol, 1.2 equiv). The reaction stirred up to 36 h
and was purified by 1) FCC using n-hexanes:EtOAc = 5% = 80% (in some cases, the solvent
system was switched to CH>Cl:CH30H = 0% - 13%, or 2) preparatory plate (60:40 n-
hexanes:EtOAc) to afford 3-(2-fluorophenyl)-4-methylquinolin-2-amine, 4a as a white solid

(346.1 mg, 1.0 mmol, 64%, 10:90 e.r.).
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H NMR (400 MHz, CDCl3) & (ppm) = 11.37 (s, 1H), 7.76 (d, J= 8.2 Hz, 1H), 7.48 (t, J= 7.7 Hz,
1H), 7.44 — 7.37 (m, 1H), 7.36 — 7.18 (m, 6H), 2.36 (s, 3H).

13C NMR (101 MHz, CDCls) § (ppm) = 165.02, 164.76, 163.39, 162.35, 152.83, 146.85, 145.26,
137.71, 132.55, 130.66, 129.05, 126.40, 125.22, 123.65, 120.75, 17.03.

19F NMR (376 MHz, CDCl3) & (ppm) = -113.63.

MS (APCI) Calculated: 252.3 calculated [M]" for Ci16H13FN2; experimental 252.1

2.2.16 Enantioenriched 3-([1,1'-biphenyl|-2-yl)-2-methoxy-4-methylquinoline 121

BBr3
| (1.0 M THF)

THF (0.1 M)
0°Ctort., 18 h

Equation 46. S~nAr procedure towards 3-arylquinolin-2-ols (5) was adapted from work by Patel
and coworkers.!!®]

Step 1. To 119 (50 mg, 0.115 mmol, 1.0 equiv) was added MeOH (15 pL, 0.138 mmol,
1.2 equiv), and 350 uL. DMF (0.33 M). The reaction was cooled to 0 °C, and tBuOK (10 mg, 0.115
mmol, 1.2 equiv) was slowly added. The resulting reaction was warmed slowly to room
temperature over the course of 2 days. The resulting reaction was then diluted with EtOAc and
partitioned with saturated ammonium chloride. The organic layer was extracted out, and
subsequently rinsed with brine. The resulting organic layers were recombined, dried over Na>SOs,
recollected after filtration, and concentrated in vacuo. The crude product of this step was then

purified by FCC using n-hexanes:EtOAc = 5% —> 80% to afford enantioenriched 3-(/1,1'-
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biphenyl]-2-yl)-2-methoxy-4-methylquinoline 120 as a white solid (30 mg, 0.0921 mmol, 80%,
16:84 e.r.).

TH NMR (500 MHz, CDCl3) & (ppm) = 7.87 (d, J = 8.1 Hz, 1H), 7.81 (dd, J = 8.3, 1.5 Hz, 1H),
7.61 —7.57 (m, 1H), 7.51 — 7.50 (m, 1H), 7.49 (d, J = 1.0 Hz, 1H), 7.45 (ddd, J = 7.3, 5.3, 3.6 Hz,
1H), 7.37 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 7.26 (dt, J = 7.3, 1.2 Hz, 1H), 7.15 — 7.10 (m, 5H), 3.91
(s, 3H), 2.26 (s, 3H).

13C NMR (126 MHz, CDCls) 8 (ppm) = 160.25, 145.48, 143.90, 142.57, 141.55, 134.85, 131.10,
130.03, 129.04, 128.68, 128.13, 127.88, 127.51, 127.28, 126.82, 125.54, 125.27, 124.24, 123.96,
53.71,29.84, 15.92.

MS (APCI) Calculated: 325.4 calculated [M]" for C23H9NO; experimental 325.1

Step 2. Substrate 120 was added to a 20 mL dram vial equipped with a stir bar and then
dissolved in 1.0 mL of anhydrous THF (0.1 M). The reaction was then cooled to 0 °C, and then
BBr3 (69 uL, 0.111 mmol, 1.2 equiv, solution of 1.64 M THF) was added dropwise. After addition
of the BBr3, the reaction was slowly heated to room temperature, and left to stir overnight. The
resulting reaction was cooled back to 0 °C, quenched slowly with diH>O, and slowly warmed to
room temperature. The reaction was then diluted with EtOAc and then poured to a separatory
funnel. The resulting organic layer was obtained, rinsed with brine, and then recollected. The
resulting organic layer was dried with Na>SOs, collected, and concentrated in vacuo. The crude
residue containing desired product was purified in FCC using n-hexanes:EtOAc = 10% = 80% to
afford enantioenriched 3-(/1,1'-biphenyl]-2-yl)-4-methylquinolin-2(1H)-one 5q as a white solid
(15 mg, 0.048 mmol, 52%, 16:84 e.r.).

To prepare NMR samples, 10% MeOH was added to achieve solubility.
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'TH NMR (400 MHz, CDCl3) & (ppm) = 7.81 (t, J = 8.2 Hz, 2H), 7.58 (dd, J = 8.3, 7.0 Hz, 1H),
7.50 —7.43 (m, 3H), 7.38 = 7.33 (m, 1H), 7.26 — 7.23 (m, 1H), 7.14 — 7.09 (m, 5H), 2.25 (s, 3H).
13C NMR (101 MHz, CDCls) 8 (ppm) = 160.28, 145.70, 143.69, 142.57, 141.58, 134.94, 131.12,
130.03, 128.97, 128.69, 128.11, 127.87, 127.63, 127.27, 126.81, 125.52, 125.31, 124.24, 123.88,
53.54,29.85, 15.90, 15.87.

MS (APCI) Calculated: 311.4 calculated [M]" for C2oH7NO; experimental 312.4

HRMS (ESI) = 311.3840 calculated [M+H]" found 312.1387.

2.2.17 Reduction of Nitro-groups to Yield 3-Anilines

NO,
10% Pd(C) (cat.)
CH
: H; (g)
\ —_—
| I MeOH (0.1 M)
N s0.ph rt, 24 h

122

Equation 47. Synthesis of Intermediate 123

Under degassed conditions, a 2 dram vial equipped with a stir bar was added 5-nitrophenyl
sulfone 122 (225 mg, 0.53 mmol,1.0 equiv). 10% Pd(C) (56 mg, 0.4664 mmol, 0.88 equiv) was
then added in one portion. To the reaction, a H, balloon was equipped and slowly purged into the
reaction vessel. Under this atmosphere, slow addition of 5.30 mL anhydrous, degassed MeOH
(MeOH was dried over activated molecular sieves). The resulting reaction equipped with the H»
balloon was then stirred at room temperature for at least 1 day. The resulting reaction was diluted
with MeOH and filtered through Celite plug. The crude organic was concentrated in vacuo and

purified by FCC using n-hexanes:EtOAc = 15% —> 80% to afford 4-fluoro-3-(4-methyl-2-
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(phenylsulfonyl)quinolin-3-yl)aniline, 123 as a white solid (209 mg, 0.3445 mmol, 65%,
11.5:88.5e.r.).

'TH NMR (400 MHz, CDCls) & (ppm) = 8.10 (t, J= 1.9 Hz, 3H), 8.02 — 7.99 (m, 3H), 7.62 — 7.56
(m, 5H), 7.44 (d, J = 7.8 Hz, 3H), 2.80 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 169.93, 155.03, 145.22, 139.14, 138.10, 134.66, 133.74,
133.03, 131.04, 130.41, 130.22, 129.80, 129.30, 128.99, 128.89, 128.86, 128.55, 128.40, 128.37,
128.26, 124.21, 29.68.

19F NMR (376 MHz, CDCl3) § (ppm) = -122.54, -127.92 (impurity from slight over reduction).

MS (APCI) Calculated: 392.4 calculated [M]" for C22H17FN2O,S; experimental 393.5

2.2.18 Racemization Kinetics

Enantiomerically enriched (or enantiopure) compound (<50 mg) was dissolved in ~1.5 mL
of high boiling solvents (i.e., PhMe, diphenyl ether or Ph20O). This solution was then heated at a
constant temperature for indicated times. At each time point, a 100-200 pL aliquot was isolated in
an HPLC vial and quenched with room temperature HPLC grade n-hexanes. Each sample was then
injected into the chiral HPLC system.

The determination of the barrier to racemization (AGiac) is followed according to the
procedure outlined in work by Cardenas and coworkers.!? Please refer to Section 2.1.24 for more

details. Each AGiac per substrate is obtained from averaging two trials.
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Figure 29. Barrier to Racemization of 72 at 80 °C, PhMe

Table 22. Time-dependent Enantiodegredation of 72

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
0 71.106 -4.26417172 71.832 -4.274330
1800 62.512 -4.13535854 61.874 -4.125100
3600 54.812 -4.00390915 51.532 -3.942203
5400 47.402 -3.85866442 44.444 -3.794230
7200 35.834 -3.57889716 40.440 -3.699819

Average kons = 8.69x107°, Average krac = 4.34x107

Calculated, Average AGrac = 27.87 kcal mol™! (116.61 kJ mol™)

Calculated t12 (37 °C) = 0.141 y (or 52 d)
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Figure 30. Barrier to Racemization of 96 at 80 °C, PhMe

Table 23. Time-dependent Enantiodegredation of 96

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
1500 72.170 -4.2790244 71.968 -4.264847
3000 71.132 -4.2645373 71.154 -4.22768
4500 67.806 -4.2166507 68.558 -4.198314
6000 65.656 -4.1844351 66.574 -4.173495
7500 65.385 -4.1802929 64.942 -4.173495

Average kobs = 1.71x107, Average krac = 8.57x10°¢

Calculated, Average AGrac = 29.01 kcal mol™! (121.37 kJ mol™)

Calculated ti2 (37 °C) = 0.897 y (or 327 d)
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Figure 31. Barrier to Racemization of 98 at 55 °C, PhMe

Table 24. Time-dependent Enantiodegredation of 98

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
0 25.198 -3.22676463 25.440 -3.236323
900 19.456 -2.34774964 21.732 -2.914088
1800 15.282 -2.96815551 18.432 -2.705246
2700 10.462 -2.72667567 14.958 -2.470470
3600 1.274 -0.24216866 11.828 -2.470470

Average kobs = 4.20x10™, Average krac = 2.10x10*
Calculated, Average AGrac = 24.81 kcal mol™! (103.81 kJ mol™)

Calculated t12 (37°C)=8.8 h
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Figure 32. Barrier to Racemization of 97 at 100 °C, PhMe
Table 25. Time-dependent Enantiodegredation of 97

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]

0 70.884 -4.26104474 70.884 -4.261045
1800 68.150 -4.22171116 69.818 -4.245892
2700 66.612 -4.19888474 68.150 -4.221711
3600 64.920 -4.17315574 66.612 -4.198885

Average kobs = 2.06x107, Average krac = 1.03x107
Calculated, Average AGrac = 30.6 kcal mol! (127.84 kJ mol™)

Calculated ti2 37°C) =11y
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Figure 33. Barrier to Racemization of 103 at 100 °C, PhMe
Table 26. Time-dependent Enantiodegredation of 103

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]

0 25.197 -3.22674081 25.439 -3.236299
1800 19.463 -2.96849468 21.733 -3.078823
3600 15.282 -2.72670184 14.957 -2.705193
5400 12.047 -2.48853340 11.827 -2.470402

Average kobs = 1.42x10*, Average krac = 7.12x107
Calculated, Average AGrac = 29.12 kcal mol™! (121.84 kJ mol™)

Calculated t12 (37 °C) = 1.08 y (or 393 d)
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Figure 34. Barrier to Racemization of 105 at 118 °C, PhMe

Table 27. Time-dependent Enantiodegredation of 105

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
0 79.304 -4.3732886 79.584 -4.376813
1500 78.098 -4.3579644 78.280 -4.360292
3000 76.574 -4.3382576 76.888 -4.34235
4500 75.102 -4.3188472 74.910 -4.316287
6000 74.022 -4.3043623 73.812 -4.301521
7500 72.910 -4.2892258 72.976 -4.290131

Average kobs = 1.18x107°, Average krac = 5.89x10°¢

Calculated, Average AGrac = 32.50 kcal mol™! (135.99 kJ mol™)

Calculated ti12 (37 °C) =258.83 y (or 94,472 d)
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Figure 35. Barrier to Racemization of 108 at 81 °C , PhMe

Table 28. Time-dependent Enantiodegredation of 108

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
0 57.768 -4.0564350 57.526 -4.052237
1800 53.676 -3.9829660 53.928 -3.987650
3600 50.266 -3.9173289 49.932 -3.910662
5400 46.440 -3.8381612 47.486 -3.860435
7200 41.060 -3.7150344 41.166 -3.717613

Average kons = 4.51x107°, Average krac = 2.26x107
Calculated, Average AGrac = 28.41 kcal mol™! (118.87 kJ mol™)

Calculated t12 (37 °C) =0.341 y (or 124 d)
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Figure 36. Barrier to Racemization of 112 at 81 °C, PhMe

Table 29. Time-dependent Enantiodegredation of 112

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
0 65.688 -4.1849163 65.890 -4.187987
1800 63.703 -4.1542317 63.772 -4.155314
3600 61.776 -4.1235149 61.688 -4.122089
5400 59.794 -4.0909053 59.590 -4.087488
7200 57.569 -4.0529842 57.780 -4.056643

Average kobs = 1.83x107, Average krac = 9.03x10°¢

Calculated, Average AGrac = 30.64 kcal mol™! (128.20 kJ mol™)

Calculated t12 (37 °C) = 12.75 y (or 4,558 d)
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Figure 37. Barrier to Racemization of 73 at 130 °C, Ph,O

Table 30. Time-dependent Enantiodegredation of 73

Time (s) | Trial Run 1 (ee%) | Trial 1 [In(1/ee%)] | Trial Run 2 (ee%) | Trial 2 [In(1/ee%)]
0 84.430 -4.43592279 85.380 -4.447112
1800 81.724 -4.40334772 82.234 -4.409569
3600 77.670 -4.35246908 77.324 -4.348004
5400 73.858 -4.30214433 74.390 -4.309322
7200 70.864 -4.26076255 70.816 -4.260085

Average kobs = 2.57%10-5, Average krac = 1.29%10-5

Calculated Average AGrac = 32.90 kcal mol-1 (137.65 kJ mol-1)

Calculated ti2 (37 °C) = 491.2 y (or 179,282 d)
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2.2.19 Chiral HPLC Traces of Enantioenriched Products and Starting Materials

major enantiomer,

(Ra)-72

Enantioseletivity of 72 was measured using a Daicel Corp.
Chiralpak IC Column (4.6 mm ¢ X 250 mL, Particle Size 5 uM,
Part No. 83325). Method: Hexanes:IPA (98:2), flow rate = 0.7
mL/min, fR = 5.1 min (minor) and /R = 5.4 min (major).

- Determined, averaged of 9 trials: 9:91 e.r., 82 ee%
Sample Trace: 9:91 e.r., 82 ee%

Racemic Standard of 72

mAU 1

35
304
25 4
204
15

5 -

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_019 2019-01-31 18-44-34\081-0101.D)

3 8
Wil

I - - . - . - . . . . . . . .
2 4 6 8 10 miny

Peak RetTime Type Width

[min]) [min])

1: DAD1 A, Sig=254,4 Ref=360,100

Height Area

(m

41

601.88730 83.87482

Sample HPLC of 72

mAU
500

400 -

300

200

100 -

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2MMC_06_019 2019-01-31 18-44-34\082-0201.D)

3

w
(|

—5.142

5.142 VW 0.0995 386.39325
5.388 VB 0.1058 3835.75513 560.8

516

90.8484
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major enantiomer,

(R.)-80

Enantioseletivity of 80 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 6.3 min (minor) and /R = 8.1
min (major).

- Determined, averaged of 5 trials: 16:84 e.r., 68 ec%
Sample Trace: 16:84 e.r., 68 ee%

Racemic Standard of 80

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-3\MMC_10_063 2020-12-03 18-06-58\082-0201.D)

mAU
20 4
15
10
5
Ly S
T T T T T
0 2 4 6 8 10 miy
Signal 1: DADl A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
£ [min] [min] [mAU*s] [mAU] $
e EE R e e [ |==mmmmmmme [ I
! 6.384 BB 0.3042 478.31223 23.82604 45.6663
2 8.056 BB 0.3561 569.09576 24.22189 54.3337
Totals 1047.40799 48.04793
Sample HPLC of 80
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-3\MMC_10_063 2020-12-03 18-06-58073-0501.D)
mAU
300
250
200
150 ©
0 3
50 - k
0 - g
T T T T T
0 2 R} 6 8 10 min|
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
- [min]) [min] [mAU*s] [mAU] $

1
2

Totals :

—————— e e e e

6.343 BB 0.3526 1745.10437 71.54868 16.0143
7.929 BB 0.3748 9152.03613 364.64224 83.9857

1.08971e4 436.19092
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major enantiomer,

(R2)-80

Racemic Standard of 80

Enantioseletivity of 80 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 7.6 min (minor) and /R = 9.6
min (major). Retention times were altered with polarity of the
dissolved materials. Recrystallization was done using 80:20 HPLC
grade n-Hexanes/DCE. The solid and filtrate were separated, and
the solid is found to be higher e.r.
- Determined from 80 (1.0 g): 6:94 e.r., 88 ee%

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-3\MMC_10_018-019 2020-10-22 18-22-52091-0101.D)
mAU ] 2 o
80
60
40 -
20 4
0 4
T T T T T T
0 2 4 6 8 10 mir|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min) [mAU*s] [mAU] $
it Kottt |====]=====-- | === | === | === |
1 7.659 BB 0.4020 2626.21191 98.84740 46.6382
2 9.621 BB 0.4483 3004.82397 101.82017 53.3618
Totals : 5631.03589 200.66756
Recrystallization HPLC of 80
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..IEL CARDENAS-3\MMC_10_018-019 2020-10-22 18-22-52072-0301.D)
mAU a
160 -
140 3
120 4
100
80
60 3
40 g
20 ~
0
T T T T T T
0 2 4 6 8 10 mir|
Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width

B

[min] [min]

Area Height Area

[mAU*s] [mAU]

memm|mm————— e R s [ | I

3

2

7.609 BB 0.3800

311.13852 12.18009 5.7939

9.502 BB 0.4525 5058.97363 169.36824 94.2061

Totals :

5370.11215 181.54833
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major enantiomer,

Racemic Standard of 118

(Ra)-118

Enantioseletivity of 118 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 6.2 min (minor) and R = 7.6
min (major). Impurity that appears around 5.5 min is
dichloromethane (necessary to dissolve compound).
- Determined, averaged of 3 trials: 10:90 e.r., 80 ee%

Sample Trace: 10:90 e.r., 80 ee%

700 -3
600 3
500 =3
400 -
m_
200 3
100 3

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\.. RIEL CARDENAS-3\MMC_09_046-3 2020-11-05 20-29-301052-1201.D)

2

0

T
2

T
4

o -
00 =
-
o
-
N
-
&

Signal 4:

Peak RetTime Type Width

¥ [min]

DAD1 D, Sig=230,16 Ref=360,100

Area Height Area

[mAU*s) [mAU] $

B B e e e e

2| 6.199 W
2 7.608 VB

Totals :

Sample HPLC of 118

0.3334 1.91330e4 867.07886 50.3685
0.3722 1.88530e4 768.46271 49.6315

3.79860e4 1635.54156

mAU 3
1400
1200
1000

600
400
200

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\...RIEL CARDENAS-3\MMC_09_046-2 2020-11-05 17-52-34\072-0201.D)

o

0

T
2

T T
4 6

0
-
(=]
-
N
«h
>

2

Signal 4:

Peak RetTime Type

¥ [min])

1 6.309 W
e 7.835 VB

DAD1 D, Sig=230,16 Ref=360,100

Area Height Area

[mAU*s) [mAU]

e B [==m=mmm——e |===mmm=n I
573 4575.93799 191.16490 10.0114
0.4040 4.11311e4 1557.94336 89.9886

4.57071e4 1749.10826

347




major enantiomer,

(Ra)-82

Racemic Standard of 82

Enantioseletivity of 82 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(90:10), flow rate = 1.0 mL/min, R = 10.7 min (minor) and R =
18.3 min (major).

- Determined, averaged of 3 trials: 26:74 e.r., 48 ec%
Sample Trace: 9:91 e.r., 82 ee%

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...RIEL CARDENAS-2MMC_07_010-IA 2019-05-20 21-40-03\071-0101.D)
mAU 1
120
‘ [
100 ‘ 3
’ -
] I
60 1 [\
r [
40 [ |\
20 |\
0 3 4444uf h - i . —_— R—
T T T T T T T T T
0 25 5 7.5 10 12.5 15 17.5 20 _min)
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU]
————|—————— | mmmm | m————— |mm—————— | mm——————— |mm—————
1 10.768 BB 0.2488 2437.14453 147.46245 51.5322
2 18.303 BB 0.4442 2292.22241 78.61761 48.4678
Totals : 4729.36694 226.08006
Sample HPLC of 82
DADT A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. ARIEL CARDENAS-2MMC_07_125-2 2019-08-08 19-38-33\064-0501 D)
mAU
m_
]
15
10 -
] 3
54 e
0 A A
e —— — " — . ————
0 25 5 7.5 10 125 15 17.5 20 225 i

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
$ [min]) [min]) [mAU*s] [mAU] $
o g ] i i e L e i oo e cn e s eaisanieseen e |
10.344 BB 0.2247 62.64346 4.13610 9.1477
2 17.188 BB 0.4100 622.15765 22.96848 90.8523
Totals 684.80111 27.10457
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major enantiomer,

(R.)-83

Racemic Standard of 83

Enantioseletivity of 83 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
(99.5:0.5), flow rate = 0.7 mL/min, R = 7.6 min (minor) and R =
10.6 min (major).

- Determined, averaged of 2 trials: 30:70 e.r., 40 ec%
Sample Trace: 31:69 e.r., 38 ee%

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\.. ARIEL CARDENAS-3\MMC_10_179-2 2021-06-04 18-11-50\095-0201.D)
mAU §
8] s
60
40 4
20
0
T T T T T T
0 2 4 6 8 10 12 min|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
£ [min]) [min]) [mAU*s] [mAU] %
el R e |=mmmmmmmee |=mmmmmmmme |==mmmmme |
1 7.644 BB 0.2834 1825.26208 92.81421 44.7838
2 10.566 BB 0.4398 2250.45410 73.37851 55.2162
Totals : 4075.71619 166.19272
Sample HPLC of 83
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\.. ARIEL CARDENAS-3WMMC_10_179-2 2021-06-04 18-11-501094-0101.D)
mAU ]
E ]
1 <©
400 Y
300
200
100
0 "
T T T T T T
0 2 4 6 8 10 12 mir|

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width

$ [(min] [min)
———=]- |====1-

Height Area

[mAU*s] [mAU] $

14 7.652 W 0.2919 7992.03271 391.88425 31.3012

2 10.566 VB 0.4661

Totals :

75407e4 532.80676 68.6988

2.55327e4 924.69101
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Enantioseletivity of 84 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),
flow rate = 1.0 mL/min, R = 5.0 min (minor) and R = 5.3 min

) ) (major).
major enantiomer,

(R)-84 - Determined, averaged of 4 trials: 35:65 e.r., 30 ee%

Sample Trace: 37:63 e.r., 26 ee%

Racemic Standard of 84

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...MARIEL CARDENAS-3\MMC_10_1788 2021-04-20 18-38-21\077-0101.D)

mAU 25
120 3 .

100
80
60
40
204

T T
0 2 4 6 8 miry

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min] [mAU*s] [mAU] $
e |====] === e === | ===
1 4.979 W 0.0992 874.77039 132.27298 50.4622
2 5.251 VB 0.1102 858.74683 119.01232 49.5378

Totals : 1733.51721 251.28530

Sample HPLC of 84

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_09_090 2020-03-18 21-56-06\092-0201.D)

MAU s

1750 =

1500 =

1250 3

1000
750
sm =
250 =

4,902

T TR T v v
0 1 2 3 4 5 6

2]

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] $

e B [ B |==mmmmmme |=mmmmmmmee |==mmmme- |
1 4.902 vw 0.0926 7597.12744 1291.14331 36.6351
2 5.171 VB 0.1008 1.31402e4 2049.22437 63.3649

Totals : 2.07373e4 3340.36768
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major enantiomer,

(R.)-85

Racemic Standard of 85

Enantioseletivity of 85 as measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),
flow rate = 0.7 mL/min, R = 7.0 min (minor) and /R = 7.4 min
(major).

- Determined, averaged of 4 trials: 14:86 e.r., 72 ec%
Sample Trace: 14:86 e.r., 72 ee%

DAD1 A, Sig=254,4 Ref=360,100 (C:\
mAU

1400
1200
1000
800
600
400
200
0—4

CHEM32\..L CARDENAS-2MMC_06_042-PR-IC 2019-02-19 17-51-18\090-0101.D)

7023
———%430

T T

0

Signal 1: DAD1

Peak RetTime Type ¥

[min]

7.023 v

2 7.430 vV

2.5630

Sample HPLC of 85

)0ed

100

Height

(mAU]

mAU
400

300

200

100 -

———
2

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. ARIEL CARDENAS-2\MMC_07_125-2 2019-08-08 19-15-29\055-0101.D)

o

—6.831

AD1 A,

Sig=254,4 Ref=

Width Are

Type

[min]

+¥157

0.1201 3

360,100

a
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Enantioseletivity of 86 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA

(99.5:0.5), flow rate = 0.7 mL/min, R = 8.2 min (major) and /R =
major enantiomer,

(R.)-86

8.8 min (minor).
—> Determined, averaged of 6 trials: 13:87 e.r., 74 ec%
Sample Trace: 87:13 e.r., 74 ee%

Racemic Standard of 86

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. ARIEL CARDENAS-2\MMC_07_125-2 2019-08-08 19-38-33\061-0101.D)
mAU

2500

8161

2000

— 8.817

1500 Il |
1000 | ]|

500

8.1¢

1 vV
8.817 VB

tals : 7.19532e4 5145.82861

Sample HPLC of 86

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. ARIEL CARDENAS-2\MMC_07_125-2 2019-08-08 19-38-33\062-0201.D)
mAU e

800 - ﬁ
600

400 ‘

200 '

8.876

Height Area

[mAU]
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Enantioseletivity of 87 was measured with using a Daicel Corp.
Chiralpak IC Column (4.6 mm ¢ X 250 mL, Particle Size 5 uM,
Part No. 83325). Method: Hexanes:IPA (98:2), flow rate = 0.7
major enantiomer, mL/min, R = 6.5 min (minor) and R = 6.7 min (major).
(R.)-87 - Determined, averaged of 3 trials: 12:88 e.r., 76 ec%

Sample Trace: 12:88 e.r., 76 ee%

Racemic Standard of 87

DAD1 A, Sig=254 .4 Ref=360,100 (C:\CHEM32\... CARDENAS-2\MMC_06_155-157_IC 2019-05-09 18-07-44\072-0401.D)
mAU 3 E_?v
600 -3 L 23
500
400
300
200 4
3
i WL M 2
e
0 v —
> " v T . v T ¥ ¥ 1 ¥ s T T U T 1
0 2 4 6 8 10 12 14 16 18 min|
Signal 1: DADl A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min) [min] [mAU*s]) [mAU] %
s L (e T L (Fesnasanee [Srsnse—=s |=ma=as |
1 6.451 W 0.1034 4561.21924 687.37885 49.3496
2 6.720 VB 0.1075 4668.75684 668.13275 50.5131
3 10.533 BB 0.1763 12.68537 1.13612 0.1372
Totals : 9242.66144 1356.64772
Sample HPLC of 87
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-2MMC_07_129-130 2019-08-09 17-45-08\069-0301.D)
mAU } 3
600 4
500
400 3
300 4
200 2
3 @
100 4§ =
0 .
T —T 7 T T T T T ——
0 2 4 6 8 10 12 14 16 18 mir{
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
£l [min) [min] [mAU*s]) [mAU] 3
Sy j~=== | | o e |
1 6.378 W 0.1076 646.89478 92.51788 12.4062

0.1093 4567.38086 655.11292 87.5938

5214.27563 747.63079
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major enantiomer,

(R.)-89

Racemic Standard of 89

Enantioseletivity of 89 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),
flow rate = 0.7 mL/min, R = 16.4 min (major) and R = 17.4 min
(minor).

- Determined, averaged of 3 trials: 16:84 e.r., 68 ec%
Sample Trace: 18:82 e.r., 64 ee%

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS\MMC_06_174-5 2019-05-10 18-18-49\071-0401.D)
mAU 3 - o
35
30 4
254
20 -
15 4
10 4
54
0 A
M N N T M M T M ' M T T T T T T 1
0 2 4 6 8 10 12 14 16 18 miry
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s]) [mAU]
SnSslasssmn el e jasssssssan | pemsasasas jras=sses |
1 16.374 BB 0.3427 885.19928 40.22905 48.7786
2 17.402 BB 0.3666 929.52887 39.49314 51.2214
Totals : 1814.72815 79.72219
Sample HPLC of 89
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-2\MMC_07_129-130 2019-08-09 17-45-08\068-0201.D)
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Signal 1: DADl1 A, Sig=254,

Peak RetTime Type Width
# [min] [min])
el e |=rmmffasa=s== |
1 15.895 BB 0.3198
2 16.923 BB 0.3273

4 Ref=360,100

Area Height Area
[mAU*s] [mAU] %
---------- et e e |
304.54974 14.81926 17.6505
1420.89368 67.02037 82.3495

1725.44342 81.83963
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Enantioseletivity of 122 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 8.8 min (major) and /R = 10.0
major enantiomer, min (minor).

(Ra)-122 Recrystallization was done using 80:20 HPLC grade n-
Hexanes/DCE. The solid and filtrate were separated, and the solid
is found to be higher e.r.

- Determined from 122 (500 mg): 15:85 e.r., 70 ee%

Racemic Standard of 122

DAD1 E, Sig=280,16 Ref=360,100 (CACHEM32\.RIEL CARDENAS-3IMMC_09_046-3 2020-11-05 20-29-30\065-0301.D)
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Signal 5: DAD1l E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min) [mAU*s] [mAU]

i o s e e o | i s [t
: 8.807 BV 0.3974 2245.62842 85.22304 52.2487
2 10.024 VB 0.4488 2052.32983 68.25041 47.7513

Totals : 4297.95825 153.47345

Sample > Trituration HPLC of 122

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\. ARIEL CARDENAS-3WMC_09_046-2 2020-11-05 17-52-34\074-0401.D)
mAU E ~
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
$ (min) [min) [mAU*s]) [mAU] $
e L B e e [=semmmnnas [ I
1 8.957 BB 0.4783 1454.21606 43.91674 84.9141
2 10.208 BB 0.5239 258.35709 6.12804 15.0859

Totals : 1712.57315 50.04478
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major enantiomer,

(R.)-123

Enantioseletivity of 123 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, /R = 8.55 min (major) and R =
9.8 min (minor).

- Determined from 123 (500 mg): 88.5:11.5 e.r., 77 ee%

Racemic Standard of 123

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-3\MMC_10_072 2021-01-29 22-34-45\086-0601.D)
mAU 3
50 ™
3
40 =)
30 <
20 4
10
0 _______________/‘\~.\j/\\J\/__/\A,
T T T T T T T T T
e e e e R e =il -
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min) {min) [mAU*s] [mAU] %
el B e e e [ |
1 8.549 BB 0.3202 1232.14343 55.25118 56.0780
2 9.803 BB 0.3648 965.05194 37.93866 43.9220
Totals : 2197.19537 93.18984
Sample HPLC of 123
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-3\MMC_10_072 2021-01-29 22-34-45\085-0501.D)
mAU 2
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [(min]) [min] [mAU*s) [mAU]) $
Lt L L L [ el s frmmmnmman= |memns=enss |e=ac=ss
1 8.533 wW 0.3226 1.22814e4 545.58502 88.4579
2 9.800 VB 0.4311 1602.48962 51.76992 11.5421

Totals : 1.38838e4 597.35494
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Enantioseletivity of 91 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA

. . (75:25), flow rate = 1.0 mL/min, R = 6.5 min (major) and /R = 7.6
major enantiomer,

(Ra)-91 min (minor).

- Determined, averaged of 3 trials: 12:88 e.r., 76 ec%
Sample Trace: 15:85 e.r., 70 ee%

Racemic Standard of 91

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\... MARIEL CARDENAS-3\MMC_09_187 2020-09-24 19-25-05\021-0101.D)
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Signal 4: DAD1 D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
£l [min) [min]) [mAU*s] [mAU) %

] EEEEEE e R |=mmmmm———— fimmm e f=mm——rs |
1 6.451 W 0.2225 6868.34961 434.23416 50.0145
2 7.556 VB 0.2630 6864.35449 365.70432 49.9855

Totals : 1.37327e4 799.93848

Sample HPLC of 91

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\... MARIEL CARDENAS-3\MMC_09_196 2020-09-28 16-05-32\089-0601.D)
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Signal 4: DAD1 D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU]) $
e e R e e S oeemimitcians |
1 6.968 Vv 0.3631 3780.70410 156.92172 15.0489
2 8.038 VB 0.4086 2.13420e4 771.87354 84.9511

Totals : 2.51227e4 928.79526
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major enantiomer,

(R.)-93

Enantioseletivity of 93 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, fR = 7.2 min (minor) and /R = 8.0
min (major).

- Determined, averaged of 2 trials: 13:87 e.r., 74 ec%
Sample Trace: 13:87 e.r., 74 ee%

HPLC Standard of 93

Racemized enantioenriched material using heat, and observed enantiomer growing in.

DAD1 E, Sig=280,16 Ref=360,100 (C\CHEM32\... MARIEL CARDENAS-3\MMC_10_017 2020-10-18 12-58-46\072-0201.D)
mAU
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Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
$ [min] [min] [mAU*s] [mAU] %
e e e e ramcinamsas et femiisait e |
2 ¢ 7.219 FM 0.4491 278.58328 10.33797 31.7321
2 7.970 VB 0.3661 599.33844 25.14007 68.2679
Totals : 877.92172 35.47804
Sample HPLC of 93

DAD1 E, Sig=280,16 Ref=360,100 (CACHEM32\.. RIEL CARDENAS-3\MMC_09_046-3 2020-11-05 20-29-30\068-0901.D)
mAU 2
120
100
80 -4
60 -
el
40 &
©
20
0 —N\_—
1 T 1 1 1 1 1
0 2 4 6 8 10 12 14 miry
Signal 5: DAD1l E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min]) [min] [mAU*s] [mAU] 3
el EEEEE e B |=mmmm—m——— |==m——————— [ |
1 6.823 BB 0.3490 503.51254 21.67638 13.1036
2 7.882 BB 0.3815 3339.05322 131.82666 86.8964
Totals 3842.56577 153.50304
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Enantioseletivity of 93 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(75:25), flow rate = 1.0 mL/min, R = 8.4 min (minor) and fR =9.2

major enantiomer,
min (minor).

(Ra)-93
—> Determined, averaged of 2 trials: 6:94 e.r., 88 ee%
Sample Trace: 6:94 e.r., 88 ee%
HPLC Standard of 93
Racemized enantioenriched material using heat, and observed enantiomer growing in.
DADT E, Sig=280,16 Ref=360,100 (C\CHEM32\_. CARDENAS-3\MMC_10_017_28-29 2020-10-26 18-24-201062-0301.D) -
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Signal 5: DADl1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] $
e | === | =mmmmmm |==mmmmm e |=mmmmmmm e [ |
1 8.368 BV 0.4996 3262.03149 95.24590 42.7409
2 9.182 VB 0.5015 4370.07959 130.22810 57.2591
Totals : 7632.11108 225.47400
Trituration HPLC of 93
“DADT E, Sig=280,16 Ref=360,100 (C\CHEM32\. CARDENAS-3\MMC_10_017_28-29 2020-10-26 18-24-201061-0201.D) =
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Signal 5: DAD1 E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Area Height Area
$ [min] [min] [mAU*s] [mAU] $
m——|m————— | === mm————— |==——————— |===——————— | === |
1 8.132 BV 0.3890 123.06039 4.70697 5.9748
2 9.200 VB 0.4753 1936.58618 61.17351 94.0252

Totals : 2059.64657 65.88048
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Enantioseletivity of 95 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(75:25), flow rate = 1.0 mL/min, R = 6.7 min (major) and /R = 7.9

major enantiomer,
min (minor). Impurity that appears around 5.0 min is

(Ra)-95
dichloromethane (necessary to dissolve compound).
- Determined, averaged of 2 trials: 12:88 e.r., 76 ee%
Sample Trace: 12:88 e.r., 76 ee%
HPLC Standard of 95

Racemized enantioenriched material using heat, and observed enantiomer growing in.

DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-3\WMMC_10_018-019 2020-10-22 18-22-521070-0701.D)
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Signal 3: DADl1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min) [mAU*s] [mAU] $
m——|mm————— [ e |==mmmmmmee e [mmmmennn I
1 6.650 BV 0.6203 1629.57349 32.20629 31.0442
2 7.918 VB 0.4206 3619.62427 126.98035 68.9558
Totals : 5249.19775 159.18663
Sample HPLC of 95
DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM32\...RIEL CARDENAS-3\MMC_10_018-19 2020-10-23 20-28-17\064-0401.D)
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Signal 3: DADl C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
$# [min) [min) [mAU*s] [mAU] %
e e {memsesssas e e |
di 6.153 BV 0.3555 1926.83716 80.99856 11.7327
2 7.349 VB 0.3822 1.44960e4 578.79230 88.2673

Totals : 1.64228e4 659.79086
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major enantiomer,

Enantioseletivity of 96 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (99:1),
flow rate = 0.7 mL/min, R = 16.4 min (major) and R = 17.4 min
(Ra)-96 (minor). Impurity that appears around 5.0 min is toluene (necessary
to dissolve compound).

—> Determined, averaged of 6 trials: 14:86 e.r., 72 ec%

Sample Trace: 86:14 e.r., 72 ee%

Racemic Standard of 96

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\._EL CARDENAS-2MMC_09_040-BTR2 2020-02-06 20-15-47\085-0201.D)
mAU - 2 8
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
- [min]) (min] [mAU*s] [mAU] 3
e R e e |=mmmmmmmme [==mmmmmn I
L 5 8.852 w 0.1844 3.25042e4 2740.72388 49.1186
2 9.362 VBA 0.1979 3.36707e4 2619.82129 50.8814
Totals : 6.61748e4 5360.54517
Sample HPLC of 96
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\1\DATA\DEANE GORDON\MMC_09_048 2020-02-21 20-18-50\064-0501.D)
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min) [mAU*s] [mAU]

e EEE e e B |=mmmmmm——— [ msnenonm [mmmmmem
1 8.943 BV 0.1667 4156.74463 382.85602 85.7305
2 9.441 VB 0.1892 691.87628 55.58691 14.2695

Totals : 4848.62091 438.44292
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Enantioseletivity of 96 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,

Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (99:1),
major enantiomer,

(R.)-96

flow rate = 0.5 mL/min, R = 16.4 min (major) and /R = 17.4 min
(minor). Impurity that appears around 5.0 min is dichloromethane
(necessary to dissolve compound). Recrystallization was done
using 80:20 HPLC grade n-Hexanes/DCE. The solid and filtrate
were separated, and the solid is found to be higher e.r.

- Determined 3:97 e.r., 94 ee%

Racemic Standard of 96

DAD1 A, Sig=254 .4 Ref=360,100 (C:\CHEM32\._EL CARDENAS-2MMC_09_040-BTR2 2020-02-06 20-15-47\085-0201.D)
mAU 3 g g
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
$ [min) [min] [mAU*s] [mAU] $
e L e fremmne—m—— jrmmmmm——— e |
- 8.852 w 0.1844 3.25042e4 2740.72388 49.1186
2 9.362 VBA 0.1979 3.36707e4 2619.82129 50.8814
Totals : 6.61748e4 5360.54517
Trituration HPLC of 96
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\1\DATA\DEANE GORDONWMMC_09_048 2020-02-21 20-18-501062-0301.D)
mAU
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Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [m [min) [mAU*s] [mAU]
B | === | mmmmmmm | =mmmmmmm e | =mmmmmm e | ===mmmme I
8.794 W 0.1682 2.15084e4 1957.28137 96.5085
2 9.333 vB 0.2108 778.12909 53.78615 3.4915
Totals : 2.22865e4 2011.06752
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major enantiomer,

(S.)-98

Racemic Standard of 98

Enantioseletivity of 98 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 8.2 min (major) and /R = 14.1
min (minor).

—> Determined, averaged of 5 trials: 63:37 e.r., 26 ec%
Sample Trace: 55:45 e.r., 10 ee%

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-3\MMC_10_037-SM 2020-11-12 15-24-01\072-0201.D)
mAU P 8
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Signal 4: DAD1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] $
eesafsnadeas |omes|sesmaas |sea=c=mcen |amessssaats [Semsssen
1 8.153 VB 0.3600 6.04026e4 2689.37500 47.4296
2 14.136 VBA 0.4512 6.69494e4 2372.55176 52.5704
Totals : 1.27352e5 5061.92676
Sample HPLC of 98
DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-3\MMC_10_037-SM 2020-11-12 15-24-01\074-0401.D)
mAU 2
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Signal 4: DAD1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area

¥ [min] [min]

[mAU*s] [mAU]

1 8.189 BB 0.2822 2720.
2 14.306 BB 0.3970 2217.

4938.

96216 149.58224 55.1007
19775 87.09694 44.8993

15991 236.67918
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Enantioseletivity of 97 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA

major enantiomer, (75:25), flow rate = 1.0 mL/min, R = 5.6 min (major) and /R = 6.7

(Ra)-97 min (minor).

- Determined, averaged of 5 trials: 15:85 e.r., 70 ec%
Sample Trace: 79:21 e.r., 58 ee%

Racemic Standard of 97

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\\MARIEL CARDENAS-2IMMC_07_192 2019-09-19 16-26-401070-0101.0)
mAU 2 8
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min]) [mAU*s] [mAU] $
| =j====| | sl |- |
1 5.749 W 0.1273 1.95316e4 2342.98804 49.0299
2 6.865 VW 0.1503 2.03045e4 2071.65894 50.9701

Totals : 3.98361led4 4414.64697
Sample HPLC of 97
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_07_192 2019-09-19 16-28-40\069-0201.D)
mAU 7 ?
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Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min]) [mAU*s] [mAU] $

e EEEE e e |==mmmmmmee | fmmnmmam— I
1  5.735 BV 0.1206 606.70013  76.42903 79.3182
2  6.847 BB 0.1413 158.19377 17.19461 20.6818

Totals : 764.89391 93.62365
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major enantiomer,

(S)-100

Enantioseletivity of 100 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, rR = 9.8 min (major) and /R = 13.5
min (minor). Trace amount of CH2Cl> (used to dissolve the
compound is around 5.8 min).

- Determined, average of 4 trials: 65:35 e.r., 30 ee%

Sample Trace: 76:24 e.r., 52 ee%

Racemic Standard of 100

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\... MARIEL CARDENAS-2MMC_06_014 2019-01-16 20-52-13\077-0201.D)
mAU 3
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Signal 4: DADl1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
B [min]) [min) [mAU*s] [mAU] $
e EEEE e B frmmmmamm— jrmmmm———— [mme———— I
: | 9.756 BB 0.2035 4578.20947 347.94901 50.3377
2 13.520 BB 0.3004 4516.78076 234.80528 49.6623
Totals : 9094.99023 582.75429
Sample HPLC of 100
DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\... MARIEL CARDENAS-2MMC_09_102 2020-04-01 19-12-48\082-0201.D)
mAU ] @

800

600 -

400 o
&
el

. K i

0 A»M ./\
b T T T T T T T
0 2 4 6 8 10 12 14

Signal 4: DAD1l D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
B [min] [min] [mAU*s] [mAU]

e e e |==mmmmmme |=mmmmmmmee | ===
1 9.848 BB 0.2106 1.29271e4 962.76404 75.9334
2 13.783 BB 0.3102 4097.16016 205.89920 24.0666

Totals : 1.70243e4 1168.66324
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Enantioseletivity of 99 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA

major enantiomer, (70:30), flow rate = 1.0 mL/min, R = 5.6 min (minor) and R = 6.7

(Ra)-99 min (major).

- Determined, averaged of 3 trials: 25:75 e.r., 50 ec%
Sample Trace: 27:73 e.r., 46 ee%

Racemic Standard of 99

DAD1 A, Sig=254,4 Ref=360, 100 (C:\CHEM32\..\MARIEL CARDENAS-21MMC_06_014 2019-01-16 20-52-13\076-0101.D)
- [~}
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0- — W S S N—
AL I B I B IR N AL B [ | ' | (LI | | '
0 1 2 3 4 5 6 7 8 9 min)
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] U*s] [mAU]
e R B e [=mmmmmmmm [ m e |===mm===
5.589 VB 1.69492e4 2241.87329 49.3357
2 6.774 VB 0.1586 1.74057e4 1711.80566 50.6643
Totals : 3.43549%e4 3953.67896
Sample HPLC of 99
DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\...MARIEL CARDENAS-2MMC_06_014 2019-01-16 20-52-13\084-0301.D)
mAU
2500
2000 o
8
1500 3 e
1000 4
500
0 .
T T T | T T T T T T
g _ 1 __ ”727 _ 3 ___ 4 5 6 7 _8 9 min

Signal 4: DAD1l D, Sig=230,16 Ref=360,100

Peak RetTime Type
¥

wWidth
[min]

Area Height
[mAU*s] [mAU]
-] == | === | =mm———- [==mmmmmm—— |=mmm—————— [mrennme- |
1 5.603 VB 0.1220 1.19545e4 1483.91077 27.4156
2 6.794 BB 0.1759 3.16502e4 2843.46167

[min)

als : 4.36047e4 4327.37244
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Enantioseletivity of 102 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 7.3 min (minor) and fR = 7.6
major enantiomer, min (major)

etermined, average of 3 trials: 54:46 e.r., 8 ee%
(Ra)-102 - Determined £3 trials: 54:46 e.r., § ce%
Sample Trace: 54:46 e.r., 8 ee%

Racemic Standard of 102

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_07_142 2019-08-13 19-41-31\076-0201.D)
it £5
1003
80
60
40
20—

04

T T T T
0 e 2 4 ... __._..4¥8 _ ... @b _._ 12 14 min

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min]) [mAU*s]) [mAU] $
e EESS R ] R | == [mmm——————— |mmm———— |
| 4.705 wW 0.0961 821.21069 129.29836 49.0405
2 4.972 W 0.1038 853.34595 121.77319 50.9595

Totals : 1674.55664 251.07155
Sample HPLC of 102
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2MMC_07_142 2019-08-13 19-41-31\072-0501.D)
mAU & §

50 g

40 4

30—

20+

IV

0

T T T T T T T

0___ — 2_ — _,_,4_,._, I— »6____»_»_““_ § — flO‘ — _12 14 min|

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
e EEE R e B [ |mmmmmmmne L s |
1 4.674 W 0.1001 374.15350 54.47719 53.6499
2 4.935 W 0.1015 323.24448 47.41552 46.3501

Totals : 697.39798 101.89272
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major enantiomer,

(Ra)-101 min (minor).

Racemic Standard of 101

- Determined, average of 6 trials: 68:32 e.r., 36 ee%
Sample Trace: 68:32 e.r., 36 ee%

Enantioseletivity of 101 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 4.4 min (major) and /R = 5.2

mAU § B
1400 t

1200 ‘ |
1000 - ‘ 1
800 - [ [
600 [ | [ |
400 ‘ |

200 | \

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2MMC_06_015 2019-01-16 19-19-46\074-0101.D)

Signal 1: DADl A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area

[min]
1.03878e4 1611.75854 51.5639
0.1103 9757.69238 1349.86536 48.4361

Totals : 2.01455e4 2961.62390

Sample HPLC of 101

mAU §
300 TT
250 |
200

150 1
100 - |

—5.156

3

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2IMMC_06_015 2019-01-16 19-19-46\081-0301.D)
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Enantioseletivity of 104 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (95:5),
flow rate = 1.0 mL/min, R = 10.4 (minor) and R = 12.3 (major).
major enantiomer, Trace amounts of CH2Cl> (to dissolve the sample) are present at

(52)-104 5.8 min.

- Determined, averaged of 5 trials: 63:37 e.r., 26 ee%
Sample Trace: 54:46 e.r., 8 ee%

Racemic Standard of 104

DAD1 E, Sig=280,16 Ref=360,100 (C\CHEM32\...MARIEL CARDENAS-2\MMC_06_071 2019-02-25 20-00-25\076-0101.D)
mAU ] ® 8
N
o
100
80 4
60
40
20 4
0 4‘“\/~/\\7
T S R A | N A | T
0 2 4 6 8 10 12 14 min
Signal 5: DADl1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
£ [min) [min]) [mAU*s] [mAU] $
= |em————— | === mm—n——— |=m——————— [rmm—————— ey |
1 10.403 BB 0.2177 1791.96704 121.74922 49.9311
2 12.265 BB 0.2570 1796.91406 104.31921 50.0689
Totals : 3588.88110 226.06844
Sample HPLC of 104
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_086 2019-03-05 14-44-10\081-0101.D)
mAU
g
25 :
204
15
10
54
0
T T T T T T T T
g___ = .« & % ____4qd0 _____ 1% ______i14 16 ming

Signal 1: DADl A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min] [mAU*s) [mAU] $
e R e B |=mmmmmeee | [=em==== |
1 12.370 VB 0.2477 503.71616 30.64838 53.7150
2 14.201 BB 0.3215 434.04117 20.46185 46.2850

Totals : 937.75732 51.11023
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Enantioseletivity of 103 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (95:5),

major enantiomer, flow rate = 1.0 mL/min, fR = 7.5 (minor) and /R = 10.2 (major).

(Ra)-103 - Determined, averaged of 3 trials: 74:26 e.r., 48 ec%

Sample Trace: 65:35 e.r., 30 ee%

Racemic Standard of 103

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\... CARDENAS-2\MMC_06_059-061_IA 2019-02-25 17-44-02\071-0701.D)
mAU I
R
1000 < i
e
800 -
600 -
400
200 +
0 T
I 1 1 1 1 1 1
0 2 4 6 8 10 12 14 min|
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU] $
el R e |=mmmmmmmae |==mmmmmmee |mm—————— I
1 7.511 W 0.1683 1.33889%e4 1198.89758 49.1444
2 10.178 vB 0.2497 1.38551e4 834.34351 50.8556
Totals : 2.72440e4 2033.24109
Sample HPLC of 103
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_071 2019-02-25 20-00-25\078-0401.D)
mAU 3 3
1400
1200
1000
8
800 N
=3
600 -3 5
400
200
0 L
T T T T T T T
0 2 R 6 8 10 12 14 min|

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] $
e R e R R [ [Pt |
1 7.511 VB 0.1585 1.60780e4 1531.40833 64.8076
2 10.200 BB 0.2285 8730.84375 577.00055 35.1924

Totals : 2.48089e4 2108.40887
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Enantioseletivity of 106 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),

major enantiomer, flow rate = 0.7 mL/min, R = 16.4 min (major) and R = 17.4 min

(S2)-106 (minor).

Sample Trace: 83:17 e.r., 66 ee%

Racemic Standard of 106

- Determined, average of 3 trials: 83:17 e.r., 66 ee%

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_089 2019-03-05 12-10-24\087-0201.D)
mAU [
o
[}
100
80 -
60 4
40 4
20 4
0 N Ce —
1 1 T T 1 1 1
0 2 B 6 8 10 12 14 mir|
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min) [min]) [mAU*s] [mAU] b
e e | === | mmmmmmm e |==mmmmmmee |=mmmm——e I
1 11.260 BB 0.1705 1378.73145 125.14724 50.0828
2 13.070 BB 0.2031 1374.17175 106.08340 49.9172
Totals : 2752.90320 231.23064
Sample HPLC of 106
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_089 2019-03-05 12-10-24\076-0401.D)
mAU 3
30 3
25
204
15 3 .
10 s
" N A\
0 v T
v + T T - T v T T T - T T v - T - + T T - T T T v T v T
0 2 4 6 8 10 12 14 min|

Signal 1: DAD1l A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min]) [mAU*s]) [mAU] $

] EEEE TS |======mmmun [ |===mmmmmee |mm—————— I
1 11.648 BB 0.1765 400.25085 35.24043 82.9070
2 13.549 BB 0.2150 82.52011 6.05633 17.0930

Totals : 482.77097 41.29676
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major enantiomer,

Enantioseletivity of 105 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 7.35 min (major) and R =
(Ra)-105 7.6 min (minor).

—> Determined, average of 3 trials: 9:91 e.r., 82 ee%

Sample Trace: 90:10 e.r., 80 ee%

Racemic Standard of 105

mAU
2503
200
150~;
100 3

50 3

o

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2IMMC_06_089 2019-03-05 12-10-24\086-0101.D)

%

L

0

T T ¥ | T L | 7 1
2 4 6 8 10 12 14

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area

¥ [min] [min) [mAU*s] [mAU])

e B J====]=mmmen [===mmmmmee e [====mmmn I

1 7.350 W 0.1061 2133.16309 303.04327 51.1606
2 7.562 VB 0.1142 2036.37866 275.75220 48.8394

Totals : 4169.54175 578.79547

Sample HPLC of 105

0

mAU
120
100
80
60 -
40 4
20 4

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_089 2019-03-05 12-10-24\075-0301.D)

™«

7.555

0

12 14 mi

oo —
i|=
e

1 |l
2 4 6

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area

B [min] [min] [mAU*s] [mAU] %

e EEE e e |=mmmmemae— [ N |
1 7.323 W 0.1051 950.10553 140.05957 90.4434
2 7.555 VB 0.1144 100.39157 13.25157 9.5566

Totals : 1050.49710 153.31114
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Enantioseletivity of 108 was measured with chiral HPLC analysis

using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,

Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (98:2),

major enantiomer, flow rate = 0.7 mL/min, /R = 7.3 min (minor) and R = 7.6 min
(Sa)-108 (major).

- Determined, average of 3 trials: 82:18 e.r., 64 ee%

Sample Trace: 81:19 e.r., 62 ee%

Racemic Standard of 108

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. \MARIEL CARDENAS-2MMC_06_040 2019-02-19 14-32-53\082-0201.D)
mAU - §
800 | (| |' I|
I
600 n
[ [
400 ] 'R
| |
| |
200 - \
| A
. IS ;
T T T T T T
0 2 4 6 8 10 min|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU]
———e|mm————— | === === |==mm—————- Ry |==mm———- \
1 8.856 BV 0.1504 9930.75977 995.73871 45.7162
2 9.112 VB 0.1725 1.17919%4 1008.11517 54.2838
Totals : 2.17226e4 2003.85388
Sample HPLC of 108
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_040 2019-02-19 14-32-53\086-0601.D)
mAU 3 ]
175
150
125
100 - ™
o~
753 «
©
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253
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T v T v T v v v T T v T T
[ — T — 4 _ 6 — 8 _ 10 min

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min]) [mAU*s] [mAU] %
e R e |=mmmmmmmee |=mmm—en——— |mmmm———- |
1 8.823 BV 0.1464 527.80334 54.79923 18.9697
2 9.082 VB 0.1699 2254.54004 196.45827 81.0303

Totals : 2782.34338 251.25750
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Enantioseletivity of 107 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,

Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (98:2),
major enantiomer,

(R.)-107

flow rate = 0.7 mL/min, R = 7.5 min (minor) and /R = 7.9 min
(major). Trace amounts of CH2Cl> (to dissolve the sample) is
present at 5.8 min.

—> Determined, average of 3 trials: 11:89 e.r., 78 ee%
Sample Trace: 11:89 e.r., 78 ee%

Racemic Standard of 107

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\... CARDENAS-2\MMC_06_010-012_IA 2019-01-15 22-22-08\072-0101.D)
mAU 3 2
1200 + -
1000
800 5
600
400 3
200
0]
— % - % ¥ J— 7% &+ ¥+ — v 7 T & T & = % T
O_A_ — _2___“ ,,.,._4_.__ — '§; - 8 - »1»0»4 _ _ 12 14
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min]) [min] [mAU*s] [mAU] $
e e |=====mmmmme |==mmmmmmee e |mmmm———— I
1 7.521 W 0.1375 1.20594e4 1333.84741 47.2683
2 7.878 VB 0.1517 1.34533e4 1311.20776 52.7317
Totals : 2.55127e4 2645.05518
Sample HPLC of 107
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_040 2019-02-19 14-32-53084-0401.D)
mAU 3 =
250
200 3
150 4
100 <
< o~
1 S
50 ~
0
T T ¥ J T ¥ Y T T T T T T ¥
0 2 4 6 _ 8 10 mir

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min) [mAU*s] [mAU)

] SRR e B R Jmmm [=mmm——e I
1 7.424 W 0.1381 346.35602 37.38848 11.1019
2 7.769 VB 0.1457 2773.42822 284.52475 88.8981

Totals : 3119.78424 321.91323
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Enantioseletivity of 119 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(75:25), flow rate = 1.0 mL/min, R = 7.0 min (minor) and tR = 9.7

major enantiomer,

(Ro)-119 min (major).

- Determined, average of 3 trials: 15:85 e.r., 70 ee%
Sample Trace: 12:88 e.r., 76 ee%

Racemic Standard of 119

DAD1 B, Sig=254,16 Ref=360,100 (C:\CHEM32\...EL CARDENAS-3\MMC_10_126-127 2021-02-12 16-52-23\096-0601.D)

b= D

Signal 2: DADl B, Sig=254,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |-=--1 I | | I
1 7.081 BB 0.2357 84.86999 5.21904 38.8794

2 9.699 BB 0.3431 133.42049 5.74130 61.1206

Totals : 218.29047 10.96034

Sample HPLC of 119

DAD1 B, Sig=254,16 Ref=360,100 (C:\CHEM32\...ARIEL CARDENAS-4\MMC_10-8721 2021-08-07 11-34-00\096-0501.D)

mAU -
80 —
60 —
40 7

20

" T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 min

Signal 2: DADl1 B, Sig=254,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== ===={======5 e [ [ |
1 7.100 BB 0.2440 361.60696 2151913 121576
2 9.803 BB 0..3913: 2612.71729 96.66442 87.8424
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Enantioseletivity of 120 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,

Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (98:2),
major enantiomer,

(Ra)-120

flow rate = 1.0 mL/min, /R = 5.6 min (minor) and R = 6.7 min
(major). This is an intermediate enroute to 121. I was unable to
achieve a resolved method. It is likely that the enantiopurity is in
line with compound 121. We included the traces to be thorough.

- Determined, average of 3 trials: 16:84 e.r., 68 ee%
Sample Trace: 19.5:80.5 e.r., 61 ee%

Racemic Standard of 121

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-4\MMC_10_197 2021-07-29 21-32-47\090-1101.D)
mAU
80 -
60
40 4
20
0 I
T T T T T T T
0 2 4 6 8 10 12 14 miry
Signal 1: DADl1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# {min]) {min) [MAU*s] [mAU] :
Sl e T [t [ jesatisnnss s |sasasna |
1 4.450 wW 0.1720 1284.82410 107.08244 36.5236
2 4.814 W 0.4428 2232.96948 78.74887 63.4764
Totals : 3517.79358 185.83131
Sample HPLC of 121
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-4\MMC_10_197 2021-07-29 21-32-47\084-0401.D)
mAU 2
2000
1500
1000
~
S
500 ©
0
T T T T T T T
0‘ - 2 S _4““ 6 — 8 _ .4_10 _ 12 14 min|

Peak RetTime Type Width Area Height Area
$ [min] [mi [mAU*s] [mAU)

1 3.877 BV 0.2304 5630.66357 345.02014 19.5426
2 4.189 W 0.1159 2.31815e4 2708.44653 80.4574

Totals : 2.88122e4 3053.46667

376



CHj; O
A

Ph
N "0
H

major enantiomer,

(R.)-121

Enantioseletivity of 121 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA
(75:25), flow rate = 1.0 mL/min, R = 7.0 min (minor) and R =

11.0 min (major).

- Determined, average of 3 trials: 16:84 e.r., 68 ee%
Sample Trace: 11:89 e.r., 78 ee%

HPLC Standard of 121 (racemized from a 121; contains extra solvents)

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...RIEL CARDENAS-4\WMMC_10-8721-2 2021-08-07 13-22-57\082-0201.D)
mAU =
120 3
100 =
80
60
40
20 Jk,\
0
T T T i T T T T i T T T T T T T T T T T " T
g — . e 10 min

Signal 1: DADl1l A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
B | | === | | [ |
1 7.071 BB 0.2749 2909.46143 149.62247 52.0778
2 11.014 BBA  0.4205 2677.30322 91.20467 47.9222

Totals : 5586.76465 240.82714

Sample HPLC of 121

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. MARIEL CARDENAS-4\MMC_10-8721 2021-08-07 11-34-00\093-0101.D)
mAU 7 <

120
100
80
60
40
20
0
T : ¥ T
0 2

Signal 1: DADl A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] $
===l |====1 | | | |
1 7.074 VB 0.2818 2825.46729 142.23370 89.0400
2 10.926 BB 0.3823 347.78839 13.42351 10.9600

Totals : 3173.25568 155.65722
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major enantiomer,

(Sa)-110

Racemic Standard of 110

Enantioseletivity of 110 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (98:2),
flow rate = 0.7 mL/min, R = 12.0 min (major) and 7R = 12.6 min
(minor).

—> Determined, average of 2 trials: 83:17 e.r., 66 ee%
Sample Trace: 79:21 e.r., 58 ee%

mAU 3
350 3
300 3
250
200
150
100
50 3
0

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_041 2019-02-19 19-20-27\087-0201.D)

o
T
®

975 |

- - T v
0 2

Signal 1:

Peak RetTime Type Width
# [min] [min]

e EEEE === | mmmmmee 1--

1 6.270 VB
2 6.975 VB

Totals :

Sample HPLC of 110

5333.84375

o
=
o

.
=
—
N
2

DAD1 A, Sig=254,4 Ref=360,100

Area Height Area
[mAU*s) [mAU]
-------- e e L s e
0.1036 2705.08984
0.1171 2628.75391

406.76730
352.06003

50.7156
49.2844

758.82733

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. \MARIEL CARDENAS-2MMC_06_041 2019-02-19 19-20-27\072-0401.D)

6.950

T
0 2

Signal 1: DADl A, Sig=254,4 Ref=360,100

Peak RetTime Type Width
# [min]) [min]
mmee|mm————— === mm————— fromee
6.254 W

2 6.950 vV

1.44603e4

Area Height Area
[mAU*s] [mAU] 3
—————— e e S|
0.1081 1.02222e4
0.1209 4238.16943 532.32648 29.3089

1452.29602 70.6911

1984.62250
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Enantioseletivity of 109 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,

Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (98:2),
major enantiomer,

(Ra)-109

flow rate = 0.7 mL/min, R = 6.4 min (major) and R = 7.3 min
(minor).

- Determined, average of 2 trials: 23:77 e.r., 54 ee%
Sample Trace: 22:78 e.r., 56 ee%

Racemic Standard of 109

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2MMC_06_016 2019-01-16 21-56-031100-0101.D)
mAU 2 g
400 = Sy
350 -
300 -
250 =
200 =
150 -
100
50 =
0
I e e e L e e e A e e A | T
0 1 2 3 B 5 6 7
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min]) [min] [mAU*s] [mAU] $
e e e |==mmmmmee |===mmmmmee [==mmm=nn [
: 3 6.385 VB 0.1099 3090.54858 440.12973 50.7733
2 7.270 VB 0.1247 2996.40259 369.22076 49.2267
Totals : 6086.95117 809.35049
Sample HPLC of 109
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...IEL CARDENAS-2\MMC_06_035_037 2019-02-12 14-44-22\083-0301.D)
mAU 7 &
1200
1000
800 -
600 3
400 4 ~
200
0
7 ——— 77T 7 T T T
q I [ _‘AAZU — _A73 — 4 5 ﬁ__ f 4 8 9 min

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] $
] EEEEE e |=mmmmmmeae e |======== |
1 6.320 W 0.1062 9218.45801 1341.77576 77.6236
2 7.063 W 0.1181 2657.39233 344.03351 22.3764

Totals : 1.18759%e4 1685.80927
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Enantioseletivity of 112 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),
major enantiomer, flow rate = 0.5 mL/min, R = 20.8 min (major) and R = 24.4 min
(Sa)-112 (minor).
- Determined, average of 2 trials: 82:18 e.r., 64 ec%
Sample Trace: 82:18 e.r., 64 ee%

Racemic Standard of 112

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_072 2019-02-26 12-32-521072-1101.D)

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
B [min] [min] [mAU*s] [mAU] %

el R e |===mmmmmme |==mmmmmme [ I
1 20.831 BB 0.3283 2161.94189 102.39535 50.1642
2 24.403 vBA 0.3943 2147.79004 85.13734 49.8358

Totals : 4309.73193 187.53269

Sample HPLC of 112

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. \MARIEL CARDENAS-2MMC_06_072 2019-02-26 12-32-52\078-0801.D)

mAU

25
20-
153
10

3

&
. Wi
o - 7 - 4

T v v v T v v v v T T v v v T
0 ) 10 15 20

Signal 1: DADl1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
- [min) [min) [mAU*s] [mAU] $
el EEE R e B |==mmmmmeae | e e I
1 20.480 BB 0.3287 666.37671 31.77230 82.4446
2 23.751 BB 0.3639 141.89502 6.00024 17.5554

Totals : 808.27173 37.77254
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major enantiomer,

Enantioseletivity of 111 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 5.6 min (major) and 1R = 6.7

(Ra)-111 min (minor).

Sample Trace: 13:87 e.r., 74 ee%

Racemic Standard of 111

—> Determined, average of 2 trials: 13:87 e.r., 74 ee%

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_072 2019-02-26 12-32-52\071-1001.D)
MAU - 5
400 - P4
350 -
300 -
250 -
200 -
150
100 -
50 =
0
T T T T T T T T T T T T T T T T T T
0 5 10 15 20
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
B [min] [min]) [mAU*s] [mAU] $
e e |====1 I I ——|mm—————— |
1 10.006 VWV 0.1605 4517.50293 437.53732 49.9859
2 10.457 wW 0.1692 4520.05322 414.70200 50.0141
Totals : 9037.55615 852.23932
Sample HPLC of 111

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_072 2019-02-26 12-32-52\075-0501.D)
mAU 3
2500
2000
1500
1000

L e e N e T T T T
0 25 5 7.5 10 125 15 175
Signal 1: DAD1l A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area

$ [min] [min]) [mAU*s] [mAU] $
e e e JEmemasasas |ems=ansaa | |

1 9.880 W 0.1943 3.60445e4 2955.18799 87.2443

2 10.288 W 0.1668 5269.92578 484.88898 12.7557
Totals : 4.13144e4 3440.07697
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Enantioseletivity of 114 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),
major enantiomer, flow rate = 0.7 mL/min, R = 10.2 min (major) and /R = 12.1 min
(S2)-114 (minor).
—> Determined, average of 2 trials: 81.5:18.5 e.r., 63 ee%
Sample Trace: 81.5:18.5 e.r., 63 ee%

Racemic Standard of 114

DAD1 E, Sig=280,16 Ref=360,100 (CA\CHEM32\.. MARIEL CARDENAS-2\MMC_07_044 2019-06-09 15-09-29072-0201.D)

mAU & 3
1000 &
800 5
600
400
gt A
, L T, . — .
. — T — -
8 0 12

1 T T T U L
0 2 4 6 1 14 min
Signal 5: DAD1 E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
L [min] [min) [mAU*s] [mAU] %
m———|me————— e |=emem————— |mmmmm———— f st |
1 10.229 VB 0.2164 1.57864e4 1106.62793 52.0617
2 12.139 BB 0.2174 1.45361le4 1025.34070 47.9383
Totals : 3.03226e4 2131.96863
Sample HPLC of 114
DAD1 E, Sig=280,16 Ref=360,100 (C:\CHEM32\...MARIEL CARDENAS-2\MMC_07_044 2019-06-09 15-09-29\063-0301.D)
mAU »
250
200
150 =}
100 :
. A\ A
0 Do L
pr— o = T T T T T D e ———
0 2 4 6 8 10 12 14

Signal 5: DADl1 E, Sig=280,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min) [min] [mAU*s] [mAU] %
e b |mmem|mm————— |ommmm————— S e it [
1 10.581 BB 0.2060 4263.41211 322.99353 81.5102
2 12.510 BB 0.2293 967.11609 65.86954 18.4898

Totals : 5230.52820 388.86308
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Enantioseletivity of 113 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
major enantiomer, (70:30), flow rate = 1.0 mL/min, R = 6.6 min (minor) and tfR = 7.0
(Ra)-113 min (major).
- Determined, average of 2 trials: 19:81 e.r., 62 ee%
Sample Trace: 19:81 e.r., 62 ee%

Racemic Standard of 113

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_07_044 2019-06-09 15-09-29\071-0501.D)
mAU 1 ~ o~
1000 5
800 5
600
400
200 -
0] .
.2 T —rT7 T B e e S e I e e e e S e B m - T ~—
Q — 1 _ 2 3 N S - 6 7 8 9 min|
Signal 1: DADl A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
Ed [min) [min]) [mAU*s] [mAU]
=== I====1 I | e D |
1 6.567 VWV 0.1297 9958.57129 1142.32532 50.0186
2 6.992 W 0.1358 9951.17188 1118.47083 49.9814
Totals : 1.99097e4 2260.79614
Sample HPLC of 113
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_07_044 2019-06-09 15-09-29\062-0701.D)
mAU P
250
200
150
100 2
©o
50
0
7 T———7r——7r 7 T 7 T T T T T T T T 7 T
0 1 2 3 B 5 6 7 8 9

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min]) [min) [mAU*s] [mAU] $
e | e i [ i ininne |===mmmmmmm ot dics |
1 6.556 BV 0.1416 639.44904 68.06207 18.9030
2 6.993 VB 0.1315 2743.33667 321.54132 81.0970

Totals : 3382.78571 389.60339
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major enantiomer,

(Sa)-115

Enantioseletivity of 115 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA (98:2),
flow rate = 0.7 mL/min, R = 10.6 min (major) and R = 11.9 min
(minor).

- Determined, average of 2 trials: 69:31 e.r., 38 ee%

Sample Trace: 69:31 e.r., 38 ee%

Racemic Standard of 115

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...CARDENAS-2\MMC_06_083-085_089 2019-03-04 21-03-281082-0201.D)

MAU - 3 2
<
40 =
35 =
30 -
25 -
20 =
15 5
10 -
54
0 v
T T T T T T T T T T T T T T T T T T T T T T T T T
° 2 4 6 8 10 12 14
Signal 1: DADl1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
e B e [ e |==mmmmmn |
1 10.645 BB 0.1700 497.05429 45.29067 49.9280
2 11.876 BB 0.1922 498.48715 40.32581 50.0720
Totals : 995.54144 85.61647
Sample HPLC of 115
DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...CARDENAS-2\MMC_06_083-085_089 2019-03-04 21-03-28\072-0801.D)
mAU ] by
204
153 8
o
10 4
§ A\
0 -
T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
B [min] [min] [mAU*s] [mAU] $
el R e [ |==mmmmmme | ===mmmme |
11.077 BB 0.1749 295.82111 26.36147 69.4143
2 12.322 BB 0.1981 130.34605 10.26766 30.5857

Totals : 426.16716 36.62913
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major enantiomer,

(Ra)-73

Enantioseletivity of 73 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IC Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 83325). Method: Hexanes:IPA
(70:30), flow rate = 1.0 mL/min, R = 10.7 min (minor) and 7R =
12.3 min (major).

—> Determined, average of 2 trials: 5:95 e.r., 90 ee%
Sample Trace: 12:88 e.r., 76 ee%

Racemic Standard of 73

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_086 2019-03-05 14-44-10\081-0801.D)
mAU ®
40 :
-~
30 4
204
10 4
0
T T T T T T T T
0 2 4 6 8 10 12 14 16 min|
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min]) [min) [mAU*s] [mAU] %
--==1 I===-1 -1 e B e |===mmmmn I
1 10.687 VB 0.2519 777.85083 45.86111 54.7418
2 12.330 BB 0.3155 643.09375 30.81101 45.2582
Totals : 1420.94458 76.67212
Sample HPLC of 73
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\..\MARIEL CARDENAS-2\MMC_06_086 2019-03-05 14-44-10\071-0601.D)
mAU 4
40
30 4
20 -
<
1 N
10 =]
0 s Mgl N
T T T T T T T T
0 2 4 6 8 10 12 14 16 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type
¥ [min]

-===1 |
1 10.702 VB

2 12.476 BB

Totals :

width Area Height Area
[min) [mAU*s) [mAU]) %

I scnesl| e ememas eamenn cves [ememamm—— |
0.2906 134.59886 6.74980 11.8804
0.3259 998.35345 46.23511 88.1196

1132.95232 52.98491
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major enantiomer,

(S)-108

Racemic Standard of 108

Enantioseletivity of 108 was measured with chiral HPLC analysis
using a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL,
Particle Size 5 uM, Part No. 80325). Method: Hexanes:IPA (98:2),
flow rate = 1.0 mL/min, R = 16.4 min (major) and R = 17.4 min
(minor).

—> Determined, average of 2 trials: 64:36 e.r., 28 ee%
Sample Trace: 64:34 e.r., 28 ee%

DAD1 A, Sig=254 4 Ref=360,100 (C:\CHEM32\...ENAS-2\MMC_08_004-005-006_PT1 2019-09-21 19-06-15\042-0201.D)
mAU
120
100
80 &
60 = B
E P N
40 - =
i J JANANR
0 . —~—t v
1 1 1 M 1 1
0 2 4 6 8 10 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [{min] [mAU*s]) [mAU] %
e e oy e [ [esesemas I
1 10.402 BB 0.1854 446.95685 37.39841 50.1586
2 11.273 BV 0.2071 444.13046 33.41589 49.8414
Totals : 891.08731 70.81430
Sample HPLC of 108
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\.. ENAS-2\MMC_08_004-005-006_PT1 2019-09-21 19-06-15\064-1501.D)
mAU -] g
1200
1000 3 8
800 3 -
600 -3
400 4
200 4 “
0
e e e e A e —T T 77T T
0___ — __2 - “4 — 5_ - .8 __1(‘)_A“A 12 — - _14 16
Signal 1: DADl A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min]) [mAU*s] [mAU] $
e EEE R e |=mmmmmmmee |==mmmmmmee [ |
10.320 wW 0.1867 1.6678le4 1383.18005 63.4870
2 11.168 W 0.2022 9591.99609 735.32074 36.5130
Totals : 2.62701e4 2118.50079
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major enantiomer,

(R.)-107

Racemic Standard of 107

Enantioseletivity of 107 was measured with chiral HPLC analysis using
a Daicel Corp. Chiralpak IA Column (4.6 mm ¢ X 250 mL, Particle Size
5 uM, Part No. 80325). Method: Hexanes:IPA (98:2), flow rate = 1.0
mL/min, R = 5.9 min (minor) and 7R = 6.4 min (major).

- Determined, average of 4 trials: 9:91 e.r., 82 ee%
Sample Trace: 9:91 e.r., 82 ee%

DAD1 E, Sig=280,16 Ref=360,100 (C:\CHEM32\.\MMC_07_171_181-2_189_190-IC 2019-09-19 18-21-47\045-0301.D)
mAU $ -~
® 2
140 P IS
120 4
100
w_
w-
40_
- J /\_/\,\
0 N
1 T 1 1 T 1 1 =
0 2 4 6 8 10 12 14 miry
Signal 5: DAD1l E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
B [min]) [min]) [mAU*s] [mAU] $
-—-= I====1 I | mm—————— |=mmm———— I
1 5.946 BV 0.1022 1069.10632 159.51674 50.1459
2 6.397 VB 0.1254 1062.88696 127.34796 49.8541
Totals : 2131.99329 286.86470
Sample HPLC of 107
“DADT E, Sig=280,16 Ref=360,100 (C\CHEM32\_NAS-2MMC_08_004-005-006_PT1 2019-09-21 19-06-15\063-0501.0) - =
mAU - ?
400 -
300
200
©
1m- i \;
0 /\ ;AAJ SN
M T T  § M T T 1 M ’ v T M T v M
0 2 4 6 8 10 12 14 16 min
Signal 5: DADl E, Sig=280,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min]) [mAU*s] [mAU] $
] B |===m | == mmmm R |==mmmm—ae |==mm———— |
1 5.916 W 0.1036 419.40479  61.43763  9.2988
2 6.368 W 0.1236 4090.92480 499.30154 90.7012
Totals : 4510.32959 560.73917
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2.2.20 X-ray Crystallography

Crystals of compounds 72, 85, 86, and 107 were obtained by slow evaporation from deuterated
chloroform, respectively. The crystals were mounted on a nylon loop in Paratone oil (Hampton
Research). The diffraction data were collected on a Bruker APEX-II CCD area detector equipped
with a graphite monochromator and MoK« radiation (1 = 0.71073 A) at 100(2) K with 0.5
deg/frame scans. The data collection strategy was calculated on APEX3!, the data integration was
performed using SAINT program?, the absorption correction based on multi-scan was obtained by
SADABS?, and the space groups were assigned using XPREP*. The structures were solved by
direct method with SHELXS? and refined by full-matrix least-squares based on 2 with SHELXL>
using Olex2 program®. Hydrogen atoms in 72, 85, 86, and 107 were placed at idealized positions
and were refined as riding atoms with uniform isotropic thermal parameters. The ORTEP models
were drawn on Mercury’ in Cambridge Structural Database system software®. A summary of the
crystallographic data is given in Table S.1 and S.2. The products, 107 and 86, found from the
asymmetric syntheses indicated Flack’/Hooft! parameters with 0.05(7)/0.033(11) and
-0.03(4)/-0.005(9), respectively. These crystal structures are shown in Figure S.1. The crystal

structures of compounds 72 and 85 were found in the racemic crystals, shown in Figure S.2.

(1) APEX3 (v2018.1-0), Bruker AXS Inc., Madison, Wisconsin, USA, 2018.

(2) SAINT (V8.38A), Bruker AXS Inc., Madison, Wisconsin, USA, 2016.

(3) SADABS (v2016/2), Bruker AXS Inc., Madison, Wisconsin, USA, 2016.

(4) XPREP (v2014/2), Bruker AXS Inc., Madison, Wisconsin, USA, 2014.

(5) G. M. Sheldrick, A short history of SHELX. Acta Crystallogr., Sect. A: Found. Crystallogr. 64, 112—122 (2008).

(6) O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, OLEX2: a complete structure
solution, refinement and analysis program. J. Appl. Crystallogr. 42, 339-341 (2009).

(7) C.F. Macrae, P. R. Edgington, P. McCabe, E. Pidcock, G. P. Shields, R. Taylor, M. Towler, J. van de Streek,
Mercury: visualization and analysis of crystal structures. J Appl Crystallogr. 39, 453—457 (2000).

(8) F. H. Allen, The Cambridge Structural Database: a quarter of a million crystal structures and rising. Acta Cryst
Sect A Found Cryst. 58, 380-388 (2002).

(9) H. D. Flack, G. Bernardinelli, The use of X-ray crystallography to determine absolute configuration. Chirality.
20, 681-690 (2008).

(10) R. W. W. Hooft, L. H. Straver, A. L. Spek, Determination of absolute structure using Bayesian statistics on Bijvoet
differences. J. Appl. Crystallogr. 41, 96—103 (2008).
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Table 31. Crystallographic data of compounds 107 and 86.

Compound 107 86

CCDC Number 1999111 1999112
Formula CosH2iNS CasHisFaNS
Formula weight, g/mol 403.52 413.42

T,K 100(2) 100(2)
Crystal system Monoclinic Orthorhombic
Space group P2, P212124

a, A 10.0555(4) 9.8999(2)

b, A 11.6803(5) 13.7881(3)
c, A 18.1925(7) 27.3121(6)
a, ° 90 90

B ° 100.9539(18) 90

7, © 90 90

v, A3 2097.80(15) 3728.12(14)
7,7 4,2 8,2

Radiation (4, A)
2, mm-~!

Peale, g/em’
Color

26 range for data collection, °

Index ranges

Reflections collected
Independent reflections

Completeness to 260=50.48°, %
Goodness-of-fit on £~

Ri/WR2, % [I>=20 (])]

Largest diff. peak/hole, e A
Flack/Hooft parameters

MoKea, 0.71073
0.169

1.278

Colorless

2.28 to 54.20
-12<h<12
-14<k<14
-23<1<23

42835

9235

[Rint =0.0217,
Rsigma = 0.0201]
99.6

1.171
3.73/9.16
0.360/-0.254
0.05(7)/0.033(11)

MoKe, 0.71073
0.221

1.473

Colorless

5.88 t0 54.20
-12<h<12
-17<k<17
-35<1<35
86653

8217
[Rin = 0.0343,
Ryigma = 0.0153]
99.6

1.058
2.23/5.91
0.236/-0.197
-0.03(4)/-0.005(9)
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Table 32. Crystallographic data of compounds 72 and 85.

Compound 72 85

CCDC Number 1999113 1999114
Formula C22Hi6FNS C2sHisFNS
Formula weight, g/mol 345.42 359.44
T,K 100(2) 100(2)
Crystal system Monoclinic Monoclinic
Space group P2y/c C2/c

a, A 9.8278(4) 35.7964(15)
b, A 10.9691(5) 9.0412(4)
c, A 32.1964(15) 11.4109(5)
a, ° 90 90

B ° 91.4798(18) 98.271(2)
7, © 90 90

v, A3 3469.7(3) 3654.6(3)
7,7 8,2 8,1

Radiation (4, A)
2, mm-!

Peale, glem’
Color

26 range for data collection, °

Index ranges

Reflections collected
Independent reflections

Completeness to 260=50.48°, %
Goodness-of-fit on F”

RiwRs, % [>=20 ()]

Largest diff. peak/hole, e A

MoKe, 0.71073
0.200

1.322

Colorless
5.31to 51.36
-11<h<11
-13<k<13
-39</<39
81618

6576

[Rine = 0.0188,
Rsigma = 0.0087]
999 999
1.158

4.17/9.55

0.313/-0.254

MoKea, 0.71073
0.192

1.307

Colorless

2.30to 51.36
-43<h<43

-11<k<11

-13<1<13

49364

3455
[Rin = 0.0575,
Rsigma = 00170]

1.163
4.53/9.95
0.302/-0.319
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Figure 38. Crystal structures of compound 107 produced from the asymmetric syntheses. The
thermal ellipsoids are drawn at the 50% probability level.

Figure 39. Crystal structures of compound 86 produced from the asymmetric syntheses. The
thermal ellipsoids are drawn at the 50% probability level.
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Figure 40. Crystal structures of compound 72 showing one of the enantiomers found in the racemic
crystals. The thermal ellipsoids are drawn at the 50% probability level.

Figure 41. Crystal structures of compound 85 showing one of the enantiomers found in the racemic
crystals. The thermal ellipsoids are drawn at the 50% probability level.
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'H and '*C NMR and HRMS (ESI) Spectral Data of Catalyst 77

2.2.21. Spectral Data (NMR, HRMS-ESI MSpec)

L-500
I 450

a00
L350
200
L 250
L-200
L 150
L 100

50

o

50
L2500
2000

L1500
L1000
500

€09 [ Pty
= Fien 6068 ~_
Tere 90~
seer "
= i 55
ooy
= Foiz

J— Fooe

20x10"

a0x10'

s0x10"

£1000 9V L
-==x Eel
Eoie |~
=160
T L6108 —
180 Lo §
01 <
60
Lesh —
Fort
98'1zL —
E960 Lo
£81EL —
N 6vovL
[ L6 7PL ~
oLy~
=061
=60 6VISL~
1ogst -~
01 [
=001

80x10"

393

1.0x10°

1 (ppm)

126107

140107

18x10°

1.8:10°

20167




Spectrum Plot Report

Name
Inj. Vol.

. (ul)

Data File

MMC-catalyst
2

MMC-catalyst.d

Rack Pos.
Plate Pos.
Method (Acq)

Instrument 1
Some ions missed

Instrument
IRM Status

Column bypass.m Comment

Operator

Acq. Time (Local) 3/23/2020 11:22:10
:00)

AM (UTC-07:00;

x10°
467
441
4.2
]
3.8
3671
341
3.2

2.8
2.6
2.4
2.2

1.8
1.6
1.4
1.2

0.8
0.6
047
0.2

+ESI Scan (rt: 0.226-0.234 min, 2 scans) Frag=175.0V MMC-catalyst.d Subtract

409.,

2616

=
OCH,

| NH
HN/gO

!
iPr

T
100

200

T
300

T
400

T T
500 600

T T T 7 T T
900 1000 1100 1200 1300 1400

Counts vs. Mass-to-Charge (m/z)

T T
700 800

100 1600 1700 1800 1900

Page 1of 1

Spectrum Plot Report

Generated at 11:28 AM on 3/23/2020

Name
Inj. Vol

L (ul)

Data File

MMC-catalyst

MMC-catalyst.d

Rack Pos.
Plate Pos.
Method (Acq)

Instrument 1
Some ions missed

Instrument
IRM Status

Column bypass.m Comment

Operator

Acq. Time (Local) 3/23/2020 11:22:10
AM (UTC-07:00)

x10°

461
4.4
4.2

4+
3.6
3.6
3471
3.2

2.8
2.67
2.4
2.21

1.8
1.6
147
1.27

1
0.8
0.6
0.4
0.2

+ESI Scan (rt: 0.226-0.234 min, 2 scans) Frag=175.0V MMC-catalyst.d Subtract

409?615

410.2645

.

OCH,

iPr

T
398

3%

T
400

T
401

T
402

T T T
403 404 405

T T T T T T T T
408 409 410 411 412 413 414 415

Counts vs. Mass-to-Charge (m/z)

T T
406 407

416 417 418 419 420 421

Page 1of 1

394

Generated at 11:29 AM on 3/23/2020



170
- 160
150
- 140
130
120
110
100
20
10
-0

r-10
--20

'H Spectral Data of Catalyst CA10

=00t

395

1 (ppm)

10

14



'H and '3C Spectral Data of Catalyst CA16
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'H and "*C Spectral Data of Catalyst CA18
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'H and "3C Spectral Data of Catalyst 79
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'H and '3C Spectral Data of Catalyst CA24
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'H and '*C NMR Spectral Data of 3-chloro-4-methylquinoline
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'H and *C NMR Spectral Data of 3-bromo-4-methylquinoline
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'H and '*C NMR Spectral Data of 3-bromo-4-chloroquinoline
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'H and '*C NMR Spectral Data of 3-bromo-4-chloro-7-methoxyquinoline
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'H, 13C, and 'F NMR Spectral Data of 3-(2-fluorophenyl)-4-methylquinoline
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'H, 13C, and 'F NMR Spectral Data of 3-(2-fluoro-4-methylphenyl)-4-methylquinoline

o o o o o (=3 o i=3 o (=3 o o
s & &8 &8 © & & & © & 9 o © 9 9o o 9o 9o o o 3
S &8 8 R @ A § ® & = 8 &8 &8 8 8 &8 & & & 8 =2
T TR R T R TR RS F T RET ,,
2] L
SWL 00°0-— w
(18
©
T /7 N\
(@] =z
SPZ~ =967
g =167
202
202
€02
S0Z
s0L
S0Z
80°L
60Z
602
60°Z
o1's
L
s
e (=3 =3 =3 =3 =3 =3 (=3 w
et S & & & & & © =
€2z R & 2 § & & = o 7
7] PR S e
922 207
6572 202 o
092 €02 Fo
192 S0L
192 S0L N
292 S0 Foo|p ™
€92 60L E =
€92 0L ol P
122 or'L ~ B0l
[ i Fo Fo01
€24 L Foo
v i Fen
722 12 IN =501
SLL—F E€TL <01
92/ szl EX
608 0L =
60'8 192 LN E FLut
60'8 Gs/ ~g
e £9°2 oS
g EAY Feojre
e NE/ ~
2rs oL BN -
£1'8 E,NV H\mc ~ 80t
€18 60 )
¥1'8 60'8 N
sr'g 60
stg '8 Fo
g e ™~
8 fo
e %
€1 —
€18 wiF e
rI'8 W—“uc *©
ﬂ.mw £
sT'8 ©

10

f1 (ppm)

406



650

=)
=1
b

550
500
450
400
350
300
250
200
150

r1o0

50

950
1900
1850
800
750
700
1650
1600
F550
F500
F450
400
F350
300
F250

200

r1s0

100

50

)
I
O

SWL00'0—
£LST
o>

1212
221>

5

(]

vELL

09°0v1
890517
sezrt"
STLYT—
LS°TST—

99'85T—
19T —

60

80

T
140

T
160

T
180

T
200

1 (ppm)

£LSTT-—

V4L §5'9L-—

-200

-180

-160

-140

-120

-100

T
-80

T
-60

-40

-20

1 (ppm)

407



'H, 13C, and 'F NMR Spectral Data of 3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-methylquinoline
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'H, 13C, and 'F NMR Spectral Data of 3-(2-fluoro-5-nitrophenyl)-4-methylquinoline
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'H, 13C, and 'F NMR Spectral Data of 4-chloro-3-(2-fluorophenyl)quinoline
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'H and '*C NMR Spectral Data of 3-([1,1°-biphenyl]-2yl)-4-methylquinoline
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'H and '*C NMR Spectral Data of 4-methyl-3-(o-tolyl)quinoline
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'H and '*C NMR Spectral Data of 3-(2-chlorophenyl)-4-methylquinoline
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'H (trace CH,Cl») and *C NMR Spectral Data of 3-(2-chloro-4-methylphenyl)-4-methylquinoline
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'H and '*C NMR Spectral Data of 4-methyl-3-(2-(trifluoromethyl)phenyl)quinoline
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'H, 13C, and 'F NMR Spectral Data of 3-chloro-2-fluoro-4-methylquinoline
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'H, 13C, and 'F NMR Spectral Data of 2-fluoro-3-(2-fluoro-4-methylphenyl)-4-methylquinoline
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'H, 3C, and ""F NMR Spectral Data of 2-fluoro-3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-

methylquinoline
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'H, 13C, and 'F NMR Spectral Data of 100

8 8 o o o o o o o o o 8
o~ - =) - = S =1 1] S =] =] ] ] <] S S
— — — o © ~ o el <+ ™ o~ — o ' — — [ 0 ~ O wn < ™ ~N — o v
1 1 1 1 1 1 1 1 1 1 1 1 1 1 =3 1 1 1 1 1 1 1 1 1 1 1 1 1
(=]
O i = == —
n =
w Fo s5°6 w
bl
= 09%T 3
\ o 8 = N\
) / LS vovL S v 3
891
[ 7
n
-
e
e
n
e
£§T
€T
— o
(Gl
n
(Gl
o
r<
Lt
r<
€00 914 —
<
[
n
b z6011
T €0'TTT
o & 95811
re 2 0L'8TT
= PITT
- 11T
e 1Tt
opezt
) sbECt w
v6'9 > —_— =) 1SETT
v6'9 ~ s0°Lel
€100 9L N = L0°c2t 3
MMM n 45141 =
3\ F 81’8zt
-, - ~
sef - Ecsc —
SS'L [ 74141
9L - LS ceger \
5L ﬁ @© 08621
oL EET9ET — -
oL
n b —
207 Lo 6E°0pT
MMM 98'ShT ~
ER —
vl o
€6
v6'L n
96L o
96'L
96'L o
62 Lo
86 -
66
n
Fe
2
o
S
=
n
-
pa
o

T T

120

T

110

190 180 170 160 150 140 130

00

1 (ppm)

444



400

350

300

250

200

150

100

50

Fl

P 'V4L SS'9E

18°59- —

-100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

T
-90

1 (ppm)

-50

-10

> o o 9o o o °o °o o o
o ~ © o < ® I - S o o o o o o =) =) =) =3
= - - - - - - - - > o = ) B 3 el 59 = o |
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
© ©
O w
©° 4
54
e J.u =00'€
99E —  =16C
£1000 92 2
8L
8z'L
6L
oEL
€L
veL
ssL
s
osL
o5
5L < o o
. - - - 0 © < o~ o
MMM L L L | | h L 1
pedyy €1000 922 3
=
MM ﬁ - SR L2 101
S9L f mwn\ 1
-
cos = oeL -« = E
sos — oL L3 560
: sz 560
1972
oLL _ ssL o oo
I =8
WL me b2 00’k
[ .
zLL L8 (1%
. 52 Le
e ~
b 8L
o 652 [Int
. €92 ~NE
6L oty F~ E
62 S6°0 g
s s9z k]
podys sz [ %
08 992 ~
208 292
e e o
Ire e r~
6L Mmme
618 s60| ©
662 960
662
108 -
20 Fos
th/
e
o~
g 00t oy
618

'H, 13C, and 'F NMR Spectral Data of 102

10 05 00

15

115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
1 (ppm)

2.0

445



— 1665

— 1595
— 1571

146 4
.L 1463
1445
144 4
135.1

X
L

135.1
1324

1317
\- 131.0
\- 130.9
L 130.9

L 1300
L 1208
L 1285
L 1285
L 1285
L 1270
L 1259
| 1259
L1243

1237

1233

L
L

77.2CDCI3

52.0

16.0
16.0

<

r

20

T
210

T
200

T
190

T
180

T
170

T
160

T
150

T
140

-62.51

T
130

T T T T
10 100 90 80
1 (ppm)

T
120

7500

7000

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

r 1000

500

r-500

T
-10

T
-20

T
-30

;
-40

T
-50

T
-60

T
-70

T T
-80  -90
1 (ppm)

446

T T T T T T T T T T T
-100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

{7000

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500
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'H, 13C, and 'F NMR Spectral Data of 115
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H, 13C, and '"°F NMR and HRMS (ESI) Spectral Data of 72
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'H, 13C, and '’F NMR and HRMS (ESI) Spectral Data of 84
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Spectrum Plot Report
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Spectrum Plot Report Agilent
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'H, 3C, and F NMR of 85
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- Agilent

Spectrum Plot Report
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Spectrum Plot Report
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Spectrum Plot Report
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'H (trace H20), °C, and '°F NMR Spectral Data of 123
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Spectrum Plot Report

Agilent

Name
Inj. Vol.

Data File

MMC-10-DKR-3h

. (ul)

1
MMC-10-DKR-3h.d
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Method (Acq)
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IRM Status
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mcarde_MMC_10_017_FLUORINE_01
STANDARD FLUORINE PARAMETERS

TFA standard was not
included in this experiment.
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Inj. Vol. (ul) 1
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Spectrum Plot Report Agilent |
Name MMC-10-DKR-3i Rack Pos. Instrument Instrument 1 Operator
Inj. Vol. (ul) 1 Plate Pos. IRM Status Success
Data File MMC-10-DKR-3i.d Method (Acq) Column bypass.m Comment Acg. Time (Local) ;5/1%/%0260%:10: 16 PM
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x10°8 +ESI Scan (rt: 0.233-0.696 min, 57 scans) Frag=175.0V MMC-10-DKR-3i.d Subtract
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: Agilent = 1.

Spectrum Plot Report

Rack Pos.
Plate Pos.

Name
Inj. Vol. (ul)
Data File

MMC-10-DKR-3j

1
MMC-10-DKR-3j.d

Method (Acq)

Column bypass.m

Instrument
IRM Status
Comment

Instrument 1
Some ions missed

Operator

Acg. Time (Local)

5/13/2

(UTC-07:00

021 4):15:55 PM
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4.2
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Counts vs. Mass-to-Charge (m/z)

'H, 1C, and '’F NMR and HRMS (ESI) Spectral Data of 96
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Spectrum Plot Report

- Agilent

Name
Inj. Vol

. (uh)
Data File

Rack Pos.
Plate Pos.
Method (Acg)

Instrument
IRM Status
Comment

Instrument 1
Success

MMC-DKR-2p

MMC-DKR-2p.d Column bypass.m

Operator

Acq. Time (Local)

3/24/2020 10:38:19
AM (UTC-07:00)

x10°
3.8
3.6
3.4
3.2
3]
2.8

2.67

|+EST Scan (rt: 0.241-0.250, 0.407-0.531 min, 18 scans) Frag=175.0V MMC-DKR-2p.d Subtract

384.0895

- L

CH; S

N

T 7 T T T T T
900 1000 1100 1200 1300 1400 1500

Counts vs. Mass-to-Charge (m/z)

T T T T
100 200 300 800

1600

T T T T
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Page 1of 1

Generated at 10:44 AM on 3/24/2020
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Spectrum Plot Report

- Agilent

Instrument 1
Success

Instrument
IRM Status
Comment

Rack Pos.
Plate Pos,
Method (Acq)

Name
Inj. Vol. (ul)
Data File

MMC-DKR-2p
2

MMC-DKR-2p.d Column bypass.m

Operator

Acq. Time (Local)

3/24/2020 10:38:19
AM (UTC-07:00’

x108 [*+ESI Scan (rt: 0.241-0.250, 0.407-0.531 min, 18 scans) Frag=175.0V MMC-DKR-2p.d Subtract
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384.0895
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31
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2.2
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1.81
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0.8
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0.4
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384 3645 385 3855 386

Counts vs. Mass-to-Charge (m/z)

L
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T
386.5

T T T
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Page1of 1

Generated at 10:44 AM on 3/24/2020

'H (trace CDCl; grease), 1*C and HRMS (ESI) Spectral Data of 97
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Spectrum Plot Report Agilent
Name MMC-DKR-29 Rack Pos. Instrument Instrument 1 Operator
Inj. Vol. (ul) 2 Plate Pos. IRM Status All ions missed
Data File MMC-DKR-2g.d Method (Acq) Column bypass.m Comment Acq. Time (Local) 3/23/2020 3:28:58 PM
(UTC-07:00)
X106 |+ESI Scan (rt: 0,287-0.361, 0.593-0.849 min, 42 scans) Frag=175.0v MMC-DKR-29.d Subtract
291 CHj;
2.8
2.7
261 3734018 N
25
2.4 ~ NO,
2.3 N ?
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24 Ph
2
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1.8
1.7
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1.5
141
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1.2
1.1
1.
0.91
0.8
0.7
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o [P Y JU (Y AT
T T 7 T T 7 T T T T T T T 7 T 3 T T T T
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Counts vs. Mass-to-Charge (m/z)
Page 1of 1 Generated at 3:37 PM on 3/23/2020
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'H, 13C, and HRMS (ESI) Spectral Data of 99
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Spectrum Plot Report

Agilent

Name
Inj. Vol. (ul) 1
Data File

Rack Pos.
Plate Pos.

Column bypass.m

Instrument
IRM Status
Comment

Instrument 1

Success

Operator

Acq. Time (Local)

8/6/2021 3:38:40 PM
(UTC-07:00)
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3.6
3.5
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Counts vs. Mass-to-Charge (m/z)
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Page Tof 1

'H (trace CDCl; grease) and '>*C NMR Spectral Data of 101
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Spectrum Plot Report Agilent
Name Rack Pos. Instrument Instrument 1 Operator
Inj. Vol. (ul) 1 Plate Pos. IRM Status Some ions missed
Data File Method (Acq) Column bypass.m Comment Acq. Time (Local) 5/13/2021 4:33:38 PM
(UTC-07:00)
X106 |#ESI Scan (rt: 0.231, 0.595-0.777 min, 24 scans) Frag=175.0V MMC-10-KR-20.d Subtract
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Spectrum Plot Report

Name Rack Pos. Instrument Instrument 1 Operator

Inj. Vol. (ul) 1 Plate Pos. IRM Status Some ions missed

Data File Method (Acq) Column bypass.m Comment Acq. Time (Local) 5/13/2021 4:33:38 PM
(UTC-07:00)
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'H, 1C, and ’F NMR and HRMS (ESI) Spectral Data of 105
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Spectrum Plot Report
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'H, 13C, and '’F NMR and HRMS (ESI) Spectral Data of 107
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Spectrum Plot Report
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'H, 13C and HRMS (ESI) Spectral Data of 119
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Spectrum Plot Report
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'H and '*C Spectral Data of 120
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'H (residual CH30H, grease impurity), *C and HRMS (ESI) Spectral Data of 121
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Agilent

Spectrum Plot Report

Name

Inj. Vol. (ul) 1
Data File

Rack Pos.
Plate Pos.
Method (Acq)

Instrument
IRM Status
Comment

Instrument 1
Some ions missed
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(UTC-07:00)
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2.6
2.4
2.2

1.8
167
1.4
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Spectrum Plot Report
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Agilent

Spectrum Plot Report

Name Rack Pos. Instrument Instrument 1 Operator
Inj. Vol. (ul) 1 Plate Pos. IRM Status Some ions missed
Data File Method (Acq) Column bypass.m Comment Acg. Time (Local) ?6%/5(;2& 4):57:28 PM
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Spectrum Plot Report
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Preliminary Studies, ’F NMR Experiments of Substrate 74-Catalyst 77

T T

F NMR, Compound 74 (25.3 mg)
No catalyst

F NMR, Compound 74 (25.3 mg)
Catalyst 77 (8.1 mg, 20 mol%)
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Chapter 3 ACCESSING ATROPISOMERIC CHEMICAL PROBES FOR NEW DISEASE
TARGETS

Copyright

Chapter 3 contains material that will be utilized in a future publication. The dissertation
author was a supplemental researcher and coauthor for each of these manuscripts. Support of this
work by the National Institute of General Medical Science (R35GM124637) is acknowledged.
Work shared in this chapter is ongoing, and likely will be pursued in a pivotal direction by other

members in the Gustafson group.

3.1 Background — Chemical Probes Role in Medicinal Chemistry

We ventured into exploring other types of promiscuous scaffolds to which conformational
control of the atropisomeric axes would lead to selectivity for new and unique targets. All efforts
would lead us to new types of compounds which might exhibit desirable potency and selectivity if
we could leverage stable Class-3 atropisomerism to tune the dihedral angle. At the time of these
ongoing projects, we became more focused on developing the SAR for many of these compounds.
In many cases, we were enabled to study and then improve our analogues’ biological profiles
through iterative structural-based design (SBDD), where we were able to curate what specific
functional groups to be the key pharmacophore for each scaffold. Our group had proof-of-concept
supported by the success of the Class-3 atropisomeric PPY-based RET kinase inhibitor project.?’
In addition, we addressed many synthetic challenges and limitations to the scalability and diverse

‘late-stage’ functionalization for these types of pharmaceutically relevant compounds without

observable racemization. In the next phases of the projects, our team began new opportunities to
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improve target selectivity and potency for other types of pharmaceutically relevant scaffolds (most
of which are N-heterocycles).

One important highlights of our previous approach was heavy reliance on the available
crystallographic data. For our new projects, this reliance of SBDD can pose a limitation to
examining only well-studied target classes and atropisomeric scaffolds. A cursory search of public
domains (e.g., the RCSB Protein Data Bank, i.e., PDB) finds at least 1600 unique Class-1
atropisomeric small molecule and protein co-crystal structures. Previous ‘SBDD-driven medicinal
chemistry’ campaigns towards PP/PPY-based kinase inhibitors were quite straightforward since
RET (and other kinases) are extremely well-studied and as such there were plethora of models
available from the PDB for the team to access. However for new disease areas in which the field
is still quite young, access to helpful crystallographic and Cryo-EM models can be quite scarce or
privatized for patent reasons. In certain industries these types of limitations might not present as
challenges, as many companies are able to funnel finances and springboard a lot of effort to obtain
this information for their disease target. However, at an academic institution, this bottleneck might
require extra investments that many research groups likely would not be able to spare. Also, these
efforts typically require a lot of compounds to be made, of which potency and selectivity is often
elusive.

Today there are new technologies that continue to be developed for implications in the
modern age of drug discovery. One method to circumvent SBDD is to improve drug properties
and use activity as the focus in medicinal chemistry exploration. If biological assays are developed
and align with the adverse event that the disease outcome represents, then measure of potency or
selectivity would be used as the key driver for furthering new designs irrespective of available

structures. However, this itself is also challenging since curation of the biological assay is
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paramount and critical. Ideally, the assays our group would like to use must replicate the
pharmacology of the disease and show clearly that there is a change in activity when a small
molecule is introduced. This is difficult to probe if there are off-targeted activities or chances of
false positives. Another issue looms if the compound is not able to have ideal properties to engage
with the target, and in industry is referred to as the “Rule of 5” or “Beyond Rule of Five.”!13:114
In these sensitive in vivo assays, if the compounds are not permeable it makes it challenging
to build further SAR and design new small molecules. Within this last decade, development of
new types of ‘drugging systems’ like PROTACs,'!"> RIPTACs,''® and ADCs'!” are reshaping the
way that small-molecule drug discovery is performed. Before the end of these early studies, some
of my colleagues were dedicated to using this approach to improve the properties of the PPY-
kinase inhibitor specifically as a ‘proof-of-concept’ as well as acquire ‘drug-like’ properties. I am
very excited to see if they have made progress moving forward. Another method is emerging to
advance current computational programming, where Al-assisted machine-learning!!'® can take all
existing structures to perform SBDD via averaging datasets. This said, many of these technologies

are far from perfected and often require new input data from crystallizing target structures with

new scaffolds possessing even better potency and selectivity.
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3.2 Diazirine Atropoprobes — Activated by UV Light

0] creating the carbene will promote

W C-H bond insertion
N ) o

chiral, small-molecule‘ N-<N &
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(our application of this e \v
would be all our ;

pharmaceutically relevant 0 ( —_—
atropisomeric fragments) |
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—

interactions small-molecule fragment
N will bind the proteins
108,119

Figure 42. Chemical Probes via Fragment-Based Ligand and Targeted Discovery

One common practice within drug discovery (if crystallographic or Cryo-EM information
cannot be an option) is to apply a chemoproteomics approach to find targets to which a compound
can engage with. Through use of a chemical probe, biological targets can be studied through
various assays and technologies which have been developed in the last two decades. Ideally if a
compound (as an inhibitor) is potent and selective, then it becomes a proxy starting point; a
“molecular scalpel” which can then drive further development towards an even more efficient
compound. However, in many cases chemical probes analogous to “molecular Swiss Army blades”
which often can engage with multiple targets resulting in polypharmacology. In many ways, the
chemoproteomics’ methods are quite like fragment-based drug discovery and exploration, '%11%:120
Chemoproteomics was a very feasible approach to study new disease areas and possibly cover
diverse pharmacological space.!*®!!” In addition to this, we were able to find other applications for
our Class-3 atropisomeric scaffolds especially important for non-inhibitor type small-molecules or

allosteric binders. While wrapping up the efforts made to the 3-aryl quinoline SNAr project, the

Gustafson group took a few Class 1-4 atropisomeric PPYs and quinolines and prepared a few
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chemical probes to leverage this recent approach. Equation 42 shows the general method of how
these chemical probes function, based on Parker and coworkers’ previous work.

Parker and coworkers previously pioneered a new method of fragment-based discovery,
where compounds synthesized with a ‘diazirene/alkyne’ handle were easily obtained through
amide formation — the most widely used reaction of all medicinal chemistry. Under UV irradiation,
the diazirene would break and release N> and leave a stable, yet reactive carbene which can
perform C-H insertion to covalently link to many unique targets. Selectivity is driven through the
fragments that are attached to this chemical probe, since the small-molecule protein-binding
interactions will facilitate these C-H insertions to occur more prevalently. The terminal alkyne is
used in purification of the protein samples via mass-exchange chromatography, since biotinylated
tags can be attached at this terminus using Click chemistry.'?! These tags can then be removed
allowing us to uncover what proteins are associated through readout masses.

In our collaboration, I and the team synthesized a few of these atropisomerically stable and
unstable 3-aryl quinolines, PPYs, N-aryl pyridones, and N-arylquinoids that possess a diazirene
photoreactive group containing a clickable alkyne handle to look at the effects of atropisomer
conformation on selectivity across the entire proteome. We hypothesize that synthesizing these
chemical probes (i.e., referred to these compounds as ‘atropoprobes’) approach will uncover new
targets that prefer specific atropisomers of a given scaffold, independent of available structural
data. From this work, we envisioned that these Class-3 atropisomeric ‘fragments’ would be much
more selective as analogues to known kinase inhibiting scaffolds. This was confirmed in my
colleagues’ efforts in the RET kinase inhibitor program (i.e., atropisomeric PPY) through

examining in vitro potency and selectivity data.
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3.3 Current Results and Future Directions

o HATU o)
R-NH, + I DIPEA R\NJ\B
HO™ "Bu (3 M DMF HooY
126 127 128
b.
R—NH, Q N=N HATU Q N=N

DIPEA Ry
126 129 0.3 M DMF

5
//g
;

130
Equation 48. General Syntheses for Atropoprobes. a. Synthesis of the control chemical probes. b.
Synthesis of chemical probes.

Our atropoprobes were synthesized by following prep associated with Dr. Parker’s
chemistry. Using either EDC-HOBt or HATU-mediated conditions, these diazirene-containing
‘clickable’ linkers were attached to our atropoisomeric fragments using amide bond formation.
While each atropisomer of stereochemically stable compounds can be obtained through HPLC
chiral separation, atroposelective SNAr can be particularly useful to access larger amounts of
enantioenriched sulfide precursors, wherein synthesizing the final chemical probe will not lead to
observable racemization. I was co-leading the development of this project, and synthesized many
compounds described above that were inspired from previous compounds I synthesized. More
details of the syntheses and summaries of characterization results are all found in Section 3.3,
“Experiment Section” of this thesis. Please also refer to “Section 2.2.6 Post-functionalization of
Atropisomeric 3-arylquinolines” to see how these apply in these cases. Notably, there is not much
data summarized from this reporting, however several examples of the profiles for these

compounds are featured in this thesis.
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Table 33. 3-aryl Pyrrolopyrimidine-based diazirines

131 132 133
NH2 NH, NH,
NS NS CHs NS CF,
' cH | | CH
kN/ N 3 kN/ N I\N/ N 3
[a]. 0 :
Purity >98% purity >98% purity E1'%: <100% purity

E2: >98% purity

HPLC Method

50:50 Hex/EtOH (IA)

20:80 Hex/EtOH (IA)

50:50 Hex/EtOH (IA)

Unstable or Stable

. . unstable unstable stable
Atropisomerism
Table 34. 3-aryl Quinoline-based diazirines
134 135

E1[8: <100% purity

Atropisomerism

. 0 ; 0 i
Purity >98% purity >98% purity E2: <100% purity
HPLC Method 70:30 Hex/IPA (IA) | 20:80 Hex/IPA (IA) | 70:30 Hex/EtOH (IC)
Unstable or Stable unstable unstable stable

[BIE] = enantiomer 1, E2 = enantiomer 2 (stereochemistry was not elucidated)

Our collaborators in the Parker group profiled our atropoprobes across the proteome to

identify new atroposelective protein-small molecule interactions. Our focus for this set was on the

PPY-based and 3-aryl quinolines, which were first profiled in K562 cells (i.e., common transfected

cell-lines for modeling human leukemia, https://www.cellosaurus.org/CVCL_0004). Early results

from these studies were quite successful, and identified two atropoprobes which were able find

targets that possess high degrees of atropisomeric preferences for these types of compounds. While
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these were still early results, this inspired confidence served as a great foundation for this emerging
project. Results from this set are a great marker for a ‘proof-of-concept’ that we can use
chemoproteomics to discover new targets when reliance of SBDD is quite challenging.

There are still important additions that would refine this project that the continuing team is
considering. Firstly, this assay was selected for discovering several targets that display large
atropisomer preferences (Figure 8). Moving forward, the Gustafson group will synthesize new
atropoprobes based on N-aryl quinoids and quinazolines. In addition, it is important to profile
across multiple cell lines to both validate and strengthen this preliminary data. Lastly, using in
vitro and in vivo assays will also confirm the binding data we obtained. This work is significant as
it provides a discovery platform that allows for the assessment of novel drug-like atropisomeric
chemical space across the proteome. In future works, I encourage my colleagues to investigate any
respective small-molecule interactions we observed from our atropisomeric probes from secondary
assay validated targets.

This method will represent exploration of new atropisomeric scaffolds since future
structure optimization studies for potentially understudied targets can be performed when

visualization is not available.

33 Experimental Section

3.1.1 Example NMR Spectra for Atropoprobes

"H NMR for Compound 133 (sample is too dilute to analyze outside of generalities)
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"H NMR for Compound 135:
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3.3.2 Chiral HPLC Traces

135

Racemic Standard of 135

135 was measured with HPLC analysis using Chiralpak
IA Hexanes/IPA (70:30), flow rate = 1.0 mL/min, tR =

5.4 min.

- Determined 100 ee%

DAD1 A, Sig=254,4 Ref=360,100 (C\CHEM32\. RDENAS-2\BAH-01-008-ANALYT_IA 2020-02-11 15-21-11\083-0101 D)
mAU a
3 ﬁ Signal 1: DADl A, Sig=254,4 Ref=360,100
2507 B
200_3 : ‘l Peak RetTime Type Width Area Height Area
] | u‘ # [min] [min]  [mAU*s] [mAU] %
150 i ) e e B [—mmmmmmmme R |—=mmmm- [
3 il 1 5.453 VB 0.3293 6274.68652 296.03110 100.0000
100 \
] | |
] | \
50 '4' \ Totals : 6274.68652 296.03110
d 3 B zela) — o
-I & & T T T [ L T T ¥ T T T
0 2 4 6 8 10 12 min
134 was measured with HPLC analysis using Chiralpak
IA Hexanes/IPA (70:30), flow rate = 1.0 mL/min, tR =
5.4 min.
- Determined 100 ee%
134

Racemic Standard of 134

mAU T
1600 3
1400 3
1200
1000
800 3
600
4003
200

04

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...RDENAS-2\BAH-01-008-ANALYT_IA 2020-02-11 15-21-11\084-0201.D)

— = ¢ ]

0 2

T T T T T T T T T T T T T T T T
6 8 10 12 min

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
it Bttt liF=——il=mm === [ === e | === |
i 6.013 VB 0.1825 2.12804e4 1742.24573 100.0000

Totals : 2.12804e4 1742.24573



E1 of 136 was measured with HPLC analysis using
Chiralpak TA Hexanes/EtOH (70:30), flow rate = 1.0
mL/min, tR = 5.4 min.
- Determined 100 ee%
[enantiopure]
Enantiomer 1
Racemic Standard
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...L CARDENAS-3\MMC_10_009-EPURE 2020-10-05 12-12-41\062-0401.D)
mAU _: g
] fo|
80 [\
60 [
] |\ ~
40 [\ >
] | \ ':
20 L d \
1 A ~—_
04 o - - e fer” - . ~—— — e
- - s s
0 2 4 6 8 10 mir
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e R el R [ R [
1 5.212 BV 0.3777 2536.72046 100.06839 53.9040
2 1.912 BB 1.0430 2169.27808 25.59001 46.0960
Totals : 4705.99854 125.65840
Enantiopure E1 of 136
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...L. CARDENAS-3\MMC_10_009-EPURE 2020-10-05 12-12-41\065-0101.D)
mAU &
] A
400 I
300 [
200—3 “:.‘
100 \\
o] P i
7 T T T | T T T | T T T [ T T T | T T T | T T T [ T T T | T T T | T
0 2 4 6 8 10 12 14 16 _min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e | S s e e | s |
il 5.193 BB 0.4221 1.38042e4 479.12216 100.0000

Totals : 1.38042e4 479.12216
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mL/min, tR = 5.4 min.

- Determined 100 ee%

[enantiopure]

Enantiomer 2

Racemic Standard

E2 of 136 was measured with HPLC analysis using
Chiralpak TA Hexanes/EtOH (70:30), flow rate = 1.0

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...L. CARDENAS-3\MMC_10_009-EPURE 2020-10-05 12-12-41\062-0401.D)
mAU | g
] et
80 | \
] J
60 |
] | \ o
40 [\ >
] | \v ~
] | —_—
20
] J \\\\\ ////// \\\\\\\‘\
04— - e i e S
T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 10 mir
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
=== Jfremms i | === [ msemamssmsimeiuins | === |
i 5.212 BV 0.3777 2536.72046 100.06839 53.9040
2 7..912 BB 1.0430 2169.27808 25.59001 46.0960
Totals : 4705.99854 125.65840
Enantiopure E2 of 136
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...L. CARDENAS-3\MMC_10_009-EPURE 2020-10-05 12-12-41\067-0301.D)
mAU &
7 @
] N
80 /
] /
60 /
] /
40 /
20 /
0—:— - ﬁ/\ . = SN )5 < R e — S 1
T T T T T T T T T T T T T T T T T T r T r T
0 2 4 6 8 10 min

Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
i ey R L limmmmmmm——— e i |
1 7.854 BB 1.3020 9173.08398 102.90110 100.0000

Totals : 9173.08398 102.90110
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min.

- Determined 100 ee%

[enantiopure]

Enantiomer 1

Racemic Standard

E1 of 133 was measured with HPLC analysis using Chiralpak
IA Hexanes/EtOH (50:50), flow rate = 1.0 mL/min, tR = 5.4

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...EL CARDENAS-3\MMC_09_029-ANYL 2020-08-20 13-10-22\099-0101.D)
mAU ] 4
: g
] N
6 I
- | |
b I
4 ||
] [\
24 [
] \ A‘ ; \
] Ty Al |
0—: ——— fv~—$w}'\ Sadias \«/\,,/\/\/\‘\/\/ LV
2] ’
T T T T T T — r T v T T r T T T T r T — — T r r r
0 5 10 15 20 25 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
i [ e | | e o | =i l======ms |
1 14.690 BB 0.4959 300.59988 9.28051 54.3436
2 18.986 BB 0.6232 252.54704 4.86813 45.6564
Totals : 553.14693 14.14864
Enantiopure E1 of 133
DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...ARIEL CARDENAS-3\MMC_09_196-2 2020-09-28 21-57-14\073-0101.D)
mAU E B
80 R
60 [
] l |
40 I \
] Ji | \
] [ / \
20 | \//\\ f \
] | — /
0_— ‘_J" \-,»7 - 7‘71/7 S ,,K,,,,‘___ - -
b T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e s s s s |
1 13.651 BB 0.8558 5459.10547 92.59670 100.0000

Totals : 5459.10547 92.59670
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[enantiopure]

Enantiomer 2

E2 of 133 was measured with HPLC analysis using Chiralpak
IA Hexanes/EtOH (50:50), flow rate = 1.0 mL/min, tR = 5.4

min.

- Determined 1.9:98.1 e.r., 96.2 ee%

Racemic Standard

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\...EL CARDENAS-3\MMC_09_029-ANYL 2020-08-20 13-10-22\099-0101.D)

mAU §
] A 8
6 i o)
] || ®
4 [ /\
2] [ J )
7 A /
] ] /\ [ [\
00— g et a7 I N / \ //
] | A~ \f\\_/\ \/\ e . B
8 i T ——
. ——— T T — . — T . T T T . — T ——— T T — T T
0 5 10 15 20 25 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type
# [min]

mem i === =

1 14.690 BB
2 18.986 BB

Totals :

Width Area Height Area
[min] [mMAU*s] [mAU] %
—————— e S i s
0.4959 300.59988 9.28051 54.3436
0.6232 252.54704 4.86813 45.6564
553.14693 14.14864

Enantiopure E2 of 133

mAU

70
60
50
40
30
20
10

DAD1 A, Sig=254,4 Ref=360,100 (C:\CHEM32\1\DATA\UGUSTA\PPYPARKER 2020-09-29 11-46-49\074-0201.D)

min

Signal 1: DAD1 A,

Peak RetTime Type

# [min]

1 13.123 BB
2 17.364 BB

Sig=254,4 Ref=360,100

Width Area Height Area
[min] [MAU*s] [mAU] %
S [ | s o e | ey | s |
0.4685 107.86214 2.86951 1.8953
0.9900 5583.11572 83.29853 98.1047
5690.97787 86.16804

Totals :
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3.3.3. Cross-coupling Procedure for Synthesis of Intermediates

R’ NO2  py(0AC),, XPhos
Cl K2PO4 (aQ)
X + 1,4-dioxane
_— >
N ort (HOXB Lo 100°C, 1824 O

Equation 49. Method A. Buchwald-Hartwig Cross-Coupling

NOz2  py(PPhy),
Br K2CO;3 (aq.)
N + 1,4-dioxane
B
Rt (HORB o eeoc,18h O

Equation 50. Method B. Suzuki-Miyaura Cross-Coupling

3-(2-methyl-5-nitrophenyl)quinoline
No, To 3-bromoquinoline (600 mg, 2.884 mmol, 1.0 equiv) was added (2-methyl-5-
N O nitrophenyl)boronic acid (677 mg, 3.742 mmol, 1.3 equiv), potassium carbonate

L
Ne

equiv), 3.8 mL degassed, deionized H,O and 11.5 mL 1,4-dioxane. The reaction conditions and

(916.7 mg, 6.6332 mmol, 2.3 equiv), Pd(PPh3)s (166 mg, 0.1442 mmol, 0.05

workup procedure were followed according to the procedure outlined in Section “2.2.6.9 Synthesis
of 3-aryl quinoline intermediates.” Purification was carried out via FCC 0% = 60% EtOAc in n-
hexane to afford product as a brown solid (559.3 mg, 72%).

TH NMR (500 MHz, CDCl3) & (ppm) = 8.89 (d, J = 2.3 Hz, 1H), 8.20 — 8.16 (m, 2H), 8.13 (dd, J
=15.1, 2.3 Hz, 2H), 7.87 (d, ] = 9.9 Hz, 1H), 7.79 — 7.74 (m, 1H), 7.63 — 7.58 (m, 1H), 7.48 (d,J

= 8.3 Hz, 1H), 2.40 (s, 3H).
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13C NMR (126 MHz, CDCls) § (ppm) = 150.43 (d, J = 2.4 Hz), 147.45, 146.49, 143.98, 139.48,
135.80, 132.56, 131.62 (d, ] = 4.3 Hz), 130.19, 129.42, 128.03, 127.59, 127.47, 125.07, 123.01,
20.86 (d, ] = 3.3 Hz).

MS (APCI) = 264.3 m/z calculated for C1sH12N202; experimental 264.1.
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4-methyl-3-(2-methyl-5-nitrophenyl)quinoline

"> 1o 3-chloro-4-methylquinoline (650 mg, 3.779 mmol, 1.0 equiv) was added (2-
Me
O X methyl-5-nitrophenyl)boronic acid (889 mg, 4.913 mmol, 1.3 equiv), potassium
= Me
N

phosphate tribasic (1.844 g, 8.692 mmol, 2.3 equiv), Pd(OAc)> (84.6 mg, 0.3779
mmol, 0.1 equiv), XPhos (360 mg, 0.7558 mmol, 0.2 equiv), 5.03 mL degassed, deionized H>O
and 15.1 mL 1,4-dioxane. The reaction conditions and workup procedure were followed according
to the procedure outlined in Section “2.2.6.9 Synthesis of 3-aryl quinoline intermediates.”
Purification was carried out via FCC 0% = 60% EtOAc in n-hexane to afford product as a brown
solid (704 mg, 67%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.66 (s, 1H), 8.24 — 8.16 (m, 2H), 8.12 — 8.08 (m, 2H),
7.81 —7.76 (m, 1H), 7.66 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H), 2.48 (s, 3H),
2.20 (s, 3H).

13C NMR (101 MHz, CDCl3) 8 (ppm) = 150.26 (d, J = 29.0 Hz), 147.39, 146.41, 144.93, 141.99,
139.52, 131.94, 131.62, 130.94, 130.18 (d, J = 22.3 Hz), 127.81, 127.04 (d, J = 27.2 Hz), 125.17
(d, J=26.1 Hz), 124.27 (d, J =25.1 Hz), 123.24 (d, ] = 21.9 Hz), 15.92, 15.38.

MS (APCI) = 278.3 m/z calculated for C17H14N20»; experimental 278.1.
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3-(2-fluoro-5-nitrophenyl)-4-methylquinoline
NO, To 3-chloro-4-methylquinoline (2.615 g, 15.2 mmol, 1.0 equiv) was added (2-

O fluoro-5-nitrophenyl)boronic acid (3.65 g, 19.76 mmol, 1.3 equiv), potassium

N F phosphate tribasic (7.42 g, 34.96 mmol, 2.3 equiv), Pd(OAc)> (340 mg, 1.52
mmol, 0.1 equiv), XPhos (1.45 g, 8.04 mmol, 0.2 equiv), 20 mL degassed, deionized H>O and 60.8
mL 1,4-dioxane. The reaction conditions, workup, and purification procedure were followed
according to the general procedure and characterization of this compound is in accordance with
the report in Section “2.2.6.9 Synthesis of 3-aryl quinoline intermediates.” A yellowish orange
amorphous solid, (4.1 g, 96%)).

MS (APCI) = 282.3 m/z calculated for C1sH11FN2O>; experimental 282.1.

3.3.4 Hartwig Fluorination Towards 3-aryl-2-fluoroquinolines

AgF;
1
RO Dgs  MeCN
X
| N rt, 18 h
~ R? (degassed,
N anhydrous) (£)-1

Equation 51. The modified Hartwig fluorination procedure is followed in accordance conditions
reported in Cardenas, M. M.; Saputra, M. A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto, N.;
Gustafson, J. L. Chem. Commun., 2021, 57, 10087—-10090.
2-fluoro-3-(2-methyl-5-nitrophenyl)quinoline

No, 10 3-(2-methyl-5-nitrophenyl)quinoline (559.3 mg. 2.085 mmol) was added

silver (II) fluoride (1.06 g, 7.298 mmol) and 4.2 mL degassed MeCN. The

reaction conditions and workup procedure were followed according to the

procedure outlined in Cardenas, M. M.; Saputra, M. A.; Gordon, D. A.; Sanchez, A. N,
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Yamamoto, N.; Gustafson, J. L. Chem. Commun.,2021, 57, 10087-10090. Purification was carried
out via FCC 0% - 45% EtOAc in n-hexane to afford the product as a beige solid (380 mg, 64%).
'TH NMR (400 MHz, CDCl3) 6 (ppm) = 8.21 (s, 1H), 8.18 (d, J = 3.7 Hz, 2H), 8.01 (d, ] = 8.5 Hz,
1H), 7.90 (d, J = 8.2 Hz, 1H), 7.82 — 7.76 (m, 1H), 7.63 — 7.57 (m, 1H), 7.49 (d, J = 8.1 Hz, 1H),
2.35 (s, 3H).

13C NMR (101 MHz, CDCI3) 8 (ppm) = 159.15, 156.74, 146.37, 145.73 (d, J = 16.6 Hz), 145.14,
142.00 (d, J =2.1 Hz), 141.94 (d, ] =2.1 Hz), 135.43 (d, ] =3.9 Hz), 131.38 — 131.22 (m), 127.94
(d, J =33.2 Hz), 127.09 (d, ] = 2.1 Hz), 126.99 (d, J = 2.5 Hz), 125.37 (d, J = 1.8 Hz), 123.66,
122.11 (d, J=37.4 Hz), 20.33 (t, ] = 3.2 Hz).

YF NMR (376 MHz, CDCl3) & (ppm) = -63.47 (d, J = 9.5 Hz).

MS (APCI) = 282.3 m/z calculated for C1sH11FN2O>; experimental 282.1.
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2-fluoro-4-methyl-3-(2-methyl-5-nitrophenyl)quinoline
To 4-methyl-3-(2-methyl-5-nitrophenyl)quinoline (800 mg, 2.836 mmol, 1.0

equiv) was added silver (IT) fluoride (1.5 g, 10.072 mmol, 3.5 equiv) and 5.1 mL

degassed MeCN. The reaction conditions and workup procedure were followed
according to the procedure outlined in Cardenas, M. M.; Saputra, M. A.; Gordon, D. A.; Sanchez,
A.N.; Yamamoto, N.; Gustafson, J. L. Chem. Commun., 2021, 57, 10087-10090. Purification was
carried out via FCC 0% - 45% EtOAc in n-hexane to afford [insert #] as a beige solid (345 mg,
41%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.24 (dd, J = 8.5, 1.2 Hz, 1H), 8.08 (d, J = 2.4 Hz, 1H),
8.06 (d, ] = 8.4 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.82 — 7.77 (m, 1H), 7.66 — 7.61 (m, 1H), 7.54
(d, J=8.4 Hz, 1H), 2.49 (d, ] = 1.4 Hz, 3H), 2.22 (s, 3H).

13C NMR (101 MHz, CDCl3) 6 (ppm) = 158.16 (d, J = 239.8 Hz), 148.57 (d, J = 6.0 Hz), 146.56,
145.38, 145.20, 134.87 (d, J = 2.8 Hz), 131.37, 130.92, 128.94 (d, ] = 1.8 Hz), 127.05 (d, J = 2.1
Hz), 126.70 (d, J = 2.5 Hz), 125.44, 124.53, 123.70, 120.66 (d, ] = 37.1 Hz), 20.21, 16.08.

19F NMR (376 MHz, CDCl3) & (ppm) = -62.38.

MS (APCI) = 296.3 m/z calculated for C17H13FN20O>; experimental 296.1.
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2-fluoro-3-(2-fluoro-5-nitrophenyl)-4-methylquinoline

NO,

reaction conditions, workup, and purification procedure were followed
according to the general procedure and characterization of this compound is in accordance with
the report in Cardenas, M. M.; Saputra, M. A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto, N.;

Gustafson, J. L. Chem. Commun., 2021, 57, 10087-10090. A yellowish orange amorphous solid,

(4.1 g, 96%). Refer to Section 2.2.12 for the synthesis of this compound.

MS (APCI) = 300.3 m/z calculated for Ci¢H10F2N202; experimental 300.6.
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To 3-(2-fluoro-5-nitrophenyl)-4-methylquinoline (800 mg, 2.836 mmol) was

added silver (II) fluoride (1.5 g, 10.072 mmol) and 5.1 mL degassed MeCN. The



3.3.5 General Thiolation Towards 3-aryl-2-(phenylthio)quinolines

catalyst, 77

catalyst, 77 (20 mol%)
10.0 equiv HSPh
10.0 equiv KoHPO,4
0.1 M toluene
60-80 h, 95 °C

Equation 52. The nucleophilic aromatic substitution of thiophenol into a 3-aryl-2-
fluoroquinoline was reported by Section “2.2.6.11 General SnAr Strategy to yield enantioenriched
3-aryl-2-(phenylthio)quinolines (2).” A modification was used where 10.0 equiv of potassium
phosphate is used and the reaction is heated at 95 °C.

4-methyl-3-(2-methyl-5-nitrophenyl)-2-(phenylthio)quinoline

1% To 2-fluoro-4-methyl-3-(2-methyl-5-nitrophenyl)quinoline (187 mg, 0.6311
Me
O X mmol, 1.0 equiv) was added thiophenol (643.8 mL, 6.311 mmol, 10.0 equiv),
= Me
N" S

Ph potassium phosphate dibasic (1.098 g, 6.311 mmol, 10 equiv), catalyst 77 and
6.3 mL toluene. The resulting reaction was heated at 95 °C for 30 h. The workup procedure and
purification were followed according to the procedure outlined in Cardenas, M. M.; Saputra, M.
A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto, N.; Gustafson, J. L. Chem. Commun., 2021, 57,
10087—-10090. Product is a white solid (156 mg, 46%). Refer to Section 2.2.13 for more details.
TH NMR (500 MHz, CDCl3) & (ppm) = 8.25 (dd, J = 8.4, 2.4 Hz, 1H), 8.07 (d, J = 2.4 Hz, 1H),
7.97 (dd, J = 8.3, 1.7 Hz, 1H), 7.80 (d, J = 7.0 Hz, 1H), 7.64 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.54
(s, 1H), 7.51 (ddt, J = 5.5, 3.8, 2.1 Hz, 3H), 7.38 (dd, J = 4.5, 2.3 Hz, 3H), 2.34 (s, 3H), 2.25 (s,
3H).

13C NMR (126 MHz, CDCls) & (ppm) = 158.13, 147.53, 146.76, 145.69, 141.81, 138.14, 134.86,
131.40, 130.71, 130.41, 129.70, 129.39, 128.93, 128.66, 126.24, 126.03, 125.82, 124.15, 123.65,
20.16, 15.67.

MS (APCI) = 386.1 m/z calculated for C23H1sN20,S; experimental 386.4.
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3-(2-fluoro-5-nitrophenyl)-4-methyl-2-(phenylthio)quinoline, 89

NO . . . . .
> This substrate was previously synthesized and obtained in Cardenas, M. M.;

Saputra, M. A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto, N.; Gustafson, J. L.

Chem. Commun., 2021, 57, 10087—10090. Please refer to Section 2.2.13 for
more details on the synthesis and the characterization of this compound.

MS (APCI) Calculated: 391.1 m/z calculated for C22HisFN20.S; experimental 389.9, 391.6.

3.3.6 Synthesizing Intermediates: General Amination Towards 3-aryl-2-
(phenylthio)quinolines

10% Pd(C) (cat.)
H. (9)

B ———
MeOH (0.1 M)
rt, 24 h

Equation 53. The nucleophilic aromatic substitution of thiophenol into a 3-aryl-2-fluoroquinoline
was reported by Cardenas, M. M.; Saputra, M. A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto,
N.; Gustafson, J. L. Chem. Commun., 2021, 57, 10087-10090. A modification was used where
10.0 equiv of potassium phosphate is used and the reaction is heated at 95 °C.

3-(2-fluoroquinolin-3-yl)-4-methylaniline
NH, Following the general procedure: to 2-fluoro-3-(2-methyl-5-

nitrophenyl)quinoline (380 mg, 1.328 mmol, 1.0 equiv) was added Pd(C) (141

mg, 1.328 mmol, 1.0 equiv) and 5.0 mL degassed MeOH. The reaction
conditions and workup procedure were followed according to the procedure outlined in Section
“2.2.6.12 Post Functionalization of Enantioenriched PR (2) and SM (1).” Purification was carried

out via FCC 0% - 75% EtOAc in n-hexane to afford product as a white solid (156 mg, 46%).
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H NMR (400 MHz, CDCls) § (ppm) = 8.08 (d, J = 9.6 Hz, 1H), 7.98 (d, ] = 8.4 Hz, 1H), 7.82 (d,
J=8.2 Hz, 1H), 7.75 — 7.67 (m, 1H), 7.56 — 7.49 (m, 1H), 7.08 (d, J = 8.1 Hz, 1H), 6.69 (dd, J =
8.6,2.2 Hz, 1H), 6.61 (d, ] = 2.9 Hz, 1H), 3.64 (s, 2H), 2.10 (s, 3H).

13C NMR (101 MHz, CDCls) & (ppm) = 158.64 (d, J = 242.7 Hz), 145.08 (d, J = 16.6 Hz), 144.36,
141.46 (dd, J = 6.5, 3.0 Hz), 134.47 (d, J = 3.5 Hz), 131.03, 130.29 (d, J = 2.8 Hz), 127.62 (dd, J
=28.3, 1.8 Hz), 127.17 (d, ] = 1.8 Hz), 126.43, 126.33 (d, J = 2.5 Hz), 124.63 (d, J = 37.4 Hz),
116.97 (d, J = 4.6 Hz), 115.70 (d, ] = 2.8 Hz), 18.93 — 18.69 (m).

1F NMR (376 MHz, CDCl3) 5 (ppm) = -63.18 (d, J = 9.5 Hz).

MS (APCI) = 252.3 m/z calculated for CisH13FN»; experimental 253.6, 252.9.
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4-methyl-3-(4-methylquinolin-3-yl)aniline
NH, Following  the  general  procedure: to  4-methyl-3-(2-methyl-5-
e O nitrophenyl)quinoline (155 mg, 0.557 mmol, 1.0 equiv) was added Pd(C) (40

O D
= M
N e

conditions and workup procedure were followed according to the procedure outlined in Cardenas,

mg, 0.375 mmol, 0.70 equiv) and 5.0 mL degassed MeOH. The reaction

M. M.; Saputra, M. A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto, N.; Gustafson, J. L. Chem.
Commun., 2021, 57, 10087-10090. Purification was carried out via FCC 0% = 75% EtOAc in n-
hexane to afford product as a white solid (72 mg, 52%).

MS (APCI) = 248.1 m/z calculated for C17H16N2; experimental 249.6.

4-methyl-3-(4-methyl-2-(phenylthio)quinolin-3-yl)aniline, 123
NH, Following the  general  procedure: to  4-methyl-3-(2-methyl-5-
M
° ‘ nitrophenyl)quinoline (50 mg, 0.129 mmol, 1.0 equiv) was added Pd(C) (15 mg,

(L2
N/SMe

v 0.129 mmol, 1.0 equiv) and 2.0 mL degassed MeOH. The reaction conditions
and workup procedure were followed according to the procedure outlined in Cardenas, M. M.;
Saputra, M. A.; Gordon, D. A.; Sanchez, A. N.; Yamamoto, N.; Gustafson, J. L. Chem. Commun.,
2021, 57, 10087—-10090. Purification was carried out via FCC 0% = 75% EtOAc in n-hexane to
afford 123 as a white solid (72 mg, 52%). Please refer to Section 2.2.15 for more details regarding
the preparation of these compounds.
'TH NMR (400 MHz, CDCl3) & (ppm) = 7.94 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.61 —
7.52 (m, 3H), 7.49 — 7.44 (m, 1H), 7.36 (t, J = 5.2 Hz, 3H), 7.05 — 6.99 (m, 1H), 6.79 — 6.75 (m,

1H), 6.65 — 6.60 (m, 1H), 3.41 (s, 2H), 2.42 (s, 3H).
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13C NMR (101 MHz, CDCls) & (ppm) = 159.00, 154.99, 152.63, 147.36, 142.69, 142.40, 135.01,
134.86, 131.49, 129.28, 128.75, 127.47, 126.34, 125.77, 125.08, 124.90, 124.27, 124.17, 118.29,
117.10, 116.68, 116.44, 15.90, 15.78.

19F NMR (376 MHz, CDCl3) & (ppm) = -140.79.

MS (APCI) = 356.5 m/z calculated for C23H20N>S; experimental 356.3.
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3.3.7 General Procedure: HATU Amide Coupling Towards Atropisomeric Quinoline
Scaffolds

oo X
or R —
4 4 =
R* "OH R q R4 = Bu, %%/5(\/
HATU N=N
DIPEA
0.3 M DMF

Equation 54. Amide coupling was conducted in accordance with the report from Conway, L. P.;
Jadhav, A.M.; Homan, R. A.; Li, W.; Rubiano, J.S.; Hawkins, R.; Lawrence, R.M.; Parker, C.G.
Chem. Sci., 2021, 12, 78397847 (i.e., General Procedure 2 of ‘Synthesis of Diazirine Containing
Tags’).

Generic Scaffold

X
AN, R3 Control, Standard
N R 124

135 136 (E2)

Figure 43. Scope of Chemical Probes

General Amide Coupling Synthesis: A 4.0 mL dram scintillation vial equipped with a stir bar was
charged with 0.3 — 0.5 M DMF. The resulting vial was charged with variable substituted 3-

arylquinoline (1.0 equiv), HATU (1.25 equiv), and DIPEA (4.0 equiv). The resulting reaction
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solution was stirred at room temperature for 15 minutes. Respective acid chloride or carboxylic
acid (1.15 equiv) was added to the reaction slowly. The reaction was left to stir at this temperature
for up to 20 h. The resulting reaction was diluted with EtOAc or DCM (~0.2 V) and washed with
brine (~0.2 V). Organic layer was separated and dried over Na>SO4. The crude product was isolated
after concentration in vacuo. Purification of the crude product was performed in FCC 0% - 80%

EtOAc in n-hexane to afford the quinoline-based chemical probe in ~80% yields.

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-(3-(2-fluoroquinolin-3-yl)-4-

methylphenyl)propanamide, 134

W Following the general procedure: 3-(2-fluoroquinolin-3-yl)-4-
HN

‘ N=N methylaniline (156 mg, 0.164 mmol, 1.0 equiv), 3-(3-(but-3-yn-1-
O N\/ e yl)-3H-diazirin-3-yl)propanoic acid (118 mg, 0.7061 mmol, 1.15

equiv), HATU (291.65 mg, 0.7675 mmol, 1.25 equiv), DIPEA (430 puL, 2.45 mmol, 4.0 equiv),
and 2.0 mL DMF were added to a 2 dram vial equipped with a stir bar. The reaction conditions,
workup procedure, and purification were conducted according to the general procedure to afford
134 as a beige solid (45 mg, 69%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.14 (t, J = 6.6 Hz, 1H), 7.99 (t, ] = 6.0 Hz, 1H), 7.85 (t,J
=6.1 Hz, 1H), 7.78 — 7.73 (m, 1H), 7.60 — 7.55 (m, 1H), 7.54 (d, J = 5.4 Hz, 1H), 7.42 (t, ] = 6.8
Hz, 1H), 7.32 — 7.26 (m, 1H), 2.19 (d, ] =4.2 Hz, 1H), 2.15 - 2.10 (m, 1H), 2.03 (dd, J =10.1, 4.9
Hz, 1H), 1.98 (d, ] = 7.0 Hz, 1H), 1.92 (s, 40H), 1.66 (s, 1H).

MS (APCI) =400.5 m/z calculated for C24H>1FN4O; experimental 401.0.

HRMS (ESI) = 400.4574 calculated; found 401.1777
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3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-(4-methyl-3-(4-methylquinolin-3-

y)phenyl)propanamide, 135

0 — Following the general procedure: 4-methyl-3-(4-methylquinolin-
HN
Ve ‘ N=N 3-yDaniline (72 mg, 0.29 mmol, 1.0 equiv), 3-(3-(but-3-yn-1-yl)-
O \/ Me 3H-diazirin-3-yl)propanoic acid (54.8 mg, 0.33 mmol, 1.15

N
equiv), HATU (137.6 mg, 0.3623 mmol, 1.25 equiv), DIPEA (278 uL, 1.16 mmol, 4.0 equiv), and

966 uL. DMF were added to a 2 dram vial equipped with a stir bar. The reaction conditions, workup
procedure, and purification were conducted according to the general procedure to afford 135 as a
beige solid (86.3 mg, 75%).

'TH NMR (400 MHz, CDCl3) & (ppm) = 8.63 (s, 1H), 8.39 (s, 1H), 8.15 (s, 1H), 7.87 (s, 1H), 7.76
—7.72 (m, 1H), 7.60 (s, 1H), 7.39 (s, 1H), 7.27 (d, J = 1.7 Hz, 1H), 2.57 (s, 1H), 2.19 (s, 1H), 2.03
(s, 1H), 1.94 (s, 1H), 1.68 (d, ] = 7.2 Hz, 1H), 1.27 (s, 1H), 0.89 (s, 1H).

MS (APCI) = 396.2 m/z calculated for CosH24N4O; experimental 397.0.

HRMS (ESI) = 396.4940 calculated; found 397.2025

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-(4-methyl-3-(4-methyl-2-(phenylthio)quinolin-3-

yD)phenyl)propanamide, 136

W Following the general procedure: 4-methyl-3-(4-methyl-2-

Ve N=N (phenylthio)quinolin-3-yl)aniline (38 mg, 0.106 mmol, 1.0 equiv),

O N\/ § Me 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (20.4 mg,
Ph 0.1228 mmol, 1.15 equiv), HATU (50.4 mg, 0.1325 mmol, 1.25

equiv), DIPEA (74 uL, 0.424 mmol, 4.0 equiv), and 353 uL DMF were added to a 2 dram vial
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equipped with a stir bar. The reaction conditions, workup procedure, and purification were
conducted according to the general procedure to afford 136 as a white solid (43.4 mg, 81%).
MS (APCI) = 504.7 m/z calculated for C31H2sN4OS; experimental 397.0.

HRMS (ESI) = 504.6520 calculated; found 505.2062

N-(4-fluoro-3-(4-methyl-2-(phenylthio)quinolin-3-yl)phenyl)butyramide
j\/\ Following the general  procedure: 4-fluoro-3-(4-methyl-2-
HN
(phenylthio)quinolin-3-yl)aniline (16.4 mg, 0.0457 mmol, 1.0 equiv),

buturyl chloride (5.57 pL, 0.0526 mmol, 1.15 equiv), HATU (21.7 mg,

0.0572 mmol, 1.25 equiv), DIPEA (32 pL, 0.1828 mmol, 4.0 equiv), and
152 uL. DMF were added to a 2 dram vial equipped with a stir bar. The reaction conditions, workup
procedure, and purification were conducted according to the general procedure to afford product
as a white solid (15 mg, 84%).

MS (APCI) =430.5 m/z calculated for C26H23FN2OS; experimental 430.1.

552



3.3.8 Sample

Mass Spectrometry of Atropoprobes

HRMS of Compound 134 (major ion is [M+Na])
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HRMS of Compound 136
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HRMS of Compound 135
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Chapter 4 FUTURE DIRECTIONS FOR NEW ATROPOSELECTIVE NUCLEOPHILIC
SUBSTITUTIONS
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4.1 Background Information

We have shown that atroposelective SnAr is a suitable synthetic method to obtain
pharmaceutically relevant pyrrolopyrimidines and quinolines. I am excited to see the implications
of this SNAr approach in the Gustafson group, and hope that it will springboard its applications
towards other classes of heteroarene pharmaceuticals. Early results are finding that atroposelective
SnAr of thiophenol to synthesize pharmaceutically relevant scaffolds as the quinoxalines and
quinoxalinones (inspired from the KRAS inhibitors of Amgen’s Sotorasib** and Mirati
Therapeutics’ MRTX1719)?? are possible. Preliminary results using the optimized chiral catalyst

15 from the PPY work leads to respective enantioselectivity of s-factor at 6.
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a. %
=
catalyst 15 (10 mol%) NAO

PhSH RS
138

[enantioenriched]
major enantiomer not known

1
catalyst 15 (10 mol%) o R /@
PhSH ©\)‘\
N
@fi s

Ph
140
139 [enantioenriched]
major enantiomer not known

= NH

Equation 55. SnAr of atroposelective pharmaceutically relevant scaffolds. a. Synthesis of
Enantioenriched Scaffold derived from Sotorasib. b. Synthesis of scaffold derived from
MRTX1719.

SNAr is extremely useful as late-stage functionalization of medicinally relevant sulfides,
methoxy- or hydroxy-groups and most importantly amines. However, we have found specific
alkyl-groups can impart drastically increased potency (Figure 8, the C-2 methylated position led
to an extremely potent inhibitor of BRK). In these instances, SNAr has not been an amenable
strategy to access alkylated, (e.g., methyl-groups, etc.) bioactive heterocycles. It was challenging
to retain enantioselectivity whilst reducing the size of the smallest possible leaving group for
atroposelective SNAr to still proceed through some degree of dynamic kinetic resolution. As a
result the conversion limitation of a classical kinetic resolution persists across these projects.
Particularly, we have seen from atroposelective SnAr towards 3-arylquinolines where the
background kinetic resolution can noticeably affect enantioselectivity at the 50% conversion limit.

4.1 Preliminary Results: Vicarious Nucleophilic Substitution
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While there are not many leaving groups that are smaller than fluorine, there are specific
nucleophilic reactions to pursue a mechanism where a reactive, aromatic “proton” is replaced. If
we presumed that a majority of SnAr effort would lead to KRs, perhaps reactions such as
atroposelective Vicarious Nucleophilic Substitutions (VNS) on these scaffolds would be facilitated
through only DKR. In VNS, a hydrogen atom is replaced by the nucleophile. My colleagues in my
tenure have previously developed successful atroposelective VNS via the addition of thiophenols

or nitroalkanes into naphthoquinones.

R catalyst 15 (10 mol%) o R!
O
T e b
N ..PhSH___ @\)LN
rtj/)\H <10 ee% N/)\S
I ll-)h
0 142
141 [enantioenriched]

major enantiomer not known

Equation 56. General synthetic scheme of atroposelective SnAr of Quinazolinones

To address this, we attempted an atroposelective VNS of thiophenols into heterocyclic N-
oxides of 3-arylquinolines (Equation 56). Unfortunately, a lot of this effort overlapped with the
SnAr projects and were unable to be completed. In addition, chiral catalyst-controlled VNS is very
challenging, since the starting materials are much more activated and the quinoline is more
reactive. As a result, early optimization has exclusively led to reactions where products are less
than 10 ee%. Most of this ongoing effort will take place in future works from the Gustafson group.
However, these preliminary results demonstrate that the SNAr and VNS projects will be significant
as they will allow for facile and flexible access to privileged atropisomeric scaffolds with the

potential to expedite medicinal chemistry efforts.
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4.2 Preliminary Results: Minisci Chemistry

Within this last decade, the ‘state of the art’ C-H functionalization'?? of pharmaceutically
relevant heteroarenes used widely in industry involves ‘nucleophilic’ radicals, in what is typically
referred as Minisci chemistry.'?* Seminal work from Baran,!?*!2> Molander,'?® DiRocco,'?’ and
MacMillan'?® have all employed variants of Minisci chemistry on medicinally relevant
heteroarenes. However, regiochemistry is still largely an unsolved problem, more specifically with
pyridines and quinolines that have multiple reactive sites. Depending on the reaction conditions,
the regioisomeric mixtures can become extremely varied. In acidic conditions, the regiochemistry
can be controlled for the C-2 position of pyridines and quinolines. However, there is currently no
precedence to obtain selectivity for the C-3 or C-4 positions. Furthermore, many pharmaceutically
relevant scaffolds can have multiple heteroarenes that are reactive towards Minisci chemistry,
which can lead to more regio- and chemoselectivity issues. Though these are concerning issues,
the vast undertaking of diverse functionalization is extremely valuable since a larger ‘chemical

space’ can be investigated in the iterative SAR and ADMET cycles during the preliminary stages

of drug discovery.
O R2 O
1 O R2
RL_A\_/H (R)-TRIP R
L. N-O  NHAc 'M@F(CFappy-(dtopy)lPFg [~ | NHAc
2 / x~_N
O O Blue LEDs O
143 144 145

70% yield, >75:25 e.r.

Equation 57. General synthetic scheme of atroposelective Minisci on 3-arylquinolines

We are very interested in tackling the problem of regioselectivity, however are more

agnostic with respect to the mode of catalysis needed to accomplish this. Phipps and coworkers'?
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have recently shown that enantioselective Minisci reactions can be achieved using chiral
phosphoric acids assuming that the radical possesses a N-H bonding handle. Jiang and

coworkers'3?

also showed they could perform similar enantioselective photoredox-catalyzed
Minisci chemistry to obtain isoquinolines. Inspired by these studies, we hypothesized that H-
bonding of chiral Brensted-acid catalysts!'?!:1*1133 (e g phosphoric acids, etc.) can influence the
regioselectivity and atroposelectivity of Minisci chemistry in biarylated pyridine and quinolines
(Equation 57). While 1 will not be able to pursue this project also, I was delighted to find
preliminary results that demonstrated that this was indeed possible. I am excited and hope these

results inspire others in the group to pursue a catalyst-controlled regioselective Minisci chemistry

for alkylation in other pharmaceutically relevant heteroarenes.
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