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Atropisomerism (or axial chirality) arises from restricted bond rotation most typically in a 

Csp2-Csp2 σ 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.1 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 University2–4 has since focused on 

leveraging atropisomerism5,6 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 17,8). Currently, we have several atroposelective synthetic strategies via nucleophilic 

aromatic substitutions (SNAr, Chapter 29,10) 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 SNAr 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).11,12  

 

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 
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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. 

 

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

 
Atropisomerism5–7,13–15 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 σ-bond between two Csp2-Csp2 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 
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atropisomer, allowing the compound to exist as either stable isolable enantiomers or a rapidly 

interconverting mixture. A classic example is (R) and (S)-BINOL16–19 (a privileged scaffold in 

asymmetric catalysis) which possesses a half-life of racemization (i.e., t1/2 (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). 

 

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.1,7,20 

 
In 2011, Professor LaPlante and coworkers1,20 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., ΔGrac, energy to lead to racemization) above 30 

kcal/mol, and thus leads to a t1/2 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 
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(+)-Lesinurad,21 which does not racemize nor enantiodegrade when heated in DMSO to 120 oC for 

24 hours. MRTX171922 from Mirati Therapeutics (a PMRT5 agonist) and FDA-approved 

Sotorasib23 from Amgen (a mutant KRAS inhibitor) were two recent examples of Class-3 

atropisomers. 

 

Figure 4. Examples of atropisomerism in drug discovery.2,4,21,22,24–28 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.29 

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

isolated from rapid racemization at room temperature due to a significantly lower ΔGrac Class-1 
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atropisomers can access all conformations in 360o 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),30 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., t1/2 (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 20112,31 possessed at least one atropisomeric axis. Amongst 

this 30%, our studies unveiled 85% were FDA-approved kinase inhibitors (i.e., 

chemotherapeutics).2,4 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 ΔGrac > 30 kcal/mol32), 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 
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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. 

 

Figure 5. Sample dataset from leveraging atropisomerism towards kinase inhibiting PPYs.7,33 

 
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 
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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).33 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).26 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 scaffolds34 and related analogues regarding the synthesis of these compounds, 

which makes exploration of this scaffold very forthcoming. 

 

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). IC50s 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 (Ra)-7 and 

(Sa)-7). While exciting, the contributors of this project did find that many of these compounds led 
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to an average <10-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 selective35–37 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.38–42 To begin, our 

research team had studied many PDB crystallographic models of various kinases30,33,34,42–57 and 

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 PPY37 (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.37,58 
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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 PPYs (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 PPYs 
 

Copyright 

Chapter 2, Section 1 is reformatted in part with permissions from Organic Letters, 2018, 

20, 2037–2041. Copyright 2018 American Chemical Society. Chapter 2, Section 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. 

 

2.1 Background: Atroposelective SNAr towards PPYs 

 

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

 
The last step before accessing the racemic mixture of atropisomeric kinase inhibiting PPYs 

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)a- and (S)a-compounds are then 
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separated and isolated via chiral HPLC. This synthetic approach was trivial during the earliest 

exploration of these PPYs, 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).  

 

Equation 2. Atroposelective nucleophilic aromatic substitution of biaryl pyrimidines.60 

 
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).61 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 

 

Equation 3. An overview of atroposelective SNAr methodology. Compound 15 was found to be 
the optimal catalyst for both yield and enantioselectivity.9 

 
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 (S)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).62 

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. 

 

Figure 7. Proposed kinetic resolution pathway towards enantioenriched PPY sulfides.18,62–68 

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

kinetic resolution there is a limitation of 50% of desired conversion63,65 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 krel) – 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 SAR43 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)60,61 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 PPYs.  

 

2.3 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 SNAr 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 PPY69,70 
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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 

catalyst catalyst

15, R = OH, X = Cl
23, R = OH, X = Br
24, R = OH, X = I

25, R = OH, X = Cl

N

N N

SPh
CF3

Cl

racemic 21 22 21

PhSH
base

0.1 M solventN

N N

Cl

Cl

CF3
N

N N

Cl

Cl

CF3

cat. (10 mol %)

16-20 h[a]1

2
345

6

1 22.2 5.64

2 25.8 9.48

CCl4 K2CO3 (aq)

CCl4 K2CO3

15

15

rt

rt

entry cat. conversion[b,c]

(%)
s-factor[b,c]solvent base temp

3 30.7 1.64

4 20.7 11.2

5 55.9 23.7

CDCl3 K2CO3

CH3C6H5 K2CO3

MTBE K2CO3

15

15

15

rt

rt

rt

6 MTBE rt 38.0 12.0

7 rt 34.0 6.00

8 rt 28.0 3.00

9 MTBE rt 14.5 2.93

10 MTBE rt 7.77 1.51

12 MTBE rt 50.7 27.9

13 MTBE 95 oC 81.7 1.02

14 MTBE 60 oC 62.8 1.09

15 MTBE 4 oC 16.4 5.99

23 K2CO3

24

25

15

15

15

15

15

15

K2CO3

K2CO3

Cs2CO3

K3PO4

K2HPO4

K2HPO4

K2HPO4

K2HPO4

MTBE

MTBE

11 MTBE rt15 KHCO3 48.2 16.3

NH

H

X

N

OMe

R

NH

H

X

N

OMe

R
CF3

CF3

 
[a]Reactions were performed on a 0.0267 mmol scale of 21 with 7.5 equiv thiophenol and 12 equiv 
base. [b]Conversions and s-factors were determined using HPLC. [c]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 Grac = 33.5 kcal/mol. In addition, I 

also measured the barrier to racemization of the resulting sulfide product from this PPY which was 

Grac = 32.8 kcal/mol. Both compounds correspond to a t(1/2) of racemization at 37 oC (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 CCl4 

in a solution of aqueous potassium carbonate, which is catalyzed by a readily available quinine 

based quaternary ammonium salt (i.e., a privileged scaffold71 in enantioselective catalysis which 

is also commercially available, N-benzylquininium chloride).61 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 

CCl4) (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 CCl4 which Smith and coworkers found to be an 

optimal solvent for atroposelective SNAr. After testing different reactions in different solvents, I 

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,[a] Conversion (%)[b] s-factor[c] 

    
CCl4 2.24 25.8 9.48 

CDCl3 4.81 30.7 1.64 

CH3C6H5 2.38 20.7 11.2 

CH2Cl2 8.93 41.3 2.25 

THF 7.58 67.5 1.53 

MTBE 2.6[d] 50.7 27.9 

[a] Dielectric constants reported in this table were obtained and adapted from 
https://depts.washington.edu/eooptic/linkfiles/dielectric_chart%5B1%5D.pdf [b] Conversions and 
[c] s-factors are calculated using methods from Kagan and coworkers.72 Methods can be found in 
Section 2.1.8. [d] 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 CCl4. These 

nonpolar solvents like CCl4 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., 

, slightly improved in toluene (i.e., , and significantly improved at a faster rate in 

MTBE (i.e., . 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 pKb) 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 SNAr 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 SNAr 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 
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evidenced when we ran a test reaction at a starting temperature of -78 oC, 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 SNAr, 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. 

 

2.4 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 

R2 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.).73 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 SNAr 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.53 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 PPYs, 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 SNAr 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 

N

N N

X

Cl

CF3
N

N N

X

Cl

Me

CF3
N

N N

X

Cl

CF3
N

N N

X

Cl

CF3

N

N N

X

Cl

Me

OMe

N

N N

X

Cl

Br

N

N N

X

Cl

Br

MeO

N

N N

X

Cl

CF3

21 (X = Cl, 41%[d], 7:94 e.r.[b])

22 (X = SPh, 42%[d], 8:92 e.r.[b])

conversion[c,d] = 51% 

s[c,d] = 28

[s(1g scale) = 15]

23 (X = Cl, 38%, 10:90 e.r.)
24 (X = SPh, 46%, 87:17 e.r.) 

conversion = 46%
s = 15

25 (X = Cl, 30%, 18:82 e.r.) 
26 (X = SPh, 43%, 6:94 e.r.) 

conversion = 49%
s = 29

27 (X = Cl, 46%, 5:95 e.r.) 
28 (X = SPh, 48%, 83:17 e.r.)

conversion = 54%
s = 37

29 (X = Cl, 43%, 6:94 e.r.)
30 (X = SPh, 34%, 9:91 e.r.)

conversion = 52%
s = 40

N

N N

X

Cl

Cl

Me

31 (X = Cl, 31%, 2:98 e.r.)
32 (X = SPh, 48%, 13:87 e.r.)

conversion = 54%
s = 36

35 (X = Cl, 29%, 4:96 e.r.)
36 (X = SPh, 50%, 17:83 e.r.)

conversion = 63% 
s = 14

39 (X = Cl, 34%, 94:6 e.r.)
40 (X = SPh, 47%, 88:11 e.r.)

conversion = 54% 
s = 17

33 (X = Cl, 30%, 1:99 e.r.)
34 (X = SPh, 48%, 27:73 e.r.)

conversion = 65%
s = 6.0

52 (X = Cl, n.d.)
53 (X = SPh, n.d.)
conversion = >5%

s = n.d.

N N

X

Cl

CF3

N

N N

X

Br

CF3
N

N N

X

Cl

37 (X = Cl, 40%, 8:92 e.r.)
38 (X = SPh, 46%, 24:76 e.r.)

conversion = 51.2%
s = 13

[s(1g scale) = 15.0]

N

N N

X

NO2

CF3

48 (X = Cl, 44%, 36:64 e.r.)
49 (X = SPh, 41%, 72:28 e.r.)

conversion = 41%
s = 2.0

N

N N

X

CF2H

CF3

45 (X = Cl, 30%)

47 (X = NH2, 0.3:99.7 e.r.[e])

46 (X = SPh, 68%, 17:83 e.r.)

conversion = 70%

s[e] = 12 (from 47)

N

N N

X
CF3

43 (X = Cl, 23%, 22:80 e.r.)
44 (X = SPh, 24%, 72:28 e.r.)

conversion = 40%
s = 9.0

N

N N

X

Me

50 (X = Cl, n.d.)
51 (X = SPh, n.d.)
conversion = >5%

s = n.d.

41 (X = Cl, 41%, 11:90 e.r.)
42 (X = SPh, 42%, 7:93 e.r.)

conversion = 47% 
s = 16

[s(3g scale) = 58]

 
[a]Reactions were performed on a 25 mg scale of 1. [b]Reported isolated yield and e.r. are 
determined for one trial of the SNAr of each substrate and its product. [c]Conversion and s-factors 
were determined using HPLC. [d]Results are reported as an average of at least 3 trials. [e]e.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 R2-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 SNAr 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 SNAr. I 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 
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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 SNAr 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 



29 

groups would impart more potency towards kinases of interest. After evaluating our SNAr approach 

in the context of these PPYs, we were dismayed as we found minimal to no conversions to sulfide 

product PPYs. Unlike in the previous set of molecules, we attributed these PPYs as weakly reactive 

substrates for successful atroposelective SNAr. 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 SNAr 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 oC 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. 

 

Equation 4. a. Transformation of enantioenriched starting materials, and b. transformation of 
enantioenriched products towards C-4 aminated kinase inhibitors. Reported [a]isolated yields and 
[b]enantioselectivity 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 -NH2 amine over the 

course of an hour. These steps resulted in aminated PPYs 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 mCPBA61 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 SNAr 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 

Schoenebeck74 and C-2 arylated 58 using conditions from Buchwald75 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 catalyst76 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., Grac = 28 kcal/mol). For this reason, we decided that 

PPYs that such as 57 and 59 which correspond to t(1/2) of racemization of over a year at room 

temperature (2-3 months at 37 oC), stabilities that would be appropriate for chemical probes and 

to subject to test in kinase inhibition assays. 
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Figure 8. Evaluation of enantioenriched PPYs across Src and Brk kinases.55,56 IC50s were 
determined using Promega’s ATP Glo Kinase Inhibition Assay in duplicate. Please see Section 
2.1.25 for more details. 

 

We examined PPYs 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)a-atropisomer of the PPY scaffold) 

and Breast Tumor kinase (Brk).56,77 From these experiments, we found that the C-2 brominated 

(Sa)-63 or (Ra)-67 were inactive as neither atropisomer for this PPY inhibited these kinases. 

However, the (R)-atropisomer of C-2 methylated 57 led to a IC50 of 25 M towards Brk kinase. 

Based on these results, we evaluated the C-2 methylated 59, with the putative (R)a-atropisomer 

inhibiting Src with an IC50 of 13 M and Brk with an IC50 of 0.005 M. 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 

 

Equation 5. Atroposelective SNAr towards PPY-based Kinase Inhibitors 

 
I and my colleagues disclosed an atroposelective selective SNAr 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). 

 

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 PPYs 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)a-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).78–86 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 Châtelier's 

principle. As a result, this cycle drives the reaction further achieving higher conversions while 

retaining high enantioselectivity. 

In the case of these PPYs, 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 SNAr. After 

reoptimizing the atroposelective SNAr 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.  
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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. 

1H and 13C 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 (δ) and were internally referenced to residual protio solvents unless otherwise noted. All 

spectral data were reported as follows:  = chemical shift (J = multiplicity [singlet (s), doublet (d), 

triplet (t), quartet (q), quintet (p), and multiplet (m)], coupling constants [Hz], integration). 13C 

spectra were recorded with complete 1H and 19F decoupling. 19F spectra were recorded with 

internal fluorine standards (trifluoroacetic acid or trifluorotoluene). Conventional mass spectra 

were obtained using Advion expressions 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 F254 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 K2HPO4 is universally the most effective base for the cation-directed SNAr of 

anionic thiophenol based on highest determined selectivity factor (s). However, K2CO3 and 

KHCO3 also provided comparable conversions and selectivity. 

2. Our developed reaction ratio is 1.0:1.7 thiophenol to K2HPO4 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 K2HPO4. 

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.72 

𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏(%) = ൬
𝑒𝑒ୗ୑

𝑒𝑒ୗ୑ + 𝑒𝑒୔ୖ
൰ 100 

where eeSM is the ee of the starting material 

and eePR is 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.72 

𝒔 = 𝑘୰ୣ୪ =
ln[(1 − 𝑐𝑜𝑛𝑣)(1 − 𝑒𝑒ୗ୑)]

ln[(1 − 𝑐𝑜𝑛𝑣)(1 + 𝑒𝑒ୗ୑)]
 

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 

 

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): 

A1 = Compound 15 
A2 = Compound 23 
A3 = Compound 24 
B1 = Compound 25  
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Table 5. Complete Reaction Optimization for SNAr of PPYs 

 
Entry Solvent Base Temp. (oC) Conc.(M) conv(%) s[h,i] 

1[a,g] CCl4 K2CO3 r.t. 0.1 22.2 5.64 

2[a] CCl4 K2CO3 r.t. 0.1 25.8 9.48 

3[b] CDCl3 K2CO3 r.t. 0.1 30.7 1.64 

4[c] CH3C6H5 K2CO3 r.t. 0.1 20.7 11.2 

5[a] CH2Cl2 K2CO3 r.t. 0.1 41.3 2.25 

6[d] THF K2CO3 r.t. 0.1 67.5 1.53 

7 MTBE Cs2CO3 r.t. 0.1 14.5 2.93 

8 MTBE K3PO4 r.t. 0.1 7.77 1.51 

9 MTBE NaHCO3 r.t. 0.1 21.8 2.23 

10[e] MTBE KHCO3 r.t. 0.1 48.2 16.3 

11[f] MTBE K2HPO4 r.t. 0.1 50.7 27.9 

12[f,h] MTBE K2HPO4 95 0.1 81.7 1.02 

13[f] MTBE K2HPO4 60 0.1 62.8 1.09 

14[f] MTBE K2HPO4 4 0.1 16.4 5.99 

15[f] MTBE K2HPO4 -78 to r.t. 0.1 40.4 2.30 

16[f] MTBE K2HPO4 r.t. 0.01 43.6 1.35 

17[f] MTBE K2HPO4 r.t. 0.05 25.1 8.16 

18[f] MTBE K2HPO4 r.t. 0.13 66.5 2.50 
[a]0.0267 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. [a]0.401 mmol HSPh and 0.878 mmol base were added instead of previous 
conditions. [b]0.251 mmol HSPh and 0.351 mmol base were added instead of previous conditions. [c]0.401 mmol HSPh and 0.561 
mmol were added instead of previous conditions. [d]0.0335 mmol HSPh and 0.0468 mmol base were added instead of previous 
conditions. [e]0.234 mmol HSPh and 1.54 mmol base were added instead of previous conditions. [f]0.488 mmol HSPh and 0.802 
mmol base were added instead of previous conditions. [g]K2CO3(aq.)

 was added as 50% w/w aqueous solution. [h]Pressure vial was 
used. Results are reported as an average of at least 3 trials. [h,i]Conversions 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 

 

     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.t. 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 Cs2CO3 (1.5 equiv) and 

0.36 M DMF. The mixture was stirred at r.t. for 5 minutes, and alkyl halide R2-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 Na2SO4 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 

Following the general procedure: to 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (1.00 g, 

6.5 mmol, 1.0 equiv) was NIS (1.61 g, 7.15 mmol, 1.1 equiv) added and stirred for 

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  

Following the general procedure: to 4-chloro-6-methyl-7H-pyrrolo[2,3-d]

pyrimidine (1.70 g, 10.2 mmol, 1.0 equiv) was NIS (2.52 g, 11.2 mmol, 1.1 

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 Na2SO4, 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.; Jäschke, A. J. Am. Chem. Soc. 

2010, 132 (24), 8372. 

 

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

Following the general procedure: to 4-chloro-1H-pyrrolo[2,3-b]pyridine (1.00 g, 6.5 

mmol, 1.0 equiv) was NIS (1.61 g, 7.15 mmol, 1.1 equiv) added and stirred for 30 

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, 1H-pyrazolo[3,4-d]pyrimidine, and 3H-
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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 

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

(5.59 g, 20.03 mmol, 1.0 equiv) was Cs2CO3 (9.79 g, 30.05 mmol, 1.5 equiv) added 

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 

Following the general procedure: to crude 4-chloro-5-iodo-2-methyl-7H-

pyrrolo[2,3-d]pyrimidine (6.9 g, 23.5 mmol, 1.0 equiv) was Cs2CO3 (10.50 g, 

32.3 mmol, 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 Na2SO4. 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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1H NMR (400 MHz, CDCl3) δ (ppm) = 8.54 (s, 1H), 4.99 – 4.90 (m, 1H), 2.58 (s, 3H), 1.65 (d, 

6H).  

13C NMR (101 MHz, CDCl3) δ (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 C10H12ClIN3; experimental 336.0 m/z. 

 

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

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

(5.59 g, 20.03 mmol, 1.0 equiv) was Cs2CO3 (9.79 g, 30.05 mmol, 1.5 equiv) added 

and dissolved 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 

The synthesis and spectra data of 7-(tert-butyl)-4-chloro-5-iodo-7H-pyrrolo[2,3-

d]pyrimidine was prepared and obtained in agreeance 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. Quantitative yield. 
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 4-chloro-5-iodo-7-isobutyl-7H-pyrrolo[2,3-d]pyrimidine 

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

(7.3 g, 26.17 mmol, 1.0 equiv) was Cs2CO3 (12.8 g, 39.3 mmol, 1.5 equiv) added 

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 

The synthesis and spectra data of 4-chloro-7-cyclopentyl-5-iodo-7H-pyrrolo[2,3-

d]pyrimidine was prepared and obtained in agreeance 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. Quantitative yield. 

 

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

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

g, 3.59 mmol, 1.0 equiv) was Cs2CO3 (1.75 g, 5.39 mmol, 1.5 equiv) added and 

dissolved into 11 mL DMF. After 3 minutes, 2-iodopropane (395 µL, 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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1H NMR (500 MHz, CDCl3) δ (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) δ (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 C10H11ClIN3; 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 

 

To PPY (1.0 equiv) in a 100-mL round-bottom flask was added (o)-R3-R4-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 oC. 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 Na2SO4 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-

pyrrolo[2,3-d]pyrimidine (4.61 g, 14.35 mmol, 1.0 equiv), was added 2-

triflouromethylphenylboronic acid (3.00 g, 15.78 mmol, 1.1 equiv), Pd(Ph3)4 

(828 mg, 0.717 mmol, 0.05 equiv), and K2CO3 (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 oC. 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.  

1H NMR (400 MHz, CDCl3) δ (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, J = 6.7 Hz, 1H), 

1.57 (d, J = 6.8 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (ppm) = 151.6, 150.1, 150.0, 134.0, 131.7 (q, J = 1.8 Hz), 130.5, 

130.1 (q, J = 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.  

19F NMR (470 MHz, CDCl3) δ (ppm) = -58.29.  

MS (APCI) = 340.1 [M+H]+ for C16H14ClF3N3; 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-

(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine is attained in 

agreeance with Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. 

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-

(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine is attained in 

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-

pyrrolo[2,3-d]pyrimidine (1.3023 g, 3.88 mmol, 1.0 equiv), was added 2-

triflouromethylphenylboronic acid (885 mg, 4.66 mmol, 1.2 equiv), Pd(Ph3)4 

(224.2 mg, 4.66 mmol, 0.12 equiv), and K2CO3 (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 oC. 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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1H NMR (400 MHz, CDCl3) δ (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) δ (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) δ (ppm) = -58.27.  

MS (APCI) = 354.1 [M+H]+ for C17H16ClF3N3; 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-

pyrrolo[2,3-d]pyrimidine (500 mg, 1.44 mmol, 1.0 equiv), was added 2-

triflouromethylphenylboronic acid (355 mg, 1.82 mmol, 1.3 equiv), Pd(Ph3)4 

(161.7 mg, 0.14 mmol, 0.1 equiv), and K2CO3 (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 oC. 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.  

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (ppm) = 151.8, 150.7, 150.3, 134.2, 131.8 (q, J = 2.1 Hz), 130.7 

(q, J = 1.1 Hz), 130.4, 130.1, 127.9, 126.1 (q, 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.  

19F NMR (376 MHz, CDCl3) δ (ppm) = -58.25.  

MS (APCI) = 366.1 [M+H]+ for C18H16ClF3N3; 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-

pyrrolo[2,3-d]pyrimidine (363.88 mg, 1.13 mmol, 1.0 equiv), was added 2-

bromophenylboronic acid (250 mg, 1.245 mmol, 1.1 equiv), Pd(Ph3)4 (65 mg, 

0.057 mmol, 0.05 equiv), and K2CO3 (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 oC. 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. 

1H NMR (400 MHz, CDCl3) δ (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, J = 6.8 Hz, 1H), 1.50 (d, J = 6.8 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (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 C15H14BrClN3; experimental 350.3 m/z. 

 

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

methyl-4-methoxyphenylboronic acid (335 mg, 2.02 mmol, 1.3 equiv), 

Pd(Ph3)4 (180.18 mg, 0.156 mmol, 0.1 equiv), and K2CO3 (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 oC. 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.  

1H NMR (500 MHz, CDCl3) δ (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).  

13C NMR (101 MHz, CDCl3) δ (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 C17H19ClN3O; experimental 316.1 m/z. 

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

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-

4-methylboronic acid (291 mg, 1.71 mmol, 1.1 equiv), Pd(Ph3)4 (90 mg, 0.078 

mmol, 0.05 equiv), and K2CO3 (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 oC. 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. 

1H NMR (400 MHz, CDCl3) δ (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, J = 6.8 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ (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 C16H16Cl2N3; 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-

pyrrolo[2,3-d]pyrimidine, (1.0 g, 3.11 mmol, 1.0 equiv) was added 1-

naphthylboronic acid (535 mg, 3.11 mmol, 1.0 equiv), Pd(Ph3)4 (113 mg, 

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 oC. 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.  

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (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.   



53 

MS (APCI) = 322.1 [M+H]+ for C19H17ClN3; experimental 322.3 m/z. 

 

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

The synthesis and spectra data of 5-(2-bromo-5-methoxyphenyl)-4-chloro-7-

cyclopentyl-7H-pyrrolo[2,3-d]pyrimidine was prepared and obtained in 

agreeance 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.   

 

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

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

pyrrolo[2,3-b]pyridine, (330.4 mg, 1.03 mmol, 1.0 equiv) was added 2-chloro-

4-methylboronic acid (235 mg, 1.24 mmol, 1.2 equiv), Pd(Ph3)4 (60 mg, 0.052 

mmol, 0.05 equiv), and K2CO3 (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 oC for 48 hours. Workup and 

purification were followed according to the general procedure to afford 4-chloro-1-isopropyl-3-

(2-(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-b]pyridine as an orange semi-solid. 88% isolated 

yield.  

1H NMR (400 MHz, CDCl3) δ (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) δ (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, J = 274.4 Hz), 118.1, 117.0, 

98.2, 46.0, 22.8, 22.7.  

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

MS (APCI) = 339.1 [M+H]+ for C17H15ClF3N2; experimental 339.3 m/z. 

 

4-chloro-7-isopropyl-6-methyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (1.1o) 

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

7H-pyrrolo[2,3-d]pyrimidine (175 mg, 0.566 mmol, 1.0 equiv) was added 2-

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 oC. Workup 

and purification were followed according to the general procedure to afford 1.1o as a white solid.  

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C20H19ClN3; experimental 336.1 m/z. 

N

N N

Cl

CH3

iPr
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2.1.12 General Chlorination Procedure to Generate Racemic PPYs (R1 = H) 

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

 

Chlorination method is adapted from Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, 

J. L. Org. Lett. 2015, 17 (4), 1042.73 

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 CH2Cl2 or CHCl3. 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-

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

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

21.6 mL CH2Cl2. 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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1H NMR (400 MHz, CDCl3) δ (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) δ (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) δ (ppm) = -61.82.   

MS (APCI) = 374.0 [M+H]+ for C16H13Cl2F3N3; 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 

Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. L. Org. Lett. 

2015, 17 (4), 1042. 29% isolated yield.73 

 

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

The synthesis and spectral data for compound 25 is attained in agreeance with 

Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. L. Org. Lett. 

2015, 17 (4), 1042. 76% isolated yield.73 

 

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-

(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (488 mg, 1.38 mmol, 

1.0 equiv), was added TPPS (41 mg, 0.138 mmol, 0.1 equiv) and dissolved in 

11.38 mL CH2Cl2. After 3 minutes, NCS (203 mg, 1.52 mmol, 1.1 equiv) was 

N

N N

Cl

Cl

tBu

CF3
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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.   

1H NMR (400 MHz, CDCl3) δ (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).  

13C NMR (101 MHz, CDCl3) δ (ppm) = 151.0, 150.8, 150.2, 133.6, 131.6 (q, J = 1.0 Hz), 131.0 

(q, J = 29.6 Hz), 130.0 (q, J = 2.1 Hz), 129.0, 128.5, 126.2 (q, J = 5.0 Hz), 122.5 (q, J = 274.0 Hz), 

116.1, 109.0, 50.4, 29.0, 19.9, 19.8.  

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

MS (APCI) = 388.1 [M+H]+ for C17H15Cl2F3N3; 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-

(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (245 mg, 0.671 mmol, 

1.0 equiv), was added TPPS (19.7 mg,  0.067 mmol, 0.1 equiv) and dissolved 

in 5 mL CH2Cl2. 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.   

1H NMR (400 MHz, CDCl3) δ (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).  

13C NMR (101 MHz, CDCl3) δ (ppm) = 150.9, 150.1, 149.9, 133.6, 131.5, 130.9 (q, J = 30.2 Hz), 

130.2 (q, J = 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) δ (ppm) = -61.59.  

MS (APCI) = 400.1 [M+H]+ for C18H15Cl2F3N3; 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-

7H-pyrrolo[2,3-d]pyrimidine (319 mg, 0.909 mmol, 1.0 equiv), was added TPPS 

(27 mg, 0.0909 mmol, 0.1 equiv) and dissolved in 9.09 mL CHCl3. After 3 

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. 

1H NMR (500 MHz, CDCl3) δ (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, J = 6.9, 4.2 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (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 C15H13BrCl2N3; experimental 386.0 m/z. 

 

4,6-dichloro-7-isopropyl-5-(4-methoxy-2-methylphenyl)-7H-pyrrolo[2,3-d]pyrimidine (33) 

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), 

was added TPPS (27.3 mg, 0.095 mmol, 0.1 equiv) and dissolved in 9.5 mL 

CH2Cl2. 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.  
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1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C17H18Cl2N3O; experimental 350.2 m/z. 

 

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

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 

added TPPS (39 mg, 0.1327 mmol, 0.1 equiv) and dissolved in 13.27 mL CHCl3. 

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.  

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (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 C16H15Cl3N3; 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) 

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 

TPPS (39 mg, 0.1327 mmol, 0.1 equiv) and dissolved in 13.27 mL CHCl3. 

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.  

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C19H16Cl2N3; experimental 335.9 m/z. 

 

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

The synthesis and spectra data of 39 was prepared and obtained in agreeance 

with Smith, D. E.; Marquez, I.; Lokensgard, M. E.; Rheingold, A. L.; Hecht, D.; 

Gustafson, J. L. Angew. Chem. Int. Ed. 2015, 54 (40), 11754.33 Yield is in 

agreeance with report, 81% isolated yield.73. 
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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-

(trifluoromethyl)phenyl)-1H-pyrrolo[2,3-b]pyridine (425 mg, 1.327 mmol, 1.0 

equiv), was added TPPS (39 mg, 0.1327 mmol, 0.1 equiv) and dissolved in 

13.27 mL CHCl3. 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.  

1H NMR (400 MHz, CDCl3) δ (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, J = 7.0 Hz, 1H), 1.74 

(d, J = 7.0 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ (ppm) = 146.5, 142.5, 135.3, 134.0, 131.8, 131.5 (q, J = 2.0 Hz), 

131.3 (q, J = 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) δ (ppm) = -60.90.   

MS (APCI) = 373.1 [M+H]+ for C17H14Cl2F3N3; experimental 372.0 m/z. 

  



62 

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 

 

To -chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidine (534 mg, 1.57 

mmol, 1.0 eq) was added (N)-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.  

1H NMR (500 MHz, CDCl3) δ (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).  

13C NMR (126 MHz, CDCl3) δ (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.  

19F NMR (376 MHz, CDCl3) δ (ppm) = -60.62.  

MS (APCI) = 418.0 [M+H]+ for C16H13BrClF3N3; experimental 420.0 m/z. 
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2.1.14 Stille Coupling Procedure of 41 to yield 43 

Equation 13. General Scheme for Stille Coupling 

 

To (±)-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)4 (554.5 mg, 0.48 mmol, 0.1 equiv) was added. The reaction was left 

overnight to stir (~16 hrs) at 110oC. 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 Na2SO4 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.  

1H NMR (400 MHz, CDCl3) δ (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, J = 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, J = 7.0, 2.4 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (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.  

19F NMR (470 MHz, CDCl3) δ (ppm) = -60.58.  

MS (APCI) = 366.1 [M+H]+ for C18H16ClF3N3; experimental 365.6 m/z. 
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2.1.15 Procedure for the -CF2H addition Towards 46 

Equation 14. Ketone to DAST Synthesis towards Difluoromethyl Analogue 

 

Step 1. To 1.1l (495 mg, 1.35 mmol, 1.0 equiv) was added K2OsO4 (49.7 mg, 0.135 mmol, 

0.1 equiv) and NaIO4 (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 Na2SO4. 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 C17H14ClF3N4O; 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 μL, 0.908 

mmol, 1.6 equiv) in 4.25 mL CH2Cl2. The reaction was stirred at 0oC, 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 Na2SO4. 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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1H NMR (400 MHz, CDCl3) δ (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) δ (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) δ (ppm) = -60.00, -110.07, -111.04, -113.34, -114.17.  

MS (APCI) = 390.1 [M+H]+ for C17H14ClF5N3; experimental 389.5 m/z. 

2.1.16 Nitration Procedure Towards 48 

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

 

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 NH4NO2 (1.27 mg, 15.89 mmol, 4.5 equiv), 9.0 mL TFAA, and 35 

mL dry CH2Cl2. 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 Na2SO4 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.  

1H NMR (500 MHz, CDCl3) δ (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, J = 6.9 Hz, 1H), 1.84 (t, J = 7.1 Hz, 6H). 
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13C NMR (126 MHz, CDCl3) δ (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), 126.3 (q, J = 5.2), 123.7 (q, J = 273.3), 114.8, 112.8, 51.7, 21.1.  

19F NMR (376 MHz, CDCl3) δ (ppm) = -61.88.  

MS (APCI) = 385.1 [M+H]+ for C16H13ClF3N4O2; 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 PPYs 

 

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 oC 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 

added 10% mol catalyst 15 (3.01 mg, 0.00686 mmol, 0.1 equiv) and K2HPO4 

(169.0 mg, 0.970 mmol, 14.5 equiv). The mixture was suspended in 668 µL 

MTBE. After 3 minutes of stirring, PhSH (58 µL, 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 K2HPO4 (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). 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (ppm) = -61.56.  

MS (APCI) = 448.1 [M+H]+ for C22H13ClF3N3S; experimental 448.1 m/z. 

6-chloro-7-methyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-

d]pyrimidine (24) 

Following the general procedure: to 23 (25 mg, 0.0723 mmol, 1.0 equiv), was 

added 10% mol catalyst 15 (3.26 mg, 0.00723 mmol, 0.1 equiv) and K2HPO4 

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

MTBE. After 3 minutes of stirring, PhSH (63 µL, 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). 

1H NMR (500 MHz, CDCl3) δ (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) δ (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.  

19F NMR (470 MHz, CDCl3) δ (ppm) = -60.71.  

MS (APCI) = 420.1 [M+H]+ for C20H14ClF3N3S; 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 

added 10% mol catalyst 15 (2.91 mg, 0.00644 mmol, 0.1 equiv) and K2HPO4 

(163.0 g, 0.0935 mmol, 14.5 equiv). The mixture was suspended in 644 mL 

MTBE. After 3 minutes of stirring, PhSH (56 µL, 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). 

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (ppm) = -61.89.  

MS (APCI) = 462.1 [M+H]+ for C23H20ClF3N3S; experimental 461.2 m/z. 

 

6-chloro-7-isobutyl-4-(phenylthio)-5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-

d]pyrimidine (27) 

Following the general procedure: to 27 (25 mg, 0.0644 mmol, 1.0 equiv), was 

added 10% mol catalyst 15 (2.91 g, 0.00644 mmol, 0.1 equiv) and K2HPO4 

(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 µL, 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). 

1H NMR (500 MHz, CDCl3) δ (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, J = 14.0, 6.7 Hz, 1H), 0.95 (d, J = 7.7 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (ppm) = 160.2, 151.0, 147.8, 135.3, 133.9, 131.7, 131.5, 131.4, 

131.3, 131.0, 130.9 (q, J = 1.9 Hz), 129.2, 129.1, 129.0, 128.3, 126.2 (q, J = 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) δ (ppm) = -60.61.  

MS (APCI) = 462.1 [M+H]+ for C23H20ClF3N3S; 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 

added 10% mol catalyst 15 (2.82 mg, 0.00625 mmol, 0.1 equiv) and K2HPO4 

(332.2 mg, 0.906 mmol, 14.5 equiv). The mixture was suspended in 625 µL 

MTBE. After 3 minutes of stirring, PhSH (54 µL, 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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1H NMR (400 MHz, CDCl3) δ (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) δ (ppm) = 160.0, 150.4, 147.6, 135.2, 133.9, 131.5, 131.4, 131.2 (q, 

J = 1.9 Hz), 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, CDCl3) δ (ppm) = -61.66.  

MS (APCI) = 474.1 [M+H]+ for C24H20ClF3N3S; experimental 473.5 m/z. 

 

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

Following the general procedure: to 31 (25 mg, 0.0649 mmol, 1.0 equiv), was 

added 10% mol catalyst 15 (2.93 mg, 0.00649 mmol, 0.1 equiv) and K2HPO4 

(164 mg, 0.942 mmol, 0.1 equiv). The mixture was suspended in 649 µL MTBE. 

After 3 minutes of stirring, PhSH (56 µL, 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). 

1H NMR (500 MHz, CDCl3) δ (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, J = 7.0 Hz, 1H), 1.74 

(dd, J = 7.0, 2.1 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (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 C21H18BrClN3S; 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) 

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 K2HPO4 

(180.3 mg, 0.607 mmol, 14.5 equiv). The mixture was suspended in 714 µL 

MTBE. After 3 minutes of stirring, PhSH (62 µL, 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).  

1H NMR (400 MHz,  CDCl3) δ (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, J = 7.0, 2.0 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (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 C23H23ClN3OS; experimental 423.5 m/z. 

 

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

d]pyrimidine (36) 

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 K2HPO4 

(178.0 mg, 1.02 mmol, 14.5 equiv). The mixture was suspended in 705 µL 

MTBE. After 3 minutes of stirring, PhSH (61 µL, 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). 

1H NMR (500 MHz, CDCl3) δ (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, J = 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 = 7.0, 3.7 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ (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 C22H20Cl2N3S; 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 

added 10% mol catalyst 15 (3.16 mg, 0.00702 mmol, 0.1 equiv) and K2HPO4 

(177.2 g, 1.02 mmol, 14.5 equiv). The mixture was suspended in 702 µL 

MTBE. After 3 minutes of stirring, PhSH (61 µL, 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 K2HPO4 (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). 

1H NMR (500 MHz, CDCl3) δ (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 = 6.9, 5.0 Hz, 6H).  

13C NMR (126 MHz, CDCl3) δ (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 C25H21ClN3S; experimental 429.5 m/z. 

 

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

d]pyrimidine (40) 

Following the general procedure: to 39 (100 mg, 0.227 mmol, 1.0 equiv), was 

added 10% mol catalyst 15 (10.2 mg, 0.0227 mmol, 0.1 equiv) and K2HPO4 (572 

mg, 3.29 mmol, 14.5 equiv). The mixture was suspended in 2.27 mL MTBE. 

After 3 minutes of stirring, PhSH (197 µL, 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). 

1H NMR (400 MHz, CDCl3) δ (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 = 8.8 Hz, 1H), 3.85 (s, 3H), 2.53 – 2.39 (m, 2H), 2.10 (ddd, J = 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, CDCl3) δ (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 C24H22BrClN3S; 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 

added 10% mol catalyst 15 (5.39 mg, 0.0119 mmol, 0.1 equiv) and K2HPO4 

(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 µL, 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 K2HPO4 (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). 

1H NMR (400 MHz, CDCl3) δ (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, J = 7.0, 

2.2 Hz, 6H).  
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13C NMR (126 MHz, CDCl3) δ (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) δ (ppm) = -60.39.  

MS (APCI) = 492.0 [M+H]+ for C22H18BrF3N3; 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 

added 10% mol catalyst 15 (6.16 mg, 0.00137 mmol, 0.1 equiv) and K2HPO4 

(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 µL, 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). 

1H NMR (400 MHz, CDCl3) δ (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 = 7.0, 3.5 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ (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) δ (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 

added 10% mol catalyst 15 (2.89 mg, 0.00641 mmol, 0.1 equiv) and K2HPO4 

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

MTBE. After 3 minutes of stirring, PhSH (56 µL, 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). 

1H NMR (400 MHz, CDCl3) δ (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, J = 6.7 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ (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.  

19F NMR (376 MHz, CDCl3) δ (ppm) = -59.77, -109.23, -110.20, -112.67, -113.50.  

MS (APCI) = 464.1 [M+H]+ for C23H28F5N3S; 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 

added 10% mol catalyst 15 (5.86 mg, 0.130 mmol, 0.2 equiv) and K2HPO4 

(9.65 mg, 0.056 mmol, 0.85 equiv). The mixture was suspended in 578 mL 

MTBE. The reaction was cooled to 4 oC and stirred for 3 minutes. PhSH (72 µL, 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 oC 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). 

1H NMR (500 MHz, CDCl3) δ (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, J = 6.3 Hz, 1H), 1.82 – 1.78 

(m, 6H).  

13C NMR (126 MHz, CDCl3) δ (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) δ (ppm) = -61.87.  

MS (APCI) = 459.1 [M+H]+ for C22H18F3N4O2S; 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 K2HPO4 

(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 µL, 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 

added 10% mol catalyst 15 (3.02 mg, 0.00670 mmol, 0.1 equiv) and K2HPO4 

(169 mg, 0.972 mmol, 14.5 equiv). The mixture was suspended in 670 µL 

MTBE. After 3 minutes of stirring, PhSH (58 µL, 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 (Sa)-19 to 54 

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

 

    Step 1. To 1.0 equiv of (Sa)-19 was added 20.0 equiv of 2,4-dimethoxybenzylamine and ~0.4 

M CH2Cl2. The reaction was stirred at room temperature for 2-4 days. The reaction was quenched 

with saturated aqueous citric acid and diluted with CH2Cl2. The organic layer was extracted out 

N N

SPh

iPr

Cl

CF3
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and then partitioned with brine. The organic layers were recombined, dried with Na2SO4, 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 CH2Cl2, and the 

reaction was stirred at room temperature. After about 5 hours to overnight, the resulting mixture 

was cooled down to 0 oC and diluted with CH2Cl2. 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 Na2SO4. 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 

0.53 M (1.96 mL) CH2Cl2, 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 

CH2Cl2. 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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1H NMR (500 MHz, CDCl3) δ (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) δ (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) δ (ppm) = -60.72.  

MS (APCI) = 355.1 [M+H]+ for C16H15ClF3N4; 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) 

was added 2,4-dimethoxybenzylamine (4.23 mL, 28.6 mmol, 20.0 equiv) and 

0.72 M (2.0 mL) CH2Cl2, and the reaction was left to stir for 60 h at room 

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 CH2Cl2. 

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.  

1H NMR (400 MHz, CDCl3) δ (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, J = 8.2, 6.8, 1.4 Hz, 1H), 5.23 (hept, J = 6.8 Hz, 1H), 4.96 (s, 

2H), 1.77 (dd, J = 7.0, 3.9 Hz, 6H).   

13C NMR (101 MHz, CDCl3) δ (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 C19H18ClN4; experimental 336.7 m/z. 

 



82 

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 

added 2,4-dimethoxybenzylamine (433 µL, 2.93 mmol, 20.0 equiv) and 0.25 M 

(260 µL) CH2Cl2, 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 (75.5 mg, 0.138 mmol, 1.0 equiv) was added 922 µL TFA and 307 µL 

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. 2015.33 

 

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 

added 2,4-dimethoxybenzylamine (9.30 mL, 62.7 mmol, 20.0 equiv) and 0.31 

M (9.30 mL) CH2Cl2, and the reaction was left to stir for 112 h at room 

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 CH2Cl2. 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.  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.24 (s, 1H), 7.85 (d, J = 7.0 Hz, 1H), 7.70 – 7.58 (m, 2H), 

7.44 (d, J = 7.4 Hz, 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) δ (ppm) = 154.9, 149.7, 149.6, 133.6, 132.2 (q, J = 1.2 Hz), 132.1 

(q, J = 2.0 Hz), 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) δ (ppm) = -60.50.  

MS (APCI) = 399.0 [M+H]+ for C16H15BrF3N4; 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) 

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

M (65 µL) CH2Cl2, and the reaction was left to stir for 48 h at room 

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 µL TFA and 9.0 µL 

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.  

1H NMR (500 MHz, CDCl3) δ (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) δ (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.  

19F NMR (470 MHz, CDCl3) δ (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 C17H16F5N4; 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 

 

Step 1. To 1.0 equiv of (Ra)-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 Na2SO4. 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 CH2Cl2. The reaction was stirred at room temperature for 2-4 days. The reaction was 

quenched with saturated aqueous citric acid and diluted with CH2Cl2. The organic layer was 

extracted out and then partitioned with brine. The organic layers were recombined, dried with 

Na2SO4, 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 CH2Cl2, and 

the reaction was stirred at room temperature. After about 5 hours to overnight, the resulting mixture 

was cooled down to 0 oC and diluted with CH2Cl2. 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 Na2SO4. 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 (Ra)-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) 

was added mCPBA (794 mg, 4.603 mmol, 4.5 equiv) and 10 mL EtOAc. The 

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) 

CH2Cl2, 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 CH2Cl2. 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) 

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

added mCPBA (1.08 g, 6.26 mmol, 4.5 equiv) and 11.4 mL EtOAc. The reaction 

was stirred at room temperature for 90 h. Workup and purification was followed 

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) CH2Cl2, 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 CH2Cl2. 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 

reaction was stirred at room temperature for 20 h. Workup and purification was 

followed according to Step 1. To this sulfone (94.5 mg, 0.181 mmol, 1.0 equiv) 

was added 2,4-dimethoxybenzylamine (573 µL, 3.63 mmol, 20.0 equiv) and 0.7 

M (260 µL) CH2Cl2, 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 µL TFA and 158 µL CH2Cl2. The reaction was left to stir at room 



87 

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, I.; 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 

added mCPBA (2.32 g, 13.4 mmol, 4.5 equiv) and 16.6 mL EtOAc. The 

reaction was stirred at room temperature for 40 h. Workup and purification 

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) CH2Cl2, 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 mLCH2Cl2. 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 

 

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 Na2SO4. 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 

mL THF was added Boc2O (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.  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.85 (s, 1H), 7.92 (dd, J = 6.1, 3.4 Hz, 1H), 7.89 (d, J = 

7.7 Hz, 1H), 7.59 (d, J = 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, CDCl3) δ (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 C29H34ClN4O4; 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 Boc2O (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 

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.  

1H NMR (400 MHz, CDCl3) δ (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) δ (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, J = 274.8 Hz), 117.9, 116.5, 112.1, 

83.5, 50.6, 28.0, 21.2, 21.2.  

19F NMR (470 MHz, CDCl3) δ (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 

mL THF was added Boc2O (589 mg, 1.35 mmol, 5.0 equiv) and DMAP (4.3 

mg, 0.035 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. 

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

 

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

Equation 20. C-2 Methylation of PPYs (1) 

 

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 MeMgI (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 (Sa-57) 

Following the general procedure: to (Sa)-atropisomer of 6-bromo-7-isopropyl-

5-(2-(trifluoromethyl)phenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (60 mg, 0.1 

mmol, 1.0 equiv) in 0.5 mL (0.2 M) dry toluene was 2.5 mol% Pd(I) dimer 

catalyst (2.0 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.  

1H NMR (400 MHz, CDCl3) δ (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) δ (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) δ (ppm) = -61.99.  

MS (APCI) = 335.2 [M+H]+ for C17H18F3N4; experimental 334.7 m/z. 

 



92 

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 (Ra)-

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

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

overall yield. 

 

 

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

Equation 21. Arylation of PPYs 

 

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 K3PO4 (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 CH2Cl2. The 

resulting organic layer was extracted out, dried with Na2SO4 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 (Sa-58) 

Following the general procedure: to (Sa)-atropisomer of 6-bromo-7-isopropyl-5-

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

mmol, 1.0 equiv) was added phenylboronic acid (24 mg, 0.2 mmol, 2.0 equiv), 

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.  

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (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)-

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

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

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) 

 

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 O2 to argon, and degassed toluene was subsequently added. After two minutes of stirring 

at r.t., 3.4 equiv of 3 M MeMgI was added dropwise. The reaction was heated to 40 oC and stirred 

at this temperature for 1 h. An additional 3.4 equiv of 3 M MeMgI 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 (Sa-59) 

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

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

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

mol% Pd-PEPPSI-IPent catalyst (4.4 mg, 0.005 mmol). The reaction apparatus 



95 

was then purged of O2 to argon, and degassed toluene was subsequently added. After two minutes 

of stirring at r.t., 3.4 equiv of 3 M MeMgI was added dropwise. The reaction was heated to 40 oC 

and stirred at this temperature for 1 h. An additional 125 µL 3 M MeMgI (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.  

1H NMR (400 MHz, CDCl3) δ (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, J = 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, CDCl3) δ (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) 

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

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

7H-pyrrolo[2,3-d]pyrimidin-4-yl)carbamate and obtained in agreeance with 

(Sa)-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 (Grac) 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:9  

Enantiomerically enriched atropisomeric analogue of interest (<50 mg) was dissolved in 

~1.5 mL of high boiling solvents i.e., toluene (PhMe), diphenylether (Ph2O). 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 µL 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 

Grac measurement is determined from an average of two experiments. 

 

Barrier to Racemization (Grac) and Half-Life to Racemization (t½) 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: 

 

𝑘௢௕௦ =
ln ቀ

1
𝑒𝑒%

ቁ

𝑡
 

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

 

𝑘௥௔௖ =
𝑘௢௕௦
2

 

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

 

The average krac was determined by taking the average of the krac of each trial. From this, 

substitution into the Eyring equation was performed to determine the barrier to rotation, in which 

ΔG is the barrier to rotation measurement, R is the gas constant, T is the constant temperature, kb 

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

 

Δ𝐺௥௔௖ = 𝑅𝑇 ln ൬
𝑇𝑘௕
𝑘௥௔௖ℎ

൰ 

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

atropisomeric compounds), Grac. 

 

To determine t1/2 at 37 oC (physiological temperatures), the calculated Grac is then factored 

into this below equation in which t1/2 is the half-life to racemization in seconds. This unit can be 

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

 

𝑡ଵ
ଶൗ
=

൭
𝑘௕𝑇𝑒

ି୼ீೝೌ೎
ோ்

ln 2
൱

ln 2
 

Equation 26. Half-life to racemization for atropisomeric compounds. 

  



98 

 

 

 

Figure 9. Barrier to Racemization of 21 at 140 oC, Ph2O (1st order Racemization) 

Table 6. Time-dependent Enantiodegredation of 21 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 6.97×10-5, Average krac = 3.48×10-5   
Calculated Average ΔG = 33 kcal mol-1 (i.e., 32.9 kcal mol-1) 
Calculated t1/2 (37 oC) = 505.2 yr (or 184,386 d)  

y = 5.93E-05x - 4.17E+00
R² = 9.80E-01

y = 8.00E-05x - 4.23E+00
R² = 9.91E-01
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Figure 10. Barrier to Racemization of 22 at 140 C, Ph2O (1st order Racemization) 

Table 7. Time-dependent Enantiodegredation of 22 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 -3.903345464 

 

Average kobs = 5.42×10-5, Average krac = 2.71×10-5   
Calculated Average ΔG = 33 kcal mol-1 (i.e., 33.1 kcal mol-1) 
Calculated t1/2 (37 oC) = 706.6 yr (or 259,914 d) 
  

y = 5.32E-05x - 4.36E+00
R² = 9.73E-01

y = 5.52E-05x - 4.36E+00
R² = 9.44E-01
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Figure 11. Barrier to Racemization of 60 at 125 oC, Ph2O (1st order Racemization) 

Table 8. Time-dependent Enantiodegredation of 60 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 2.31×10-5, Average krac = 1.15×10-5   
Calculated Average ΔG = 31 kcal mol-1 (i.e., 30.7 kcal mol-1) 
Calculated t1/2 (37 oC) = 14.9 yr (or 5,441 d) 
 

*At steady-state kinetics, no observable ee% change is observed   

y = 2.20E-04x - 4.49E+00
R² = 9.86E-01

y = 2.42E-04x - 4.49E+00
R² = 9.95E-01
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Figure 12. Barrier to Racemization of 61 at 125 oC, Ph2O (1st order Racemization) 

Table 9. Time-dependent Enantiodegredation of 61 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 4.66×10-5, Average krac = 2.23×10-5  
Calculated Average ΔG = 28 kcal/mol (i.e., 27.9 kcal/mol) 
Calculated t1/2 (37 oC) = 0.148 yr (or 54 d) 
 
  

y = 4.42E-05x - 4.22E+00
R² = 9.91E-01

y = 4.90E-05x - 4.20E+00
R² = 9.79E-01
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Figure 13. Barrier to Racemization of 64 at 127 oC, Ph2O (1st order Racemization) 

Table 10. Time-dependent Enantiodegredation of 64 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 2.39×10-5, Average krac = 1.19×10-5   
Calculated Average ΔG = 33 kcal/mol (i.e., 32.7 kcal/mol) 
Calculated t1/2 (37 oC) = 360.5 yr (or 131,580 d) 
 
  

y = 2.32E-05x - 4.53E+00
R² = 9.94E-01

y = 2.45E-05x - 4.54E+00
R² = 9.90E-01
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Figure 14. Barrier to Racemization of 57 at 140 oC, Ph2O (1st order Racemization) 

Table 11. Time-dependent Enantiodegredation of 57 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 3.41×10-4, Average krac = 1.71×10-4   
Calculated Average ΔG = 32 kcal/mol (i.e., 31.6 kcal/mol) 
Calculated t1/2 (37 oC) = 60.9 yr (or 22,217 d) 
 
  

y = 3.65E-04x - 4.29E+00
R² = 9.88E-01

y = 3.18E-04x - 4.30E+00
R² = 9.58E-01
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Figure 15. Barrier to Racemization of 58 at 140 oC, Ph2O (1st order Racemization) 

Table 12. Time-dependent Enantiodegredation of 58 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 7.53×10-5, Average krac = 3.77×10-5   
Calculated Average ΔG = 33 kcal/mol (i.e., 32.9 kcal/mol) 
Calculated t1/2 (37 oC) = 455.4 yr (or 166,221 d) 
  

y = 7.78E-05x - 4.29E+00
R² = 9.74E-01

y = 7.28E-05x - 4.27E+00
R² = 9.40E-01
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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 µM DTT, 25 mM MgCl2, and 2mM MnCl2 in a white flat-bottom 96-well plate. Kinase 

(1.2 µg/mL), substrate (200 µg/mL), ATP (50 µM) and inhibitor were combined in a total reaction 

volume of 25 µL 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. 

 

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. 
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[a]  

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

(Sa)-57 

(Ra)-57 

(Sa)-57 

(Ra)-57 
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[a]  

[b]  
 
Figure 18. Dose-response curve for enantioenriched 59 in [a] Brk and [Src] kinase. 

(Sa)-59 

(Ra)-59 

(Sa)-59 

(Ra)-59 
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[a]  
 

[b]  
 
Figure 19. Dose-response curve for enantioenriched 59 in [a] Brk and [Src] kinase. 

(Sa)-59* 

(Ra)-59* 

(Sa)-59* 

(Ra)-59* 
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2.1.26 NMR Spectra 
 

1H, 13C, and 19F Spectral Data of 4-chloro-7-isopropyl-5-(2-(trifluoromethyl)phenyl)-7H-

pyrrolo[2,3-d]pyrimidine 
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1H, 13C, and 19F Spectral Data of 4-chloro-7-isobutyl-5-(2-(trifluoromethyl)phenyl)-7H-

pyrrolo[2,3-d]pyrimidine 

 

 



111 
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1H, 13C, and 19F Spectral Data of 4-chloro-7-cyclopentyl-5-(2-(trifluoromethyl)phenyl)-

7H-pyrrolo[2,3-d]pyrimidine 
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1H and 13C Spectral Data of 5-(2-bromophenyl)-4-chloro-7-isopropyl-7H-pyrrolo[2,3-

d]pyrimidine 

 



114 

 

 
1H and 13C Spectral Data of 4-chloro-7-isopropyl-5-(4-methoxy-2-methylphenyl)-7H-

pyrrolo[2,3-d]pyrimidine 
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1H and 13C Spectral Data of 4-chloro-5-(2-chloro-4-methylphenyl)-7-isopropyl-7H-

pyrrolo[2,3-d]pyrimidine 
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1H and 13C Spectral Data of 4-chloro-7-isopropyl-5-(naphthalen-1-yl)-7H-pyrrolo[2,3-

d]pyrimidine 
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1H / 13C Spectral data of 4-chloro-3-iodo-1-isopropyl-1H-pyrrolo[2,3-b]pyridine 
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1H, 13C, and 19F Spectral data of 4-chloro-1-isopropyl-3-(2-(trifluoromethyl)phenyl)-1H-

pyrrolo[2,3-b]pyridine 
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1H, 13C, and 19F Spectra Data of 21 
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1H, 13C, and 19F Spectral Data of 23 
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1H, 13C, and 19F Spectral Data of 25 
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1H and 13C Spectral Data of 27 
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1H and 13C Spectral Data of 29 
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1H and 13C Spectral Data of 31 
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1H and 13C Spectral Data of 33 
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1H, 13C, and 19F Spectral Data of 35 
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1H, 13C, and 19F Spectral Data of 37 
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1H, 13C, and 19F Spectral Data of 39 
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Observed 19F splitting is due to diastereotopic fluorine atoms. 
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1H, 13C, and 19F (referenced to trifluorotoluene) Spectral Data of 48 
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1H and 13C Spectral Data of 4-chloro-5-iodo-7-isopropyl-6-methyl-7H-pyrrolo[2,3-
d]pyrimidine 
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1H and 13C Spectral Data of 50 
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1H, 13C, and 19F Spectral data of 52 
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1H, 13C, and 19F (referenced to TFA) Spectral Data of 22 
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1H, 13C, and 19F (referenced to TFA) Spectral Data of 24 
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1H, 13C, and 19F (referenced to TFA) Spectral Data of 26 
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1H, 13C, 19F Spectral data of 28 
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1H, 13C, and 19F (referenced to TFA) Spectral Data of 30 
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1H and 13C Spectral Data of 32 
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1H and 13C Spectral Data of 34 
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1H and 13C Spectral Data of 36 
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1H and 13C Spectral Data of 38 
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1H and 13C Spectral Data of 40 
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1H, 13C, and 19F Spectral Data of 42 
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1H, 13C, and 19F Spectral Data of 44 
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1H, 13C, and 19F Spectral Data of 46 
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Observed 19F splitting is due to diastereotopic fluorine atoms. 
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1H, 13C, and 19F (referenced to trifluorotoluene) Spectral Data of 46  
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1H, 13C, and 19F Spectral Data of 60 
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1H and 13C Spectral Data of 61 
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1H, 13C, and 19F Spectral Data of 64 

 
 

 



160 

 
 
1H, 13C, and 19F Spectral Data of 47 

ee-SM 45 was aminated to yield (Sa)-47 for s-factor determination via HPLC analysis. 
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Observed 19F splitting is due to diastereotopic fluorine atoms. 
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1H, 13C, and 19F (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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1H, 13C, and 19F (referenced to TFA) Spectral Data of 57 
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1H, 13C, and 19F (referenced to TFA) Spectral Data of 58 
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1H, 13C, and 19F Spectral Data of tert-butyl (tert-butoxycarbonyl)(6-chloro-7-isopropyl-5-
(naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)carbamate 
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1H and 13C Spectral Data of 59 
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169 

2.1.27 Chiral HPLC Traces 

 

major enantiomer,  

(Sa)-21 

21 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 5.1 min (minor) 

and tR = 5.4 min (major). 

 

  Determined 6.5:93.5 e.r., 87 ee% 

 

Racemic Standard of 21 

 

 

 
Sample HPLC of 21 
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major enantiomer,  

(Ra)-22 

22 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.6 min (minor) 

and tR = 7.1 min (major). 

 

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

 

Racemic Standard of 22 

 

 

 
Sample HPLC of 22 
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major enantiomer,  

60 

60 was measured with HPLC analysis using Chiralpak IA 

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

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

 

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

 

Racemic Standard of 60 

 

 

 
Sample HPLC of 60 
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major enantiomer,  

64 

64 was measured with HPLC analysis using Chiralpak IA 

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

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

 

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

 

Racemic Standard of 64 

 

 

 
Sample HPLC of 64 
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major enantiomer,  

(Sa)-23 

 23 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 7.6 min (minor) 

and tR = 11.2 min (major). 

 

  Determined 10.4:89.6 e.r., 79.2 ee% 

 

Racemic Standard of 23 

 

 

 
Sample HPLC of 23 

 

 



174 

 

major enantiomer,  

(Ra)-24 

24 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 24 

 

 

 
Sample HPLC of 24 
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major enantiomer,  

(Sa)-25 

25 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 25 

 

 

 
Sample HPLC of 25 
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major enantiomer,  

(Ra)-26 

26 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 26 

 

 

 
Sample HPLC of 26 
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major enantiomer,  

(Sa)-27 

27 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 27 

 

 

 
Sample HPLC of 27 
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major enantiomer,  

(Ra)-28 

28 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 28 

 

 

 
Sample HPLC of 28 
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major enantiomer,  

(Sa)-29 

29 was measured with HPLC analysis using Chiralpak IC 

Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.6 (major) and 

tR = 6.9 min (minor). 

 

  Determined 6.0:94.0 e.r., 88 ee% 

 

Racemic Standard of 29 

 

 

 
Sample HPLC of 29 
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major enantiomer, 

(Ra)-30 

30 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 30 

 

 

 
Sample HPLC of 30 

 

 



181 

 

major enantiomer,  

(Sa)-31 

31 was measured with HPLC analysis using Chiralpak IC 

Hexanes/EtOH (99.5:0.5), flow rate = 0.7 mL/min, tR = 15.2 

(minor) and tR = 16.7 min (major). 

 

  Determined 1.7:98:3 e.r., 96.6 ee% 

 

Racemic Standard of 31 

 

 

 
Sample HPLC of 31 
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major enantiomer,  

(Ra)-32 

32 was measured with HPLC analysis using Chiralpak IA 

Hexanes/EtOH (98:2), flow rate = 0.5 mL/min, tR = 11.3 (minor) 

and tR = 11.9 min (major). 

 

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

 

Racemic Standard of 32 

 

 

 
Sample HPLC of 32 
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major enantiomer,  

(Sa)-33 

33 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 1.0:99.0 e.r., 98 ee% 

 

Racemic Standard of 33 

 

 

 
Sample HPLC of 33 
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major enantiomer,  

(Ra)-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% 

 

Racemic Standard of 34 

 

 

 
Sample HPLC of 34 
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major enantiomer,  

(Sa)-35 

35 was measured with HPLC analysis using Chiralpak IC 

Hexanes/EtOH (99.5:0.5), flow rate = 1.0 mL/min, tR = 13.2 

(minor) and tR = 14.4 min (major). 

 

  Determined 4.4:95.6 e.r., 91.2 ee% 

 

Racemic Standard of 35 

 

 

 
Sample HPLC of 35 
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major enantiomer,  

(Ra)-36 

36 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (98.2), flow rate = 0.7 mL/min, tR = 5.5 (minor) and 

tR = 6.0 min (major). 

 

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

 

Racemic Standard of 36 

 

 

 
Sample HPLC of 36 
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major enantiomer, 

(Sa)-37 

37 was measured with HPLC analysis using Chiralpak IA 

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 ee% 

 

Racemic Standard of 37 

 

 

 
Sample HPLC of 37 
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major enantiomer,  

(Ra)-38 

38 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (98:2), flow rate = 1.0 mL/min, tR = 6.3 (minor) and 

tR = 7.0 min (major). 

 

  Determined 23.5:76.5 e.r., 53 ee% 

 

Racemic Standard of 38 

 

 

 
Sample HPLC of 38 
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major enantiomer,  

(Sa)-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% 

 

Racemic Standard of 62 

 

 

 
Sample HPLC of 62 
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major enantiomer,  

(Ra)-65 

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). 

 

  Determined 15.5:84.5 e.r., 69 ee% 

 

Racemic Standard of 65 

 

 

 
Sample HPLC of 65 
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major enantiomer,  

(Sa)-59 

59 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (80:20), flow rate = 1.0 mL/min, tR = 7.3 (minor) and 

tR = 9.0 min (major). 

 

  Determined 15.6:84.4 e.r., 68.8 ee% 

 

Racemic Standard of 59 

 

 

 
Sample HPLC of (Sa)-59 
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major enantiomer,  

(Ra)-59 

(Ra)-59 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (80:20), flow rate = 1.0 mL/min, tR = 7.3 (minor) and 

tR = 9.0 min (major). 

 

  Determined 93.0:7.0 e.r., 86.0 ee% 

 

Racemic Standard of 59 

 

 

 
Sample HPLC of (Ra)-59 
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(Sa)*59 [*enantiopure] 

Chiral Trace of (Sa)*59 after further purification on a semi-

preparative Chiralpal IA column (Hexanes/EtOH (80:20), flow rate 

= 3.0 mL/min).        

 (Sa)*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 

 

 
 

Sample HPLC of (Sa)*59 
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(Ra)*59 [*enantiopure] 

Chiral Trace of (Ra)*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 

 

 
 

Sample HPLC of (Ra)*59 
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major enantiomer,  

(Sa)-39 

39 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). 

 

  Determined 93.9:6.1 e.r., 87.8 ee% 

 

Racemic Standard of 39 

 

 
 

Sample HPLC of (Ra)-39 

 

 



196 

 

major enantiomer,  

(Ra)-40 

40 was measured with HPLC analysis using Chiralpak IA 

Hexanes/EtOH (98.2), flow rate = 1.0 mL/min, tR = 10.7 min 

(major) and tR = 13.8 min (major). 

 

  Determined 88.4:11.6 e.r., 76.8 ee% 

 

Racemic Standard of 40 

 

 
 

Sample HPLC of (Ra)-40 
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major enantiomer,  

62 

For the assignment of stereochemistry, please see crystal structure 

of 62 in Smith, D. E.; Marquez, I.; 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). 

  Determined 96.7:3.3 e.r., 93.4 ee% 

 

Racemic Standard of 62 

 

 

Sample HPLC of 62 
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major enantiomer,  

66 

For the assignment of stereochemistry, please see crystal structure 

of 66 in Smith, D. E.; Marquez, I.; 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). 

  Determined 96.7:3.3 e.r., 93.4 ee% 

 

Racemic Standard of 66 

 

 

Sample HPLC of 66 
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major enantiomer, 

(Sa)-41 

41 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (98.5:1.5), flow rate = 0.7 mL/min, tR = 8.3 (minor) 

and tR = 8.8 min (major). 

 

  Determined 11.0:89.0, 78 ee% 

 

Racemic Standard of 41 

 

 

 
Sample HPLC of 41 
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major enantiomer,  

(Sa)-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% 

 

Racemic Standard of 42 

 

 

 
Sample HPLC of 42 
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major enantiomer,  

63 

63 was measured with HPLC analysis using Chiralpak IC 

Hexanes/IPA (98.5:1.5), flow rate = 0.7 mL/min, tR = 6.9 (major) 

and tR = 7.2 min (minor). 

 

  Determined 92.9:7.1, 85.8 ee% 

 

Racemic Standard of 63 

 

 

 
Sample HPLC of 63 

 



202 
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major enantiomer,  

67 

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) 

and tR = 7.2 min (minor). 

 

  Determined 2.1:97.9, 95.8 ee% 

 

Racemic Standard of 67 

 

 

 
Sample HPLC of 67 
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major enantiomer,  

(Sa)-57 

(Sa)-57 was measured with HPLC analysis using Chiralpak IA 

Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 8.0 min 

(minor) and tR = 9.1 min (major). 

 

  Determined 8.8:91.2, 82.4 ee% 

 

Racemic Standard of 57 

 

 

 
Sample HPLC of (Sa)-57 
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major enantiomer,  

(Ra)-57 

(Ra)-57 was measured with HPLC analysis using Chiralpak IA 

Hexanes/EtOH (80:20), flow rate = 1.0 mL/min, tR = 8.0 min 

(minor) and tR = 9.1 min (major). 

 

  Determined 95.7:4.3, 91.4 ee% 

 

Racemic Standard of 57 

 

 

 
Sample HPLC of (Ra)-57 
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major enantiomer,  

(Ra)-58 

(Sa)-58 was measured with HPLC analysis using Chiralpak IA 

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, 82.6 ee% 

 

Racemic Standard of 58 

 

 

 
Sample HPLC of (Ra)-58 
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major enantiomer,  

(Sa)-58 

(Sa)-58 was measured with HPLC analysis using Chiralpak IA 

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% 

 

Racemic Standard of 58 

 

 

 
Sample HPLC of (Sa)-58 
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major enantiomer,  

(Sa)-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% 

 

Racemic Standard of 43 

 

 

 
Sample HPLC of 43 
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major enantiomer,  

(Ra)-44 

44 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (99:1), flow rate = 0.7 mL/min, tR = 11.4 (major) and 

tR = 12.7 min (minor). 

 

  Determined 16.8:83.2, 66.4 ee% 

 

Racemic Standard of 44 

 

 

 
Sample HPLC of 44 
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major enantiomer,  

(Sa)-47 

Note: 45 was aminated to yield (Sa)-47 for s-factor determination 

via HPLC analysis. 45 was not observable on HPLC. 

  (Sa)-47 was measured with HPLC analysis using Chiralpak 

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% 

 

Racemic Standard of 47 

 

 

 
Sample HPLC of (Sa)-47 
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major enantiomer, 

(Sa)-46 

46 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (99:1), flow rate = 0.7 mL/min, tR = 11.3 (minor) and 

tR = 11.7 min (major). 

 

  Determined 16.8:83.2, 66.4 ee% 

 

Racemic Standard of 46 

 

 

 
Sample HPLC of 46 
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major enantiomer,  

(Sa)-48 

48 was measured with HPLC analysis using Chiralpak IC 

Hexanes/IPA (99:01), flow rate = 0.7 mL/min, tR = 9.0 (minor) and 

tR = 9.4 min (major). 

 

  Determined 36.0:64.0, 28 ee% 

 

Racemic Standard of 48 

 

 

 
Sample HPLC of 48 
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major enantiomer,  

(Ra)-49 

49 was measured with HPLC analysis using Chiralpak IA 

Hexanes/IPA (99:1), flow rate = 0.7 mL/min, tR = 11.4 (major) and 

tR = 12.7 min (minor). 

 

  Determined 71.5:28.5, 43 ee% 

 

Racemic Standard of 49 

 

 

 
Sample HPLC of 49 
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s-factor NTD for 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% 

 

Racemic Standard of 59 

 

 

 
Sample HPLC of 59 
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s-factor NTD for 59 

59 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). 

 

  Determined 46.9:53.1, 6.2 ee% 

 

Racemic Standard of 59 

 

 

 
Sample HPLC of 59 
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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 SNAr 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 SNAr 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 SNAr 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 SNAr. 

 

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, 
Grac.23,28,30,87 

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 BACE188 (with prevalence to 

treating Alzheimer’s disease), quinolines associated with targeting HIV-1,89–92 molecules 

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,93 a ‘first-in-class’ switch-controlled kinase inhibitor of both KIT and PDGFRα 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. 

 

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 SNAr. 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 

coworkers94 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 coworkers95 have also recently disclosed an atroposelective Friedländer 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. 

40
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69, sulfide product

68, flu
oro

substra
tes
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>27 kcal/mol

DKR/KR Hybrid, r.t.
24.6-26.9 kcal/mol

Classical KR, r.t.
<24.6

G
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c
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Figure 22. a. Atroposelective SNAr 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 Grac = 24 kcal/mol, the resulting product will be a Class-3 

atropisomer with a Grac = 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).5,96,97 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 SNAr with thiophenol to give product 74, which possessed low Class-

3 atropisomerism after determining the barrier to racemization to be Grac = 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) organocatalyst98 15 that was originally used in our kinetic 

resolution of the PPY scaffold9 (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 SNAr, 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 SNAr. 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 

through hydrogen bonding. 

 

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 SNAr. 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’s99,100 group from the University of California, at Los Angeles. The Houk group 

examined what features of the urea-based Cinchona98,100,101 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 SNAr 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 

 
[a]Reactions were performed on a 0.10 mmol scale of 74 with 10.0 equiv of thiophenol and 20.0 
equiv of base. [b]e.r.s are determined from chiral stationary phase HPLC; reported as average of 
at least two trials. [c]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’s102 group and Professor Gouverneur’s group were screened and 

tested.103–105 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 K2HPO4 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 SNAr 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. 

 

 

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 K2HPO4 

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) 

 

SNAr reactions were performed with 1.0 equiv racemic 3-arylquinoline 70, 20 mol% catalyst 77, 
10.0 equiv HSPh, 20.0 equiv K2HPO4, and 70:30 m-xylene/n-hexanes (0.1 M) at room temperature 
for up to 80 h (~3 days). [a]Reported overall yields and [b]enantiomeric ratio (e.r.) are an average 
of at least 2 trials. [c]Barrier to rotations are an average of at least 2 trials. [d]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. 
[e]E.r. was n.d. = not determined for this substrate. [f]Trituration from 100% n-hexanes or 80:20 n-
Hexanes/DCE, yields are overall from starting material 70. [g]Stereochemical 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.106 Indeed DKR was observed, yielding compound 96 in 14:86 e.r. and 64% 

yield while existing as a stereochemically Class-3 atropisomer (Grac = 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 R1-methyl, we changed the R1-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) 

 

SNAr reactions were performed under the same conditions as reported in Equation 27. [a]Reported 
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. [b]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 SNAr reactions and provide more direct comparisons. This method 

was like our previous KR approach for atroposelective SNAr 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. I 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 Grac 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 Grac ~ 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 Grac 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 Grac 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 

equations72 (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 SNAr 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 

 

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., Grac > 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 Grac = 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 Grac 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 sp3-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 SNAr 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) 

 

Substrate scope: Kinetic resolution. Reactions were performed on 50 mg substrate. [a]Isolated 
yields are reported as an average of at least two trials. [b]Exemplary e.r.s of starting material and 
product are included above for one trial. [c]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). [d]X-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 SNAr 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,107 where they show SNAr 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 BBr3 to give the desired 2-quinolones (Equation 29, part b).  

 

 

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-quinolone107 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. I 

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-group108 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 19F 

NMR109–111 and 1H-15N 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. 

 

Figure 24. 19F NMR Singleton Experiments to Study Catalyst-Starting Material Complex 

 
 

We conducted these rudimentary 19F NMR experiments111,112 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 19F 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 L TFA sealed glass 

ampoule that could then be equipped to the sample (i.e., slowly, and carefully lowering the 

With catalyst 77, Substrate 72 

No catalyst 77, Substrate 72 
(control) 
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ampoule inside the NMR tube). After taking the 19F 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 19F NMR 

after 16 hours, I observed a 0.05 ppm 19F NMR shift more downfield. Looking at this data, we 

have not observed a drastic change in this 19F 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. 

 

Figure 25. 19H-15N HSQC Singleton Experiments to Study Catalyst-Starting Material Complex 

 

Catalyst 77 only, no substrate 72 (control) 
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Single nuclei 15N 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 1H-15N 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 15N 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 19F NMR experiments). 

 

Figure 26. 19H-15N HSQC Singleton Experiments to Study Catalyst-Starting Material Complex 

Catalyst 77, Substrate 72 Interaction 
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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 1H-15N HSQC, 

once again I found the spectral data had minor NMR shifts. One of the signals at around [1H 6.25 

ppm, 15N  -87.30 ppm] had shifted more downfield [1H  0.07 ppm, 1H  0.46 ppm]. The other 

signal (corresponding to the other urea -NH) appeared around [1H 4.98 ppm, 15N-77.08 ppm], 

but showed a much more subtle differential of [1H  0.04 ppm, 15N  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 19F 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 19F 

NMR based 2-D experiments. 19F 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 19F NOESY or 

1H-19F 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 13C-19F 

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 (Ra)-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. 

 

 

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. 

 

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 (Ra)-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 (Ra)-

atropisomer over the (Sa)-atropisomer due to steric crowding. This also better optimizes the H-



247 

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. 

1H, 13C, and 19F 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 (δ) 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 1H and 19F 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 CH2Cl2, CHCl3, 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, IB, 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 H2O 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 SNAr 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 δ (ppm) = ~1.2 (s), ~0.5 (s). 

2.2.5 Helpful Tips and Tricks 

 
1. We found that K2HPO4 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, Na2CO3 

and KHCO3 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 CCl4/hexanes or 70:30 PhMe/hexanes also provide comparable isolated 

yields and enantioselectivities. 

3. Our developed reaction ratio is 1:2 HSPh to K2HPO4, 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 K2HPO4. 

 

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.[1] This catalyst was most optimal in 

our earlier report of an atroposelective SNAr of thiophenol towards 3-aryl PPYs.[2] Note that this 

catalyst is also purchasable and can be used as is (i.e. Sigma Aldrich). 

epi-Aminoquinine (CA3) was synthesized from CA1 according to a general protocol 

reported by Cassani and coworkers.[3] Catalysts 76 and 75 were synthesized and purified according 

to general protocols reported from Dinh and coworkers.[4] Catalyst CA6 was synthesized and 

purified according to the general procedure reported from Bassas and coworkers.[5] Catalyst CA25 

was synthesized and purified according to the general procedure reported from Bella and 

coworkers.[6] Catalyst CA26 was synthesized and purified according to the general procedure 

reported from Oh and coworkers.[7] 
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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 CH2Cl2/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. 

 

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-

yl)methyl)urea, 77 

To CA3 (1.40 g, 3.09 mmol, 1.0 equiv) was added 4.0 mL of anhydrous THF 

and isopropyl isocyanate (478 µL, 4.87 mmol, 1.5 equiv). The reaction (with 

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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1H NMR (400 MHz, CDCl3) δ (ppm) = 8.72 (d, J = 4.6 Hz, 1H), 8.00 (d, J = 9.2 Hz, 1H), 7.72 (d, 

J = 2.7 Hz, 1H), 7.37 (dd, J = 9.3, 3.4 Hz, 2H), 5.97 (s, 1H), 5.68 (ddd, J = 17.4, 10.0, 7.3 Hz, 1H), 

5.27 (s, 1H), 4.99 (d, J = 5.8 Hz, 1H), 4.96 (d, J = 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, J = 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, J = 10.9, 6.5 Hz, 6H). 

 13C NMR (101 MHz, CDCl3) δ (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 C24H32N4O2; experimental 409.0. 

HRMS (ESI) = 409.2604 calculated [M]+ found 409.2616 for C24H32N4O2. 

 

1-isobutyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-

yl)methyl)urea, CA10, 

To CA3 (65 mg, 0.201 mmol, 1.0 equiv) was added 2.0 mL of anhydrous THF 

and sec-butyl isocyanate (35 µL, 0.301 mmol, 1.5 equiv). The reaction (with 

workup and purification) was followed according to the general procedure 

described above to yield CA10 as a yellow amorphous solid (69.5 mg, 82%). 

1H NMR (400 MHz, CDCl3) δ (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 C25H34N4O2; experimental 423.7.   
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1-((3R,5R,7R)-adamantan-1-yl)-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-

vinylquinuclidin-2-yl)methyl)urea, CA11 

To CA3 (50 mg, 0.155 mmol, 1.0 equiv) was added 1.6 mL of anhydrous THF 

and adamantyl isocyanate (33 mg, 0.186 mmol, 1.2 equiv). The reaction (with 

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.[8] 

 

 

1-(3,5-bis(trifluoromethyl)phenyl)-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-

vinylquinuclidin-2-yl)methyl)urea, CA13 

To CA3 (27 mg, 0.083 mmol, 1.0 equiv) was added 0.8 mL of anhydrous DCM 

and 1-isocyanato-3,5-bis(trifluoromethyl)benzene (21 mg, 0.083 mmol, 1.0 

equiv). The reaction was then stirred at room temperature overnight. The 

reaction (with workup and purification) was followed according to the general 

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.[8] 

 
  

N
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1-ethyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea, 

CA16 

To CA3 (511 mg, 1.58 mmol, 1.0 equiv) was added 3.2 mL of anhydrous THF 

and ethyl isocyanate (188 µL, 2.37 mmol, 1.5 equiv). The reaction (with 

workup and purification) was followed according to the general procedure to 

afford, CA16 as a light beige foam (367.7 mg, 59%). 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.70 (d, J = 4.6 Hz, 1H), 7.99 (d, J = 9.2 Hz, 1H), 7.73 (d, 

J = 2.7 Hz, 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, 1H), 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, CDCl3) δ (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 

To CA3 (1.2 g, 3.726 mmol, 1.0 equiv) was added 5.0 mL of anhydrous THF 

and allyl isocyanate (0.5 mL, 5.59 mmol, 1.5 equiv). The reaction (with 

workup and purification) was followed according to the general procedure to 

afford CA18 as a light beige foam (554.2 mg, 37%). 

N

OCH3

N

NH
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1H NMR (400 MHz, CDCl3) δ (ppm) = 8.70 (d, J = 4.6 Hz, 1H), 7.99 (d, J = 9.2 Hz, 1H), 7.71 (d, 

J = 2.7 Hz, 1H), 7.37 – 7.34 (m, 2H), 6.16 (s, 1H), 5.77 – 5.63 (m, 2H), 5.28 (s, 1H), 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, CDCl3) δ (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 C24H30N4O2; experimental 407.1. 

 

1-cyclopentyl-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-

yl)methyl)urea, 79 

To CA3 (530 mg, 1.64 mmol, 1.0 equiv) was added 3.3 mL of anhydrous THF 

and cyclopentyl isocyanate (0.277 mL, 2.46 mmol, 1.5 equiv). The reaction 

(with workup and purification) was followed according to the general 

procedure to afford 77 as a light beige foam (306 mg, 43%). 

1H NMR (400 MHz, CDCl3) δ (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, J = 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 = 21.9, 12.5, 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) δ (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 

 To CA3 (222 mg, 0.684 mmol, 1.0 equiv) was added 2.5 mL of anhydrous 

THF and cyclobutyl isocyanate (0.1 mL, 1.0 mmol, 1.5 equiv). The reaction 

(with workup and purification) was followed according to the general 

procedure to afford CA21 as a light beige foam (130 mg, 45%). 

1H NMR (400 MHz, CDCl3) δ (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, J = 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, CDCl3) δ (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 C25H32N4O2; experimental 420.9.  
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1-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)-3-((S)-1-

phenylethyl)urea, CA24 

 To CA3 (385 mg, 1.19 mmol, 1.0 equiv) was added 2.38 mL of anhydrous 

THF and (R)-(+)-alpha-methylbenzyl isocyanate (0.25 mL, 1.78 mmol, 1.5 

equiv). The reaction (with workup and purification) was followed according 

to the general procedure to afford CA24 as a light beige solid (193 mg, 35%). 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C29H34N4O2; experimental 470.9. 
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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 oC. To this reaction was added aniline (96 µL, 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 CH2Cl2/MeOH (100:0 to 80:20) to afford 1-

((S)-(6-methoxyquinolin-4-yl)((1S,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.[9]  

 

 

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 
 

 
 
[a] K2HPO4 (1.4 mmol, 14.5 equiv), 979 μL PhMe, and HSPh (0.979 mmol, 10.0 equiv) used. [b] 

K2HPO4 (1.97 mmol, 8.0 equiv), 489.5 μL n-hexane, 489.5 μL PhMe, and HSPh (0.196 mmol, 
5.0 equiv) used. [c] Catalyst (0.0197 mmol, 20 mol%) was used for this reaction. K2HPO4 (0.3136 
mmol, 8.0 equiv), 489.5 μL n-hexane, 489.5 μL PhMe, and HSPh (0.196 mmol, 5.0 equiv) used. 
[d] Catalyst (0.0197 mmol, 20 mol%) was used for this reaction. K2HPO4 (0.3136 mmol, 8.0 
equiv), 294 μL n-hexane, 685 μL m-Xylene, and HSPh (0.196 mmol, 5.0 equiv) used. [e] K2HPO4 
(1.4 mmol, 14.5 equiv), 979 μL MTBE, and HSPh (0.979 mmol, 10.0 equiv) used.  [f] K2HPO4 
(1.4 mmol, 14.5 equiv), 979 μL iPr2O, 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. 

 

 

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 μL 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.[h] 72 ee (%)[h] 72 Yield (%)[h] 

1 
PhMe 

14:86 72 43 
2 13:87 74 37 
3 CH2Cl2 23:77 54 24 
4 MTBE 21:79 58 22 
5 CCl4 49:51 2 73 
6 THF 26:74 48 36 
7 EtOAc 43:57 14 15 
8 iPr2O 16:84 68 41 

9[b] 

n-Hexanes in 
PhMe 

12:88 76 54 
10[d] 10:90 80 61 
11[e] 10:90 80 78 
12[f] 10:90 80 74 

13[a,g] 10:90 80 40 
14[d] 

n-Hexanes in CCl4 
11:89 78 67 

15[e] 12:88 76 76 
16[f] 13:87 74 77 
17 PhCF3 26:74 48 36 

18[a] n-Hexanes in 
PhCF3 

16:84 68 57 
19[c] 14:86 72 58 
20[a] 

Pentane in PhMe 

11:89 78 26 
21[d] 12:88 76 22 
22[e] 10:90 80 28 
23[f] 8:92 84 20 
24[d] 

Pentane in CCl4 
11:89 78 66 

25[e] 11:89 78 42 
26[f] 11:89 78 89 
27[d] 

m-Xylenes in 
PhMe 

10:90 80 41 
28[e] 10:90 80 37 
29[f] 10:90 80 67 
30 m-Xylenes 9.5:90.5 80 79 

31[d] 
n-Hexanes in m-

Xylenes 

9.5/90.5 80 41 
32[e] 10:90 80 37 
33[f] 9:91 82 82 

 

[a] 392 μL of a 50:50 ratio of 2 solvents is used; 196 μL solvent A and 196 μL solvent B. [b] 392 μL 
of a 25:75 ratio of 2 solvents is used; 98 μL solvent A and 294 μL solvent B is used. [c] 392 μL of 
a 75:25 ratio of 2 solvents is used; 294 μL solvent A and 98 μL solvent B is used. [d] 392 μL of a 
10:90 ratio of 2 solvents is used; 39 μL solvent A and 353 μL solvent B is used. [e] 392 μL of a 
20:80 ratio of 2 solvents is used; 78 μL solvent A and 314 μL solvent B is used. [f] 392 μL of a 
30:70 ratio of 2 solvents is used; 118 μL solvent A and 274 μL solvent B is used. [g] Molecular 
sieves were included in the reaction, anhydrous solvent was used. [h] 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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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. (oC) Conc. (M) 72 e.r.[f] 72 ee (%)[f] 72 Yield (%)[f] 

1[a] r.t. 0.10 10:90 80 65 
2[b] r.t. 0.10 10:90 80 30 
3[c] r.t. 0.05 8:92 84 17 
4[d] r.t. 0.20 12:88 76 82 
5[d] r.t. 0.15 11:89 78 75 
6[a] 30 0.10 10:90 80 67 
7[a] 35 0.10 11:89 78 71 
8[a] 40 0.10 13:87 74 82 
9[a] 4 0.10 10:90 80 33 

[a] K2HPO4 (0.31 mmol, 8.0 equiv), 392 μL Hex/PhMe, and HSPh (0.20 mmol, 5.0 equiv) used. [b] 
K2HPO4 (0.16 mmol, 4.0 equiv), 392 μL Hex/PhMe, HSPh (0.10 mmol, 2.5 equiv) used. [c] 
K2HPO4 (0.31 mmol, 8.0 equiv), 784 μL Hex/PhMe, and HSPh (0.10 mmol, 5.0 equiv) used. [d] 
K2HPO4 (0.31 mmol, 8.0 equiv), 196 μL Hex/PhMe, and HSPh (0.2 mmol, 5.0 equiv) used. [e] 
K2HPO4 (0.31 mmol, 8.0 equiv), 261 μL Hex/PhMe, and HSPh (0.2 mmol, 5.0 equiv) used. [f] 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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Equation 35. General Reaction for the Base Evaluation 

 
Table 20. Base Evaluation 

Entry Base 72 e.r.[d] 72 ee%[d] 72 Yield (%)[d] 

1[a] K2HPO4 10:90 80 65 
2[b] K2HPO4 25:75 50 76 
3[a] K3PO4 44:56 12 <1.0 
4[a] K2CO3 11:89 78 9.7 
5[a] Cs2CO3 11:89 78 13 
6[a] Na2CO3 11:89 78 44 
7[a] KHCO3 12:88 76 40 
8[a] NaHCO3 14:86 72 37 
9[a] NaOH 9:91 82 2.6 

10[b] NaOH 24:77 53 47 
11[b] KOH 26:74 58 49 
12[b] LiOH 26:74 48 29 
13[b] CsOH n.d.[c] n.d. [c] n.d. [c] 
14[a] NEt3 28:72 44 39 
15[a] “No base” 15:85 70 29 

 

[a]72 (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 μL n-hexane and 194 μL PhMe were used 
as the reaction solvent. HSPh (0.196 mmol, 5.0 equiv) was then added. [b]72 (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 μL n-hexane and 488.5 μL PhMe were used as the reaction 
solvent. HSPh (0.9765 mmol, 10.0 equiv) was then added. [c]There was no observed reaction (i.e., 
recovered starting material). [d] 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%). 
 



264 

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.[10,11] 

 

 

Equation 36. General Reaction for the Catalyst Load Evaluation 

 
Table 21. Catalyst Load Evaluation 

Entry Catalyst Load (mol %) 72 e.r. [f] 72 ee%[f] 72 Yield (%)[f] 

1[a] 1 9:91 82 15 
2[b] 2 9:91 82 33 
3[c] 5 9:91 82 49 
4[d] 10 10:90 80 82 
5[e] 20 10:90 80 91 

 

[a]Catalyst 77 (0.000979 mmol, 0.01 equiv) was used. [b]Catalyst 77 (0.00196 mmol, 0.02 equiv) 
was used. [c]Catalyst 77 (0.0045 mmol, 0.05 equiv) was used. [d]Catalyst 77 (0.00979 mmol, 0.1 
equiv) was used. [e]Catalyst 77 (0.0196 mmol, 0.2 equiv) was used. [f]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%). 

 

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). K2HPO4 (1.4 

mmol, 20.0 equiv) was then added to the reaction. 294 μL n-hexane and 685 μL 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 

 

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  5% to afford the title compound. 

 

3-chloro-4-methylquinoline 
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The reaction, workup and purification were followed according to the general 

procedure. The reaction of 3-methylindole (5.0 g, 38.12 mmol), TBACl (1.04 g, 

3.812 mmol) and NEt3BnCl (868.3 mg, 3.812 mmol) dissolved into 50.16 mL 

CHCl3, and 22.83 mL of 9 M NaOH afforded 3-chloro-4-methylquinoline[12] as a yellowish solid 

(4.37 g, 65%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 8.3, 6.9, 1.4 Hz, 1H), 2.77 (s, 

3H). 

13C NMR (101 MHz, CDCl3) δ (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 C10H9ClN; experimental 177.5. 

 
3-bromo-4-methylquinoline 

The reaction, workup and purification were followed according to the general 

procedure. The reaction of 3-methylindole (2.0 g, 15.25 mmol), TBACl (424 mg, 

1.525 mmol) and NEt3BnCl (347 mg, 1.525 mmol) dissolved into 20 mL CHBr3, 

and 9.1 mL of 9 M NaOH afforded 3-bromo-4-methylquinoline as a yellowish solid (1.48 g, 44%). 

1H NMR (400 MHz, CDCl3) δ (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, J = 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) δ (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 C10H9BrN; experimental 221.6. 
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2.2.9 Bromination to yield 3-bromo-4-quinolol  

 

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 

procedure. The reaction of 4-hydroxyquinoline (10.0 g, 70.0 mmol, 1.0 equiv), 

NBS (11.41 g, 70.0 mmol, 1.0 equiv) and 100 mL DMF afforded 3-

bromoquinolin-4-ol as yellowish solid (quantitative). The spectral data for this compound were in 

agreeance with Boudet and coworkers.[13] 

 

3-bromo-7-methoxyquinolin-4-ol 

The reaction (at 55 oC), workup and purification were followed according 

to the general procedure. The reaction of 4-hydroxy-7-methoxyquinoline 

(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 POCl3) without any characterization. 

 

2.2.10 Chlorination to yield 3-bromo-4-chloroquinoline 

 

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 POCl3, 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 CH2Cl2. The organic layer was extracted out and then 

subsequently rinsed with saturated aqueous NaCl. The organic layer was dried over anhydrous 

Na2SO4 and then concentrated in vacuo to afford the final 4-chloroquinoline intermediates for 

cross couplings. 

 

3-bromo-4-chloroquinoline 

The reaction, workup and purification were followed according to the general 

procedure. The reaction of 3-bromoquinolin-4-ol (5.0 g, 22.3 mmol, 1.0 equiv) 

and 30 mL POCl3 at room temperature 3-bromo-4-chloroquinoline as a sienna-colored solid (4.25 

g, 79%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 8.4, 6.9, 1.4 Hz, 1H), 7.67 (ddd, J = 8.3, 6.9, 1.2 Hz, 

1H). 



269 

13C NMR (101 MHz, CDCl3) δ (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 C9H6BrClN; experimental 244.1. 

 

3-bromo-4-chloro-7-methoxyquinoline 

The reaction, workup and purification were followed according to the 

general procedure. The reaction of (1.14 g, 4.49 mmol) was dissolved in 9.0 

mL of 1,4-dioxane, and POCl3 (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%). 

1H-NMR (400 MHz, CD3OD) δ (ppm) = 8.82 (s, 1H), 8.12 (d, J = 9.0 Hz, 1H), 7.38 – 7.31 (m, 

2H), 3.97 (s, 3H). 

13C NMR (101 MHz, CD3OD) δ (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 C10H7BrClNO; experimental 272.4 
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2.2.11 Synthesis of 3-aryl quinoline intermediates 

 

Equation 40. Buchwald Coupling to yield 3-aryl quinoline intermediates 

 
General Procedure – Buchwald Coupling: To 3-chloro-4-R1-2-R2-quinoline (1.0 equiv) in a 

100-mL round bottom flask equipped with magnetic stir bar, 2-R1-(3, 4 or 5)-R2-phenylboronic 

acid (1.1 equiv), Pd(OAc)2 (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 H2O (3:1 ratio 

of 1,4-dioxane/H2O), and the reaction was let to stir under reflux at 90 C for 12-24 hours. The 

reaction was quenched with deionized H2O and partitioned with EtOAc. The aqueous layer was 

further extracted with EtOAc, 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  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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Equation 41. Suzuki Coupling to yield 3-aryl quinoline intermediates 

 

General Procedure 2 – Buchwald Coupling: To 3-bromo-4-R1-2-R2-quinoline (1.0 equiv) in a 

100-mL round bottom flask equipped with magnetic stir bar, 2-R1-(3, 4 or 5)-R2-phenylboronic 

acid (1.1 equiv), Pd(PPh3)4 (0.05 equiv), and K2CO3 (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 H2O (3:1 ratio of 1,4-dioxane/H2O), 

and the reaction was let to stir under reflux at 90 C for 12-24 hours. The reaction was quenched 

with deionized H2O and partitioned with EtOAc. The aqueous layer was further extracted with 

EtOAc, 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  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 

Procedure 1. The reaction with 3-chloro-4-methylquinoline (777 mg, 4.37 
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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 H2O afforded the product as an orange oil (825 mg, 3.48 mmol, 80%). 

1H NMR (400 MHz, CDCl3) δ (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, J = 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, CDCl3) δ (ppm) = 160.01 (d, J = 247.0 Hz), 151.06, 146.97, 142.76, 131.88 

(d, J = 3.2 Hz), 130.05 (d, J = 8.0 Hz), 129.78, 129.33, 128.41, 127.75, 126.87, 125.91 (d, J = 16.3 

Hz), 124.34 (d, J = 3.8 Hz), 124.23, 115.85 (d, J = 22.2 Hz), 15.77 (d, J = 2.5 Hz).   

19F NMR (376 MHz, CDCl3) δ (ppm) = -40.16. 

MS (APCI) = 238.1 calculated [M+H]+ for C16H13FN; experimental 237.5. 

 

3-(2-fluoro-4-methylphenyl)-4-methylquinoline  

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)2 (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 H2O afforded the product 

as a yellow solid (540 mg, 2.15 mmol, 77%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 7.7 Hz, 1H), 7.10 (ddd, J = 7.7, 1.6, 

0.8 Hz, 1H), 7.04 (dt, J = 10.8, 1.1 Hz, 1H), 2.59 (d, J = 1.7 Hz, 3H), 2.45 (s, 3H). 
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13C NMR (101 MHz, CDCl3) δ (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, J = 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) δ (ppm) = -115.73.  

MS (APCI) = 252.1 calculated [M+H]+ for C17H15FN; experimental 251.8. 

 

3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-methylquinoline  

The reaction, workup and purification were followed according to the General 

Procedure 1. The reaction with 3-chloro-4-methylquinoline (700 mg, 3.94 

mmol), 2-fluoro-5-(trifluoromethyl)phenylboronic acid (1.07 g, 5.12 mmol), 

Pd(OAc)2 (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 H2O afforded the product as an 

orange oil (719 mg, 2.36 mmol, 60%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 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, J = 1.7 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 3.0 Hz), 124.97, 124.21, 122.26, 116.61 (d, J = 23.8 Hz), 15.79 (d, J = 2.4 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -61.89 (d, J = 1.7 Hz), -108.38 (m).  

MS (APCI) = 306.1 calculated [M+H]+ for C17H12F4N; 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)2 (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 H2O afforded the product as a pale yellow solid 

(592 mg, 2.32 mmol, 69%).  

1H NMR (500 MHz, CDCl3) δ (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, 6.4 Hz, 1H), 7.04 (tdd, J = 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) δ (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, J = 5.0 Hz).  

19F NMR (470 MHz, CDCl3) δ (ppm) = -108.33 (q, J = 9.0 Hz), -108.57 (p, J = 8.0 Hz). 

MS (APCI) = 256.1 calculated [M+H]+ for C16H12F2N; experimental 256.1. 
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3-(2-fluoro-5-nitrophenyl)-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-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 H2O afforded the product 

as an orange oil (476 mg, 1.69 mmol, 50%).  

1H NMR (500 MHz, CDCl3) δ (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, J = 8.4, 1.4, 0.6 Hz, 1H), 8.12 (ddd, J = 8.4, 1.4, 0.7 Hz, 1H), 7.79 

(ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.66 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.39 (t, J = 8.6 Hz, 1H), 2.60 

(s, 3H). 

13C NMR (126 MHz, CDCl3) δ (ppm) = 166.22 (d, J = 258.2 Hz), 153.00, 150.40, 147.01, 145.54, 

132.87, 132.60, 130.50 (d, J = 5.0 Hz), 130.34 (d, J = 19.1 Hz), 129.96, 128.72, 128.50 (d, J = 9.9 

Hz), 126.89, 119.67 (d, J = 25.1 Hz), 18.55, (d, J = 2.6 Hz).  

19F NMR (470 MHz, CDCl3) δ (ppm) = -102.27.  

MS (APCI) = 283.1 calculated [M+H]+ for C16H12FN2O2; 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), K2CO3 (1.42 g, 10.31 mmol) in 13.7 mL of degassed 1,4-dioxane and 4.6 mL of degassed 

deionized H2O afforded the product as a light yellow oil (668 mg, 2.59 mmol, 63%).  
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1H NMR (400 MHz, CDCl3) δ (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) δ (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) δ (ppm) = -113.91. 

MS (APCI) = 258.0 calculated [M+H]+ for C15H10ClFN; 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), K2CO3 (1.42 g, 10.28 mmol) in 16.4 mL 

of degassed 1,4-dioxane and 5.5 mL of degassed deionized H2O afforded the product as a white 

solid (513 mg, 1.78 mmol, 43%).  

1H-NMR (400 MHz, CDCl3) δ (ppm) = 8.73 (s, 1H), 8.22 (d, J = 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). 

13C NMR (101 MHz, CDCl3) δ (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, J = 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. 

19F NMR (376 MHz, CDCl3) δ (ppm) = -112.25 

HRMS (ESI) = 288.0586 calculated [M+H]+ for C16H12ClFNO; experimental 288.0578. 
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DKR Substrate, 1j 

The reaction, workup and purification were followed according to the General 

Procedure 1. The reaction with 4-chloro-2-fluoro-3-(2-

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 H2O 

afforded 2-fluoro-3-(2-fluorophenyl)-4-phenylquinoline, 1g as a whitish solid (234.5 mg, 0.74 

mmol, 54%). 

 1H NMR (500 MHz, CDCl3) δ (ppm) = 8.06 (d, J = 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, J = 7.8 Hz, 

1H), 7.05 – 6.96 (m, 3H). 

13C NMR (126 MHz, CDCl3) δ (ppm) = 160.50 (d, J = 193.1 Hz), 158.56 (d, J = 188.4 Hz), 153.71 

(d, J = 5.7 Hz), 145.68 (d, J = 17.2 Hz), 135.46 (d, J = 3.8 Hz), 132.39, 130.73, 130.26, 129.75 (d, 

J = 39.1 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) δ (ppm) = -62.58 (d, J = 7.5 Hz), -112.85 – -113.00 (m). 

MS (APCI) = 258.0 calculated [M+H]+ for C21H13F2N; experimental 257.4. 

 

DKR Substrate, 1k 

The reaction, workup and purification were followed according to the 

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 H2O afforded 

3-(benzo[b]thiophen-3-yl)-2-fluoro-4-methylquinoline, (±)-1h as a pink solid (400 mg, 1.36 

mmol, 62%).  

1H-NMR (400 MHz, CDCl3) δ (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) δ (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, J = 41.7 Hz), 

16.29 (d, J = 3.7 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -60.26. 

MS (APCI) = 294.1 calculated [M+H]+ for C18H13FNS; experimental 294.2. 

 

4-methyl-3-(2-nitrophenyl)quinoline  

The reaction, workup and purification were followed according to the General 

Procedure 1. The reaction with 3-chloro-4-methylquinoline (500 mg, 2.82 

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 H2O afforded the product as a yellow crystal after 

washing with n-hexanes  (302 mg, 1.14 mmol, 40%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 7.6, 1.5 Hz, 1H), 2.47 (s, 3H). 
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13C NMR (101 MHz, CDCl3) δ (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 C16H13N2O2; experimental 265.0. 

 

3-(2-cyanophenyl)-4-methylquinoline  

The reaction, workup and purification were followed according to the General 

Procedure 1. The reaction with 3-chloro-4-methylquinoline (300 mg, 1.69 

mmol), 2-cyanophenylboronic acid (323 mg, 2.20 mmol), Pd(OAc)2 (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 H2O afforded the product as a yellow solid (134 mg, 

0.55 mmol, 33%).  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.74 (s, 1H), 8.16 (dd, J = 8.4, 1.3 Hz, 1H), 8.11 (dd, J = 

8.4, 1.5 Hz, 1H), 7.83 (dd, J = 7.8, 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, J = 7.7, 1.2 Hz, 1H), 7.47 (dd, J = 7.7, 1.2 

Hz, 1H), 2.60 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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 C17H13N2; experimental 244.7. 

 

2-(4-methylquinolin-3-yl)benzoate  

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, 1.0 equiv) were added (2-
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(methoxycarbonyl)phenyl)boronic acid (790 mg, 4.39 mmol, 1.3 equiv), Pd(OAc)2 (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 H2O afforded 

product as a yellow solid (472 mg, 1.69 mmol, 50%).  

1H-NMR (400 MHz, CDCl3) δ (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 = 7.6, 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, CDCl3) δ (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 C18H16NO2; experimental 277.7.  

 

1-(2-(4-methylquinolin-3-yl)phenyl)ethanone  

The reaction, workup and purification were followed according to the 

General Procedure 1. The reaction with 3-chloro-4-methylquinoline (736 

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 H2O afforded the product in as a 

bright orange oil (533 mg, 2.04 mmol, 49%).  

1H-NMR (400 MHz, CDCl3) δ (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) δ (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 C18H16NO; experimental 262.2. 

 

4-methyl-3-(2-(trifluoromethoxy)phenyl)quinoline  

The reaction, workup and purification were followed according to the 

General Procedure 1. The reaction with 3-chloro-4-methylquinoline (700 

mg, 3.94 mmol), 2-(trifluoromethoxy)phenylboronic acid (1.06 g, 5.12 

mmol), Pd(OAc)2 (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 H2O afforded the product 

as an orange oil (1.04 g, 3.42 mmol, 87%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 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) δ (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) δ (ppm) = -56.34. 

MS (APCI) = 304.1 calculated [M+H]+ for C17H13F3NO; experimental 303.9. 

 

3-([1,1’-biphenyl]-2yl)-4-methylquinoline  

The reaction, workup and purification were followed according to the General 

Procedure 2. The reaction with 3-bromo-4-methylquinoline (450 mg, 2.03 



282 

mmol), 2-biphenylboronic acid (441 mg, 2.23 mmol), Pd(PPh3)4 (117 mg, 0.10 mmol), K2CO3 

(700 mg, 5.07 mmol) in 6.8 mL of degassed 1,4-dioxane and 2.3 mL of degassed deionized H2O 

afforded product as orange oil (576 mg, 1.95 mmol, 96%).  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.67 (s, 1H), 8.07 (dd, J = 8.4, 0.7 Hz, 1H), 7.92 (ddd, J 

= 8.4, 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, CDCl3) δ (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 C22H18N; experimental 295.4. 

 

4-methyl-3-(o-tolyl)quinoline  

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), o-tolylboronic acid (597 mg, 4.39 mmol), Pd(OAc)2 (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 H2O afforded the product as a dark orange oil (716 mg, 

3.07 mmol, 91%).  

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C17H16N; experimental 233.8. 

 

3-(2-chlorophenyl)-4-methylquinoline  

The reaction, workup and purification were followed according to the General 

Procedure 1. The reaction with 3-chloro-4-methylquinoline (1.00 g, 5.63 

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 H2O afforded the product as an orange oil (651 mg, 

2.57 mmol, 46%).  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.70 (s, 1H), 8.16 (ddd, J = 8.4, 1.4, 0.6 Hz, 1H), 8.10 

(ddd, J = 8.4, 1.4, 0.6 Hz, 1H), 7.75 (ddd, J = 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, CDCl3) δ (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 C16H13ClN; experimental 254.1. 

 

3-(2-chloro-4-methylphenyl)-4-methylquinoline  

The reaction, workup and purification were followed according to the 

General Procedure 1. The reaction with 3-chloro-4-methylquinoline (800 

mg, 4.60 mmol), 2-chloro-4-methylphenylboronic acid (860 mg, 5.06 

mmol), Pd(OAc)2 (103 mg, 0.460 mmol), XPhos (438 mg, 0.920 mmol), K3PO4 (2.0 g, 11.5 mmol, 

2.5 equiv) in 18 mL of degassed 1,4-dioxane and 6.0 mL of degassed deionized H2O afforded the 

product as an orange oil (475.3 mg, 2.57 mmol, 46%).  
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1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C17H14ClN; experimental 267.5. 

 

4-methyl-3-(2-(trifluoromethyl)phenyl)quinoline  

The reaction, workup and purification were followed according to the General 

Procedure 1. The reaction with 3-chloro-4-methylquinoline (651 mg, 3.657 

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 H2O afforded the product 

as a dark orange oil (681 mg, 2.37 mmol, 86%).  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.69 (s, 1H), 8.17 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 

1H), 7.83 (d, J = 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). 

13C NMR (101 MHz, CDCl3) δ (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) δ (ppm) = -59.37. 

MS (APCI) = 287.3 calculated [M+H]+ for C17H12F3N; 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 

Procedure 2. The reaction with 3-bromo-4-chloroquinoline (1.0 g, 4.12 mmol), 

2-biphenylboronic acid (898 mg, 4.54 mmol), Pd(PPh3)4 (238 mg, 0.21 mmol), 

K2CO3 (1.42 g, 10.31 mmol) in 13.7 mL of degassed 1,4-dioxane and 4.6 mL of degassed deionized 

H2O afforded the product as a light yellow oil (548 mg, 1.74 mmol, 42%). 

1H-NMR (400 MHz, CDCl3) δ (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, J = 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, CDCl3) δ (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 C21H15ClN; 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 H2O 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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1H-NMR (400 MHz, CDCl3) δ (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 = 7.6, 1.7 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 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) δ (ppm) = -59.06.  

MS (APCI) = 376.2 calculated [M+H]+ for C27H19FN; experimental 376.2. 

 

2.2.12 Hartwig Fluorination to yield 2-fluoro-3-arylquinoline (1) 

 

Equation 42. General Fluorination Method Towards Substrate 70. Adapted from Hartwig and 
coworkers’ selective C-H fluorination.[14] 

 

To 3-aryl-2-R1-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 NaHCO3. The 

resulting organic layer was washed with saturated aqueous NaCl, then dried over Na2SO4. 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) 

fluoride (2.4 g, 16.71 mmol) in 10 mL anhydrous MeCN. The reaction (with 

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%). 

1H NMR (500 MHz, CDCl3) δ (ppm) = 7.97 – 7.93 (m, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.71 (ddd, 

J = 8.3, 7.0, 1.2 Hz, 1H), 7.60 – 7.55 (m, 1H), 2.79 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (ppm) = 156.03 (d, J = 239.5 Hz), 147.22 (d, J = 3.5 Hz), 143.13 

(d, J = 16.2 Hz), 130.43 (d, J = 1.0 Hz), 128.82 (d), 127.55 (d, J = 2.0 Hz), 126.86 (d, J = 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) δ (ppm) = -68.24. 

MS (APCI) = 196.6 calculated [M]+ for C10H7ClFN; experimental 195.9. 

 

DKR Substrate, 74 

To 3-(2-fluorophenyl)-4-methylquinoline (2.6 g, 11.0 mmol) was added silver 

(II) fluoride (5.6 g, 38.9 mmol) in 22.0 mL anhydrous MeCN. The reaction 

(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%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 7.3 

Hz, 1H), 7.25 – 7.20 (m, 1H), 2.57 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 2.4 Hz), 124.59 (d, J = 0.9 Hz), 

124.33 (d, J = 3.7 Hz), 116.06 (d, J = 21.9 Hz), 16.33 (dd, J = 3.8, 1.4 Hz).  

19F NMR (376 MHz, CDCl3) δ (ppm) = -61.50, -112.34. 

MS (APCI) = 255.3 calculated [M]+ for C16H11F2N; experimental 255.8. 

 

DKR Substrate, 1d 

To 3-(2-fluoro-4-methylphenyl)-4-methylquinoline (530 mg, 1.97 

mmol) was added silver (II) fluoride (1.01 g, 6.89 mmol) in 4.0 mL 

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%).  

1H NMR (500 MHz, CDCl3) δ (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, J = 10.4 Hz, 

1H), 2.56 (d, J = 0.9 Hz, 3H), 2.43 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ (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. 

19F NMR (470 MHz, CDCl3) δ (ppm) = -67.73 (d, J = 4.7 Hz), -115.09 (dt, J = 11.6, 6.7 Hz). 

MS (APCI) = 269.3 calculated [M]+ for C17H13F2N; experimental 269.8. 

 

DKR Substrate, 1e 

To 3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-methylquinoline (700 mg, 2.40 

mmol) was added silver (II) fluoride (1.23 g, 8.42 mmol) in 4.8 mL 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-5-

(trifluoromethyl)phenyl)-4-methylquinoline, (±)-1e as a golden amorphous solid (309 mg, 0.963 

mmol, 40%) 

1H NMR (500 MHz, CDCl3) δ (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, J = 7.4 Hz, 1H), 7.35 (t, 

J = 8.7 Hz, 1H), 2.57 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 3.3, 15.9 

Hz), 16.44. 

19F NMR (376 MHz, CDCl3) δ (ppm) = -60.73, -61.62, -106.43.  

MS (APCI) = 323.3 calculated [M]+ for C17H11F4NO; experimental 323.9. 

N

CH3

F
F

CF3
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DKR Substrate, 1f 

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%).  

1H NMR (500 MHz, CDCl3) δ (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, J = 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) δ (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, J = 5.9 Hz), 145.15 (d, J = 17.6 Hz), 133.05 (t, J = 7.0 

Hz), 130.71 (d, J = 1.0 Hz), 128.82 (d, J = 1.6 Hz), 127.08 (d, J = 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). 

13F NMR (470 MHz, CDCl3) δ (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 C16H10F3N; experimental 273.8. 

 

DKR Substrate, 1g 

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%) 

1H NMR (400 MHz, CDCl3) δ (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, J = 0.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 19.1, 3.3 Hz), 117.18 (d, J = 24.8 Hz), 114.95 (d, J = 36.3 Hz), 16.41 (dd, 

J = 3.9, 1.4 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -61.69 (d, J = 5.6 Hz), -100.89 (p, J = 5.7 Hz). 

MS (APCI) = 300.3 calculated [M]+ for C16H10F2N2O2; experimental 300.8. 

 

DKR Substrate, 1h 

To 4-chloro-3-(2-fluorophenyl)quinoline (562 mg, 2.18 mmol) was added 

silver (II) 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-

fluorophenyl)quinoline, (±)-1h as a pale yellowish solid (346 mg, 1.25 mmol, 43%). 

1H NMR (400 MHz, CDCl3) δ (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, J = 8.3, 7.2, 5.3, 1.8 Hz, 1H), 7.41 (td, 

J = 7.4, 1.7 Hz, 1H), 7.28 (td, J = 7.6, 1.1 Hz, 1H), 7.26 – 7.20 (m, 1H). 
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13C NMR (101 MHz, CDCl3) δ (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, J = 1.1 Hz), 131.29 (d, 

J = 8.2 Hz), 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 = 21.5 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -60.57 (d, J = 6.7 Hz), -112.66 – -112.74 (m). 

MS (APCI) = 275.7 calculated [M]+ for C15H8ClF2N; experimental 276.1  

 

DKR Substrate, 1i 

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%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 9.3 Hz, 1H), 3.97 (d, J = 0.8 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 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, J = 7.8 Hz), 116.04 (d, J = 21.5 Hz), 114.79 (d, J 

= 39.2 Hz), 107.14 (d, J = 8.5 Hz), 55.91 (d, J = 10.2 Hz). 

19F NMR (376 MHz, CDCl3) δ (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 C16H10ClF2NO; 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%). 

1H NMR (400 MHz, CDCl3) δ (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) δ (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, J = 1.6 

Hz), 127.03 (d, J = 1.7 Hz), 126.49 (d, J = 2.4 Hz), 125.21, 124.43, 120.19 (d, J = 36.7 Hz), 16.29 

(d, J = 3.8 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -62.59. 

MS (APCI) = 283.3 calculated [M]+ for C16H11FN2O; 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 

N

CH3

NO2F
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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%).  

1H NMR (400 MHz, CDCl3) δ (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, J = 1.0 Hz, 1H), 2.73 (d, J = 1.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 10.6 Hz), 14.66 (q, J = 3.9 Hz), 9.57 (d, J = 4.2 

Hz). 

19F NMR (470 MHz, CDCl3) δ (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 

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).  

1H NMR (500 MHz, CDCl3) δ (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, J = 7.5, 1.4 Hz, 1H), 7.56 (dtd, 

J = 9.1, 8.0, 1.3 Hz, 2H), 7.29 (dd, J = 7.8, 1.1 Hz, 1H), 3.66 (s, 3H), 2.45 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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) δ (ppm) = -62.51. 

MS (APCI) Calculated: 295.3 calculated [M]+ for C18H14FNO2; experimental 294.9. 

 

DKR/KR Hybrid Substrate, 104 

To 1-(2-(4-methylquinolin-3-yl)phenyl)ethanone (440 mg, 1.68 mmol) 

was added silver (II) fluoride (860 mg, 5.89 mmol) and dissolved in 3.4 

mL anhydrous MeCN in the glovebox. The reaction (with workup and 

purification) was followed according to the general procedure to afford 1-(2-(2-fluoro-4-

methylquinolin-3-yl)phenyl)ethenone, (±)-104 as a whitish solid (55 mg, 12% yield).  

1H NMR (500 MHz, CDCl3) δ (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, 0H), 2.44 (s, 3H), 2.44 (s, 3H).  

13C NMR (126 MHz, CDCl3) δ (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, J = 3.8 Hz), 134.5, 132.6, 132.0, 131.3 (d, J = 1.4 

Hz), 129.8 (d, J = 1.5 Hz), 128.7, 126.9, 126.1 (d, J = 38.8 Hz), 31.3, 18.7.  

19F NMR (376 MHz, CDCl3) δ (ppm) = -83.83.  

MS (APCI) Calculated: 279.3 calculated [M]+ for C18H14FNO; 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%).  

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (ppm) = 158.54 (d, J = 240.5 Hz), 149.02 (d, J = 5.7 Hz), 147.36 

(d, J = 1.9 Hz), 145.12 (d, J = 17.6 Hz), 132.39, 130.57, 130.33, 128.78 (d, J = 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, J = 3.3 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -56.47, -61.43. 

MS (APCI) = 321.3 calculated [M]+ for C17H11F4NO; 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%).  

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (ppm) = 159.88, 157.98, 147.97 (d, J = 6.1 Hz), 144.70 (d, J = 

17.5 Hz), 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 = 2.2 Hz), 124.38, 123.30 (d, J = 36.2 Hz), 16.14 (dd, J = 4.1, 2.2 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -86.27. 

MS (APCI) = 313.4 calculated [M]+ for C22H16FN; experimental 313.9. 

 

KR Substrate, 110 

To 4-methyl-3-(o-tolyl)quinoline (654 mg, 2.80 mmol) was added silver (II) 

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%).  

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (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, J = 6.0, 2.6 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -86.29. 

MS (APCI) = 251.3 calculated [M]+ for C17H14FN; experimental 251.9. 
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KR Substrate, 112 

To 3-(2-chlorophenyl)-4-methylquinoline (466 mg, 1.8395 mmol) was added 

silver (II) fluoride (938 mg, 6.428 mmol) and dissolved in 3.7 mL anhydrous 

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%).  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.05 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.75 

(ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.58 (d, J = 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, CDCl3, X-C coupling where X = F, Cl) δ (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, J = 2.9 Hz). 

19F NMR (470 MHz, CDCl3) δ (ppm) = -62.15. 

MS (APCI) = 271.2 calculated [M]+ for C16H11ClFN; experimental 271.8. 

 

KR Substrate, 114 

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%).  

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.04 (d, J = 8.4 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.75 (t, 

J = 8.4 Hz, 1H), 7.59 (t, J = 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, CDCl3) δ (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) δ (ppm) = -62.24. 

MS (APCI) = 285.7 calculated [M]+ for C17H13ClFN; 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%).  

1H NMR (500 MHz, CDCl3) δ (ppm) = 8.02 (d, J = 6.8 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.83 (d, 

J = 8.1 Hz, 1H), 7.78 – 7.73 (m, 1H), 7.67 – 7.64 (m, 1H), 7.61 – 7.57 (m, 2H), 7.31 (d, J = 7.2 

Hz, 1H), 2.41 (d, J = 2.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ (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, J = 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). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -60.64, -61.02. 

MS (APCI) = 305.3 calculated [M]+ for C17H11F4N; 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%).  

1H NMR (400 MHz, CDCl3) δ (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) δ (ppm) = 158.23 (d, J = 241.2 Hz), 144.88 (d, J = 1.8 Hz), 141.60 

(d, J = 217.9 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 = 2.5 Hz), 124.80 (d, J = 1.8 Hz), 123.54 (d, J = 39.6 Hz), 115.15 (d, J = 21.5 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -58.60. 

MS (APCI) = 333.8 calculated [M+H]+ for C21H13ClFN; experimental 334.1.  
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2.2.13 General SNAr Strategy to yield enantioenriched 3-aryl-2-(phenylthio)quinolines (2) 

 

 

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 SNAr 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 CH2Cl2 and subsequently quenched with 

deionized H2O. 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 Na2SO4. After filtration, the filtrate was 

isolated in vacuo at 25 oC. The crude was then purified by FCC using n-hexanes:EtOAc = 0%  
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5-10% to afford the pure enantioenriched (Ra)-71 (and recovered enantioenriched (Sa)-70 for KR) 

in optimal yields.  

In some cases, the determined Rfs 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 oC. 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 K2HPO4 (707 mg, 4.065 mmol, 

20.0 equiv) were added into a vial and dissolved in 1.42 mL m-xylene and 609 

L n-hexanes. Thiophenol (228 L, 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 K2HPO4 (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.). 

1H NMR (500 MHz, CDCl3) δ (ppm) = δ 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). 

13C NMR (126 MHz, CDCl3) δ (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, J = 3.1 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -112.02 (q, J = 7.4 Hz). 
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 MS (APCI) = 345.4 calculated [M]+ for C22H16FNS; 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 K2HPO4 (707 mg, 4.065 mmol, 

20.0 equiv) were used. 1.42 mL m-xylene and 609 L hexane were added. 2-

tolylthiol (208.3 L, 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 L, 1.02 mmol, 5.0 equiv) and K2HPO4 (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. 

1H NMR (500 MHz, CDCl3) δ (ppm) = 7.97 (d, J = 8.3 Hz, 1H), 7.59 (d, J = 7.2 Hz, 1H), 7.49 (d, 

J = 7.0 Hz, 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) δ (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) δ (ppm) = -113.08. 

 MS (APCI) = 360.3 calculated [M]+ for C23H18FNS; 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 K2HPO4 (707 mg, 4.065 mmol, 

20.0 equiv) were used. 1.42 mL m-xylene and 609 L n-hexanes was added. 

2-tolylthiol (208.3 L, 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 L, 1.02 mmol, 5.0 equiv) and K2HPO4 (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. 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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, 124.91, 

124.74, 124.46, 124.19, 116.10 (d, J = 21.9 Hz), 21.47 (d, J = 3.2 Hz), 15.81 (d, J = 3.5 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -127.21 (dt, J = 8.9, 5.8 Hz). 

MS (APCI) = 360.3 calculated [M]+ for C23H18FNS; 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 K2HPO4 (707 mg, 4.065 mmol, 

20.0 equiv) were used. A mixture of 1.42 mL m-xylene and 609 L n-hexanes 

was added. 2-chlorothiophenol (240 L, 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. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 7.97 (d, J = 6.9 Hz, 1H), 7.73 (d, J = 8.6 Hz, 1H), 7.59 (t, 

J = 7.5 Hz, 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, CDCl3) δ (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, J = 7.6 Hz), 127.07, 126.40, 125.95, 124.72, 124.57 (d, J = 3.8 

Hz), 124.27, 116.16 (d, J = 21.9 Hz), 29.85. 

19F NMR (470 MHz, CDCl3) δ (ppm) = -113.08. 

 MS (APCI) = 379.9 calculated [M]+ for C22H15ClFNS; experimental 379.8. 

HRMS (ESI) = 379.8774 calculated [M+H]+ found 380.0635. 

 

DKR Product, 85 

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 K2HPO4 (644 mg, 

3.70 mmol, 20.0 equiv) were used. 1.3 mL m-xylene and 550 L n-

hexanes were added. Thiophenol (189 L, 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. 

1H NMR (400 MHz, CDCl3) δ (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, 1.9 Hz, 3H), 7.23 (d, J = 7.7 Hz, 1H), 7.13 (d, J = 7.1 Hz, 1H), 7.06 (d, J = 10.3 Hz, 1H), 2.48 

(d, J = 0.7 Hz, 3H), 2.42 (d, J = 0.6 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ (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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19F NMR (376 MHz, CDCl3) δ (ppm) = -122.13 – -122.36 (m). 

MS (APCI) = 360.1 calculated [M]+ for C23H18FNS; experimental 359.4. 

 

DKR Product, 86 

Following the general procedure: 1e (50 mg, 0.155 mmol, 1.0 equiv), catalyst 

77 (12.5 mg, 0.03095 mmol, 0.2 equiv) and K2HPO4 (538.5 mg, 3.095 mmol, 

20.0 equiv) was used. 1.09 mL m-xylene and 460 L hexane was added. 

Thiophenol (158 L, 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.  

1H NMR (400 MHz, CDCl3) δ (ppm) = 7.97 (dt, J = 8.4, 1.3 Hz, 1H), 7.82 (dt, J = 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, J = 1.5 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ (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) δ (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 C23H15F4NS; experimental 413.9. 

HRMS (ESI) = 414.0940 calculated [M+H]+ found 414.0953. 

 

DKR Product, 87 

Following the general procedure: 1f (50 mg, 0.183 mmol, 1.0 equiv), 20 

mol% catalyst 77 (14.9 mg, 0.0366 mmol) and K2HPO4 (637 mg, 3.66 

mmol, 20.0 equiv) were used. 1.28 mL m-xylene and 549 L n-hexanes 

were added. Thiophenol (187 L, 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. 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (ppm) = -108.36 (q, J = 8.5 Hz), -108.60 – -108.71 (m). 

HRMS (ESI) = 364.0972 calculated [M+H]+ for C22H16F2NS found 364.0980. 
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DKR Product, 89 

Following the general procedure: 1g (50 mg, 0.166 mmol, 1.0 equiv), CA9 

(in manuscript, C4) (13.6 mg, 0.0332 mmol, 0.2 equiv) and K2HPO4 (577.7 

mg, 3.32 mmol, 20.0 equiv) were used. 1.16 mL m-xylene and 498 L n-

hexanes were added. Thiophenol (169 L, 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 K2HPO4 (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.). 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.36 (ddt, J = 3.5, 2.6, 1.8 Hz, 1H), 8.25 (s, 1H), 7.98 (dt, 

J = 8.3, 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, J = 1.8 Hz, 1H), 2.42 (d, J = 1.5 Hz, 1H). 
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13C NMR (101 MHz, CDCl3) δ (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) δ (ppm) = -100.80 (q, J = 5.7 Hz). 

 MS (APCI) Calculated: 391.1 calculated [M]+ for C16H10F2N2O2; 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 

77 (14.8 mg, 0.0363 mmol, 0.2 equiv) and K2HPO4 (631.6 mg, 3.63 mmol, 

20.0 equiv) were used. 1.27 mL m-xylene and 543 L n-hexanes were added. 

Thiophenol (185 L, 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 C21H13ClFNS; experimental 365.9. 
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DKR Product, 92 

Following the general procedure: 1i (50 mg, 0.163 mmol, 1.0 equiv), 

20 mol% catalyst 77 (13.3 mg, 0.0327 mmol) and K2HPO4 (569 mg, 

3.27 mmol, 20.0 equiv) were used. 1.14 mL m-xylene and 490 L n-

hexanes were added. Thiophenol (167 L, 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 C22H15ClFNOS; 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 K2HPO4 (548.6 mg, 3.15 mmol, 

20.0 equiv) were used. 1.11 mL m-xylene and 471 L n-hexanes were added. 

Thiophenol (161 L, 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 C27H18FNS; experimental 407.6. 

 

DKR Product, 96 

Following the general procedure: 1k (50 mg, 0.166 mmol, 1.0 equiv), 

catalyst 77 (13.6 mg, 0.0332 mmol, 0.2 equiv) and K2HPO4 (577.7 mg, 3.32 

mmol, 20.0 equiv) were used. 1.16 mL m-xylene and 498 L n-hexanes 

were added. Thiophenol (169 L, 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[b]thiophen-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 1k is 46.5%. 

For racemic standards: Enantioenriched 96 was heated to racemization. See Section 2.2.18 for 

more details. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 7.99 – 7.95 (m, 2H), 7.78 (d, J = 8.5 Hz, 1H), 7.62 (ddd, 

J = 8.3, 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, 5H), 

2.38 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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 C24H17NS2; experimental 382.9. 

HRMS (ESI) = 384.0887 calculated [M+H]+ found 384.0895. 

N

CH3

S

Ph

S
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KR Product, 105 

Following the general procedure: 106 (50 mg, 0.187 mmol, 1.0 equiv), 

catalyst 77 (15.3 mg, 0.0374 mmol, 0.2 equiv) and K2HPO4 (551 mg, 3.74 

mmol, 20.0 equiv) were used. 1.31 mL m-xylene and 561 L n-hexanes were 

added. Thiophenol (190.7 L, 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. 

1H NMR (400 MHz, CDCl3) δ (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, J = 1.8 Hz, 2H), 2.40 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 1.7 Hz), 15.84. 

19F NMR (470 MHz, CDCl3) δ (ppm) = -57.66. 

MS (APCI) Calculated: 411.4 calculated [M]+ for C23H16F3NOS; 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 K2HPO4 (278 mg, 1.596 

mmol, 20.0 equiv) were used. 559 L m-xylene and 239 L n-hexanes were 

added. Thiophenol (81 L, 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 K2HPO4 (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 L, 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. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 7.79 (d, J = 8.4 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.57 (d, 

J = 2.5 Hz, 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, CDCl3) δ (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 C28H21NS; 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 K2HPO4 (346 mg, 1.99 

mmol, 20.0 equiv) were used. 299 L m-xylene and 299 L n-hexanes were 

added. Thiophenol (101.5 L, 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. 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C23H19NS; 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 K2HPO4 (641.9 mg, 3.69 

mmol, 20.0 equiv) were used. 1.3 mL m-xylene and 553.5 L n-hexanes were 

added. Thiophenol (188 L, 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. 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C22H16ClNS; experimental 361.9. 

 



318 

KR Product, 113 

Following the general procedure: 114 (50 mg, 0.1754 mmol, 1.0 equiv), 

catalyst 77 (14.3 mg, 0.03507 mmol, 0.2 equiv) and K2HPO4 (610 mg, 

3.51 mmol, 20.0 equiv) were used. 1.23 mL m-xylene and 525 L n-

hexanes were added. Thiophenol (179 L, 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. 

1H NMR (400 MHz, CDCl3) δ (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, J = 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, CDCl3) δ (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 C23H18ClNS; 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 

77 (16.1 mg, 0.0326 mmol, 0.2 equiv) and K2HPO4 (567 mg, 3.26 mmol, 20.0 

equiv) were used. 1.14 mL m-xylene and 489 L n-hexanes were added. 

Thiophenol (166.3 L, 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. 

1H NMR (500 MHz, CDCl3) δ (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) δ (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, J = 9.5 Hz), 128.41, 127.24 (q), 126.87 (q, J = 5.0 Hz), 126.21, 125.80, 124.20, 16.39. 

19F NMR (470 MHz, CDCl3) δ (ppm) = -60.78. 

MS (APCI) Calculated: 395.4 calculated [M]+ for C23H16F3NS; experimental 395.1. 

 
KR Product, 117 

Following the general procedure: 116 (50 mg, 0.1538 mmol, 1.0 equiv), 

catalyst 77 (12.6 mg, 0.03076 mmol, 0.2 equiv) and K2HPO4 (522.3 mg, 3.002 

mmol, 20.0 equiv) were used. 1.05 mL m-xylene and 450 L n-hexanes were 
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added. Thiophenol (153.1 L, 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-([1,1'-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. 

1H NMR (400 MHz, CDCl3) δ (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, J = 7.6 Hz, 1H), 6.21 (d, J = 7.6 

Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ (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 

Following the general procedure: 98 (50 mg, 0.177 mmol, 1.0 equiv), (15.6 

mg, 0.0354 mmol) and K2HPO4 (616 mg, 3.54 mmol, 20.0 equiv) were used. 

1.24 mL m-xylene and 531 L n-hexanes were added. Thiophenol (180.6 L, 

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. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.18 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.75 (d, 

J = 8.6 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, CDCl3) δ (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 C22H16N2O2S; experimental 371.8. 

HRMS (ESI) = 373.1011 calculated [M+H]+ found 373.1018 (2.0 ppm). 

 

DKR/KR Hybrid Product, 99 

Following the general procedure: 100 (50 mg, 0.1906 mmol, 1.0 equiv), 

catalyst 77 (15.6 mg, 0.0381 mmol, 0.2 equiv) and K2HPO4 (663 mg, 3.81 

mmol, 20.0 equiv) were used. 1.32 mL m-xylene and 573 L n-hexanes were 

added. Thiophenol (195 L, 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.). Convp = 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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1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ 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 

Following the general procedure: 102 (25 mg, 0.0847 mmol, 1.0 equiv), 

catalyst 77 (7 mg, 0.0169 mmol, 0.2 equiv) and K2HPO4 (295 mg, 1.69 

mmol, 20.0 equiv) were used. 593 L m-xylene and 254 L n-hexanes 

were added. Thiophenol (86 L, 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.  

1H NMR (400 MHz, CDCl3) δ (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) δ (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 C24H19NO2S; experimental 384.9. 

 
DKR/KR Hybrid Product, 103 

Following the general procedure: 104 (50 mg, 0.179 mmol, 1.0 equiv), 

catalyst 77 (14.6 mg, 0.0358 mmol, 0.2 equiv) and K2HPO4 (622.9 mg, 

3.58 mmol, 20.0 equiv) were used. 1.25 mL m-xylene and 537 L n-

hexanes were added. Thiophenol (183 L, 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.). Convp = 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. 

1H NMR (400 MHz, CDCl3) δ 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) δ (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 Na2SO4. 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-

fluorophenyl)-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 74(1.0 g) is 40%. 

1H NMR (500 MHz, CDCl3) δ 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, J = 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) δ (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, J = 16.9 Hz), 115.33 (d, J = 21.8 Hz), 15.87. 

19F NMR (376 MHz, CDCl3) δ (ppm) = -110.93. 

 MS (APCI) Calculated: 377.4 calculated [M]+ for C22H16FNO2S; 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. 

The workup and purification following the general procedure afforded 3-(2-

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%. 

1H NMR (400 MHz, CDCl3) δ (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) δ (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, CDCl3) δ (ppm) = -112.07 – -112.16 (m). 

 MS (APCI) Calculated: 391.5 calculated [M]+ for C23H18FNO2S; experimental 391.6 

 

Sulfone Product, 122 

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 1g(500 

mg) is 32%. 

1H NMR (400 MHz, CDCl3) δ (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, J = 7.2 Hz, 2H), 7.76 – 7.72 (m, 1H), 7.63 – 7.58 (m, 1H), 7.48 

(t, J = 7.7 Hz, 2H), 7.42 (t, J = 7.9 Hz, 1H), 7.37 – 7.32 (m, 1H), 2.46 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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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19F NMR (376 MHz, CDCl3) δ (ppm) = -99.14 (dd, J = 10.2, 3.4 Hz). 

 MS (APCI) Calculated: 422.4 calculated [M]+ for C22H15FN2O4S; 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 

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%. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.37 (d, J = 8.4 Hz, 1H), 8.23 (d, J = 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, J = 8.9 Hz, 1H). 

13C NMR (101 MHz, CDCl3, X-C coupling where X = F, Cl) δ (ppm) = 170.78, 160.17 (d, J = 

247.6 Hz), 156.51, 138.80, 134.44 (d, J = 84.8 Hz), 133.65, 132.77 (d, J = 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, J = 3.5 Hz), 121.22 (d, J = 17.0 Hz), 115.45 (d, J = 21.5 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -111.84 (ddd, J = 9.5, 7.2, 5.1 Hz). 

MS (APCI) Calculated: 397.9 calculated [M]+ for C21H13ClFNO2S; 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 N

Cl

S
F

Ph
O

O
H3CO
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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%. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.19 (d, J = 9.2 Hz, 1H), 7.66 (d, J = 8.0 Hz, 2H), 7.56 (d, 

J = 7.3 Hz, 1H), 7.52 (d, J = 1.8 Hz, 1H), 7.48 – 7.28 (m, 5H), 7.23 (d, J = 9.2 Hz, 1H), 7.01 (t, J 

= 8.9 Hz, 1H), 3.99 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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) δ (ppm) = -111.82 (dt, J = 9.3, 5.9 Hz). 

MS (APCI) Calculated: 427.9 calculated [M]+ for C22H15ClFNO3S; 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 

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%. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.19 (t, J = 8.7 Hz, 1H), 8.10 (t, J = 1.9 Hz, 1H), 8.00 (dt, 

J = 7.8, 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) δ (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, J = 84.8 Hz), 133.42 (d, J = 2.8 Hz), 133.36, 131.03 (d, J 

= 25.4 Hz), 130.53 (d, J = 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, J = 16.6 Hz), 114.76 (d, J = 21.9 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -109.32 (dtd, J = 9.5, 6.1, 2.0 Hz). 

 MS (APCI) Calculated: 439.5 calculated [M]+ for C27H18FNO2S; 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 

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.). 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.10 (t, J = 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). 

13C NMR (126 MHz, CDCl3) δ (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 C28H21NO2S; experimental 434.8. 
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2.2.15 Amination to yield enantioenriched 2-amino-3-arylquinoline 118 

 

Equation 45. Amination of 3-arylquinolines. Procedure was followed according to the procedure 
reported in Cardenas and coworkers.[17] 
 

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 CH2Cl2. The resulting reaction was stirred at room temperature for up to 3.5 days. The 

resulting reaction was then diluted with more CH2Cl2, 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 Na2SO4, 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 CH2Cl2. 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 CH2Cl2:CH3OH = 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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1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (ppm) = -113.63. 

MS (APCI) Calculated: 252.3 calculated [M]+ for C16H13FN2; experimental 252.1 

 
2.2.16 Enantioenriched 3-([1,1'-biphenyl]-2-yl)-2-methoxy-4-methylquinoline 121 

 

Equation 46. SNAr procedure towards 3-arylquinolin-2-ols (5) was adapted from work by Patel 
and coworkers.[18] 
 

Step 1. To 119 (50 mg, 0.115 mmol, 1.0 equiv) was added MeOH (15 µL, 0.138 mmol, 

1.2 equiv), and 350 µL DMF (0.33 M). The reaction was cooled to 0 oC, 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 Na2SO4, 

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.). 

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (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 C23H19NO; 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 oC, and then 

BBr3 (69 µL, 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 oC, quenched slowly with diH2O, 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 Na2SO4, 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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1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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 C22H17NO; experimental 312.4 

HRMS (ESI) = 311.3840 calculated [M+H]+ found 312.1387. 

 

2.2.17 Reduction of Nitro-groups to Yield 3-Anilines 

 

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 H2 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 H2 

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%, 

11.5:88.5 e.r.).  

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (ppm) = -122.54, -127.92 (impurity from slight over reduction). 

 MS (APCI) Calculated: 392.4 calculated [M]+ for C22H17FN2O2S; 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 Ph2O). This solution was then heated at a 

constant temperature for indicated times. At each time point, a 100-200 µL 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 (Grac) is followed according to the 

procedure outlined in work by Cardenas and coworkers.[2] Please refer to Section 2.1.24 for more 

details. Each Grac per substrate is obtained from averaging two trials. 
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Figure 29. Barrier to Racemization of 72 at 80 oC, PhMe 

Table 22. Time-dependent Enantiodegredation of 72 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 kobs = 8.69×10-5, Average krac = 4.34×10-5   

Calculated, Average ΔGrac = 27.87 kcal mol-1 (116.61 kJ mol-1) 

Calculated t1/2 (37 oC) = 0.141 y (or 52 d) 
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Figure 30. Barrier to Racemization of 96 at 80 oC, PhMe 

Table 23. Time-dependent Enantiodegredation of 96 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 1.71×10-5, Average krac = 8.57×10-6 

Calculated, Average ΔGrac = 29.01 kcal mol-1 (121.37 kJ mol-1) 

Calculated t1/2 (37 oC) = 0.897 y (or 327 d) 
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Figure 31. Barrier to Racemization of 98 at 55 oC, PhMe 

Table 24. Time-dependent Enantiodegredation of 98 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 4.20×10-4, Average krac = 2.10×10-4 

Calculated, Average ΔGrac = 24.81 kcal mol-1 (103.81 kJ mol-1) 

Calculated t1/2 (37 oC) = 8.8 h 
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Figure 32. Barrier to Racemization of 97 at 100 oC, PhMe 

Table 25. Time-dependent Enantiodegredation of 97 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 2.06×10-5, Average krac = 1.03×10-5 

Calculated, Average ΔGrac = 30.6 kcal mol-1 (127.84 kJ mol-1) 

Calculated t1/2 (37 oC) = 11 y 
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Figure 33. Barrier to Racemization of 103 at 100 oC, PhMe 

Table 26. Time-dependent Enantiodegredation of 103 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 1.42×10-4, Average krac = 7.12×10-5 

Calculated, Average ΔGrac = 29.12 kcal mol-1 (121.84 kJ mol-1) 

Calculated t1/2 (37 oC) = 1.08 y (or 393 d)  

y = 2.42E-05x - 4.26E+00
R² = 9.96E-01

y = 1.71E-05x - 4.27E+00
R² = 9.23E-01
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Figure 34. Barrier to Racemization of 105 at 118 oC, PhMe 

Table 27. Time-dependent Enantiodegredation of 105 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 1.18×10-5, Average krac = 5.89×10-6 

Calculated, Average ΔGrac = 32.50 kcal mol-1 (135.99 kJ mol-1) 

Calculated t1/2 (37 oC) = 258.83 y (or 94,472 d) 

  

y = 1.14E-05x - 4.37E+00
R² = 9.97E-01

y = 1.21E-05x - 4.38E+00
R² = 9.89E-01
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Figure 35. Barrier to Racemization of 108 at 81 oC , PhMe 

Table 28. Time-dependent Enantiodegredation of 108 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 kobs = 4.51×10-5, Average krac = 2.26×10-5 

Calculated, Average ΔGrac = 28.41 kcal mol-1 (118.87 kJ mol-1) 

Calculated t1/2 (37 oC) = 0.341 y (or 124 d) 

  

y = 4.60E-05x - 4.07E+00
R² = 9.83E-01

y = 4.42E-05x - 4.07E+00
R² = 9.66E-01
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Figure 36. Barrier to Racemization of 112 at 81 oC, PhMe 

Table 29. Time-dependent Enantiodegredation of 112 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 = 1.83×10-5, Average krac = 9.03×10-6 

Calculated, Average ΔGrac = 30.64 kcal mol-1 (128.20 kJ mol-1) 

Calculated t1/2 (37 oC) = 12.75 y (or 4,558 d) 

 

y = 1.82E-05x - 4.19E+00
R² = 9.98E-01

y = 1.84E-05x - 4.19E+00
R² = 1.00E+00
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Figure 37. Barrier to Racemization of 73 at 130 oC, Ph2O 

Table 30. Time-dependent Enantiodegredation of 73 

Time (s) Trial Run 1 (ee%) Trial 1 [ln(1/ee%)] Trial Run 2 (ee%) Trial 2 [ln(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 ΔGrac = 32.90 kcal mol-1 (137.65 kJ mol-1) 

Calculated t1/2 (37 oC) = 491.2 y (or 179,282 d) 

  

y = 1.82E-05x - 4.19E+00
R² = 9.98E-01

y = 1.84E-05x - 4.19E+00
R² = 1.00E+00
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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  × 250 mL, Particle Size 5 µM, 

Part No. 83325). Method: Hexanes:IPA (98:2), flow rate = 0.7 

mL/min, tR = 5.1 min (minor) and tR = 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 

 

 
 
Sample HPLC of 72 
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major enantiomer, 

(Ra)-80 

Enantioseletivity of 80 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 6.3 min (minor) and tR = 8.1 

min (major). 

  Determined, averaged of 5 trials: 16:84 e.r., 68 ee% 

Sample Trace: 16:84 e.r., 68 ee% 

 
Racemic Standard of 80 

 

 

 
Sample HPLC of 80 
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major enantiomer, 

(Ra)-80 

Enantioseletivity of 80 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 7.6 min (minor) and tR = 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% 

 
Racemic Standard of 80 

 

 

 
Recrystallization HPLC of 80 
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major enantiomer, 

(Ra)-118 

Enantioseletivity of 118 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 6.2 min (minor) and tR = 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% 

 
Racemic Standard of 118 

 

 

 
Sample HPLC of 118 
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major enantiomer, 

(Ra)-82 

Enantioseletivity of 82 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(90:10), flow rate = 1.0 mL/min, tR = 10.7 min (minor) and tR = 

18.3 min (major). 

  Determined, averaged of 3 trials: 26:74 e.r., 48 ee% 

Sample Trace: 9:91 e.r., 82 ee% 

 
Racemic Standard of 82 

 

 

 
Sample HPLC of 82 
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major enantiomer,  

(Ra)-83 

Enantioseletivity of 83 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(99.5:0.5), flow rate = 0.7 mL/min, tR = 7.6 min (minor) and tR = 

10.6 min (major). 

  Determined, averaged of 2 trials: 30:70 e.r., 40 ee% 

Sample Trace: 31:69 e.r., 38 ee% 

 
Racemic Standard of 83 

 

 

 
Sample HPLC of 83 
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major enantiomer, 

(Ra)-84 

Enantioseletivity of 84 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 1.0 mL/min, tR = 5.0 min (minor) and tR = 5.3 min 

(major). 

  Determined, averaged of 4 trials: 35:65 e.r., 30 ee% 

Sample Trace: 37:63 e.r., 26 ee% 

 
Racemic Standard of 84 

 

 

 
Sample HPLC of 84 
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major enantiomer, 

(Ra)-85 

Enantioseletivity of 85 as measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 7.0 min (minor) and tR = 7.4 min 

(major). 

  Determined, averaged of 4 trials: 14:86 e.r., 72 ee% 

Sample Trace: 14:86 e.r., 72 ee% 

 
Racemic Standard of 85 

 

 

 
Sample HPLC of 85 
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major enantiomer, 

(Ra)-86 

Enantioseletivity of 86 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(99.5:0.5), flow rate = 0.7 mL/min, tR = 8.2 min (major) and tR = 

8.8 min (minor). 

  Determined, averaged of 6 trials: 13:87 e.r., 74 ee% 

Sample Trace: 87:13 e.r., 74 ee% 

 
Racemic Standard of 86 

 

 

 
Sample HPLC of 86 
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major enantiomer, 

(Ra)-87 

Enantioseletivity of 87 was measured with using a Daicel Corp. 

Chiralpak IC Column (4.6 mm  × 250 mL, Particle Size 5 µM, 

Part No. 83325). Method: Hexanes:IPA (98:2), flow rate = 0.7 

mL/min, tR = 6.5 min (minor) and tR = 6.7 min (major). 

  Determined, averaged of 3 trials: 12:88 e.r., 76 ee% 

Sample Trace: 12:88 e.r., 76 ee% 

 
Racemic Standard of 87 

 

 

 
Sample HPLC of 87 
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major enantiomer, 

(Ra)-89 

Enantioseletivity of 89 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 16.4 min (major) and tR = 17.4 min 

(minor). 

  Determined, averaged of 3 trials: 16:84 e.r., 68 ee% 

Sample Trace: 18:82 e.r., 64 ee% 

 
Racemic Standard of 89 

 

 

 
Sample HPLC of 89 
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major enantiomer, 

(Ra)-122 

Enantioseletivity of 122 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 8.8 min (major) and tR = 10.0 

min (minor). 

 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 

 

 

 
Sample  Trituration HPLC of 122 
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major enantiomer, 

(Ra)-123 

Enantioseletivity of 123 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 8.55 min (major) and tR = 

9.8 min (minor). 

  Determined from 123 (500 mg): 88.5:11.5 e.r., 77 ee% 

 
Racemic Standard of 123 

 

 

 
Sample HPLC of 123 
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major enantiomer, 

(Ra)-91 

Enantioseletivity of 91 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(75:25), flow rate = 1.0 mL/min, tR = 6.5 min (major) and tR = 7.6 

min (minor). 

  Determined, averaged of 3 trials: 12:88 e.r., 76 ee% 

Sample Trace: 15:85 e.r., 70 ee% 

 
Racemic Standard of 91 

 

 

 
Sample HPLC of 91 
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major enantiomer, 

(Ra)-93 

Enantioseletivity of 93 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 7.2 min (minor) and tR = 8.0 

min (major). 

  Determined, averaged of 2 trials: 13:87 e.r., 74 ee% 

Sample Trace: 13:87 e.r., 74 ee% 

 
HPLC Standard of 93 

Racemized enantioenriched material using heat, and observed enantiomer growing in. 

 

 

 
Sample HPLC of 93 
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major enantiomer, 

(Ra)-93 

Enantioseletivity of 93 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(75:25), flow rate = 1.0 mL/min, tR = 8.4 min (minor) and tR = 9.2 

min (minor). 

  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. 

 

 

 
Trituration HPLC of 93 
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major enantiomer, 

(Ra)-95 

Enantioseletivity of 95 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(75:25), flow rate = 1.0 mL/min, tR = 6.7 min (major) and tR = 7.9 

min (minor). Impurity that appears around 5.0 min is 

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. 

 

 

 
Sample HPLC of 95 
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major enantiomer, 

(Ra)-96 

Enantioseletivity of 96 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (99:1), 

flow rate = 0.7 mL/min, tR = 16.4 min (major) and tR = 17.4 min 

(minor). Impurity that appears around 5.0 min is toluene (necessary 

to dissolve compound). 

  Determined, averaged of 6 trials: 14:86 e.r., 72 ee% 

Sample Trace: 86:14 e.r., 72 ee% 

 
Racemic Standard of 96 

 

 

 
Sample HPLC of 96 
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major enantiomer, 

(Ra)-96 

Enantioseletivity of 96 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (99:1), 

flow rate = 0.5 mL/min, tR = 16.4 min (major) and tR = 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 

 

 

 
Trituration HPLC of 96 
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major enantiomer, 

(Sa)-98 

Enantioseletivity of 98 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 8.2 min (major) and tR = 14.1 

min (minor). 

  Determined, averaged of 5 trials: 63:37 e.r., 26 ee% 

Sample Trace: 55:45 e.r., 10 ee% 

 
Racemic Standard of 98 

 

 

 
Sample HPLC of 98 
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major enantiomer, 

(Ra)-97 

Enantioseletivity of 97 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(75:25), flow rate = 1.0 mL/min, tR = 5.6 min (major) and tR = 6.7 

min (minor). 

  Determined, averaged of 5 trials: 15:85 e.r., 70 ee% 

Sample Trace: 79:21 e.r., 58 ee% 

 
Racemic Standard of 97 

 

 

 
Sample HPLC of 97 
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major enantiomer, 

(Sa)-100 

Enantioseletivity of 100 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 9.8 min (major) and tR = 13.5 

min (minor). Trace amount of CH2Cl2 (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 

 

 

 
Sample HPLC of 100 
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major enantiomer, 

(Ra)-99 

Enantioseletivity of 99 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 5.6 min (minor) and tR = 6.7 

min (major). 

  Determined, averaged of 3 trials: 25:75 e.r., 50 ee% 

Sample Trace: 27:73 e.r., 46 ee% 

 
Racemic Standard of 99 

 

 

 
Sample HPLC of 99 
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major enantiomer, 

(Ra)-102 

Enantioseletivity of 102 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 7.3 min (minor) and tR = 7.6 

min (major). 

  Determined, average of 3 trials: 54:46 e.r., 8 ee% 

Sample Trace: 54:46 e.r., 8 ee% 

 
Racemic Standard of 102 

 

 

 
Sample HPLC of 102 
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major enantiomer, 

(Ra)-101 

Enantioseletivity of 101 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 4.4 min (major) and tR = 5.2 

min (minor). 

  Determined, average of 6 trials: 68:32 e.r., 36 ee% 

Sample Trace: 68:32 e.r., 36 ee% 

 
Racemic Standard of 101 

 

 

 
Sample HPLC of 101 

 

 



369 

 

major enantiomer, 

(Sa)-104 

Enantioseletivity of 104 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (95:5), 

flow rate = 1.0 mL/min, tR = 10.4 (minor) and tR = 12.3 (major). 

Trace amounts of CH2Cl2 (to dissolve the sample) are present at 

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 

 

 

 
Sample HPLC of 104 
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major enantiomer, 

(Ra)-103 

Enantioseletivity of 103 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (95:5), 

flow rate = 1.0 mL/min, tR = 7.5 (minor) and tR = 10.2 (major). 

  Determined, averaged of 3 trials: 74:26 e.r., 48 ee% 

Sample Trace: 65:35 e.r., 30 ee% 

 
Racemic Standard of 103 

 

 

 
Sample HPLC of 103 
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major enantiomer, 

(Sa)-106 

Enantioseletivity of 106 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 16.4 min (major) and tR = 17.4 min 

(minor). 

  Determined, average of 3 trials: 83:17 e.r., 66 ee% 

Sample Trace: 83:17 e.r., 66 ee% 

 
Racemic Standard of 106 

 

 

 
Sample HPLC of 106 
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major enantiomer, 

(Ra)-105 

Enantioseletivity of 105 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 7.35 min (major) and tR = 

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 

 

 

 
Sample HPLC of 105 
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major enantiomer, 

(Sa)-108 

Enantioseletivity of 108 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 7.3 min (minor) and tR = 7.6 min 

(major). 

  Determined, average of 3 trials: 82:18 e.r., 64 ee% 

Sample Trace: 81:19 e.r., 62 ee% 

 
Racemic Standard of 108 

 

 

 
Sample HPLC of 108 
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major enantiomer, 

(Ra)-107 

Enantioseletivity of 107 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 7.5 min (minor) and tR = 7.9 min 

(major). Trace amounts of CH2Cl2 (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 

 

 

 
Sample HPLC of 107 
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major enantiomer, 

(Ra)-119 

Enantioseletivity of 119 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(75:25), flow rate = 1.0 mL/min, tR = 7.0 min (minor) and tR = 9.7 

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 

 

 

 

 
Sample HPLC of 119 
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major enantiomer, 

(Ra)-120 

Enantioseletivity of 120 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), 

flow rate = 1.0 mL/min, tR = 5.6 min (minor) and tR = 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 

 

 

 
Sample HPLC of 121 

 

 



377 

 

major enantiomer, 

(Ra)-121 

Enantioseletivity of 121 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA 

(75:25), flow rate = 1.0 mL/min, tR = 7.0 min (minor) and tR = 

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) 

 

 

 
Sample HPLC of 121 
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major enantiomer,  

(Sa)-110 

Enantioseletivity of 110 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 12.0 min (major) and tR = 12.6 min 

(minor). 

  Determined, average of 2 trials: 83:17 e.r., 66 ee% 

Sample Trace: 79:21 e.r., 58 ee% 

 

Racemic Standard of 110 

 

 

 

Sample HPLC of 110 
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major enantiomer, 

(Ra)-109 

Enantioseletivity of 109 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 6.4 min (major) and tR = 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 

 

 

 

Sample HPLC of 109 
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major enantiomer,  

(Sa)-112 

Enantioseletivity of 112 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 0.5 mL/min, tR = 20.8 min (major) and tR = 24.4 min 

(minor). 

  Determined, average of 2 trials: 82:18 e.r., 64 ee% 

Sample Trace: 82:18 e.r., 64 ee% 

 

Racemic Standard of 112 

 

 

 

Sample HPLC of 112 
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major enantiomer,  

(Ra)-111 

Enantioseletivity of 111 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 5.6 min (major) and tR = 6.7 

min (minor). 

  Determined, average of 2 trials: 13:87 e.r., 74 ee% 

Sample Trace: 13:87 e.r., 74 ee% 

 

Racemic Standard of 111 

 

 

 

Sample HPLC of 111 
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major enantiomer,  

(Sa)-114 

Enantioseletivity of 114 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 10.2 min (major) and tR = 12.1 min 

(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 

 

 

 

Sample HPLC of 114 
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major enantiomer,  

(Ra)-113 

Enantioseletivity of 113 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IC Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 6.6 min (minor) and tR = 7.0 

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 

 

 

 

Sample HPLC of 113 
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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  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA (98:2), 

flow rate = 0.7 mL/min, tR = 10.6 min (major) and tR = 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 

 

 

 

Sample HPLC of 115 
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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  × 250 mL, 

Particle Size 5 µM, Part No. 83325). Method: Hexanes:IPA 

(70:30), flow rate = 1.0 mL/min, tR = 10.7 min (minor) and tR = 

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 

 

 

 

Sample HPLC of 73 
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major enantiomer,  

(Sa)-108 

Enantioseletivity of 108 was measured with chiral HPLC analysis 

using a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, 

Particle Size 5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), 

flow rate = 1.0 mL/min, tR = 16.4 min (major) and tR = 17.4 min 

(minor). 

  Determined, average of 2 trials: 64:36 e.r., 28 ee% 

Sample Trace: 64:34 e.r., 28 ee% 

 

Racemic Standard of 108 

 

 

 

Sample HPLC of 108 
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major enantiomer,  

(Ra)-107 

Enantioseletivity of 107 was measured with chiral HPLC analysis using 

a Daicel Corp. Chiralpak IA Column (4.6 mm  × 250 mL, Particle Size 

5 µM, Part No. 80325). Method: Hexanes:IPA (98:2), flow rate = 1.0 

mL/min, tR = 5.9 min (minor) and tR = 6.4 min (major). 

  Determined, average of 4 trials: 9:91 e.r., 82 ee% 

Sample Trace: 9:91 e.r., 82 ee% 

 

Racemic Standard of 107 

 

 

 

Sample HPLC of 107 
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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 Mo radiation ( = 0.71073 Å) at 100(2) K with 0.5 

deg/frame scans. The data collection strategy was calculated on APEX31, the data integration was 

performed using SAINT program2, the absorption correction based on multi-scan was obtained by 

SADABS3, and the space groups were assigned using XPREP4. The structures were solved by 

direct method with SHELXS5 and refined by full-matrix least-squares based on F2 with SHELXL5 

using Olex2 program6. 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 Mercury7 in Cambridge Structural Database system software8. 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 Flack9/Hooft10 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 (2006). 
(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 C28H21NS C23H15F4NS 

Formula weight, g/mol 403.52 413.42 

T, K 100(2) 100(2) 

Crystal system Monoclinic Orthorhombic 

Space group P21 P212121 

a, Å 10.0555(4) 9.8999(2) 

b, Å 11.6803(5) 13.7881(3) 

c, Å 18.1925(7) 27.3121(6) 

, ° 90 90 

, ° 100.9539(18) 90 

, ° 90 90 

V, Å3 2097.80(15) 3728.12(14) 

Z, Z’ 4, 2 8, 2 

Radiation (, Å) Mo, 0.71073 Mo, 0.71073 

, mm1 0.169 0.221 

calc, g/cm3 1.278 1.473 

Color Colorless Colorless 

2range for data collection, ° 2.28 to 54.20 5.88 to 54.20 
Index ranges -12 ≤ h ≤ 12 

-14 ≤ k ≤ 14 
-23 ≤ l ≤ 23 

-12 ≤ h ≤ 12 
-17 ≤ k ≤ 17  
-35 ≤ l ≤ 35 

Reflections collected 42835 86653 
Independent reflections 9235  

[Rint = 0.0217,  
Rsigma = 0.0201] 

8217  
[Rint = 0.0343,  
Rsigma = 0.0153] 

Completeness to 2 = 50.48°, % 99.6 99.6 

Goodness-of-fit on F2 1.171 1.058 

R1/wR2, % [I>=2 (I)] 3.73/9.16 2.23/5.91 

Largest diff. peak/hole, e Å-3 0.360/-0.254 0.236/-0.197 

Flack/Hooft parameters 0.05(7)/0.033(11) ˗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 C22H16FNS C23H18FNS 

Formula weight, g/mol 345.42 359.44 

T, K 100(2) 100(2) 

Crystal system Monoclinic Monoclinic 

Space group P21/c C2/c 

a, Å 9.8278(4) 35.7964(15) 

b, Å 10.9691(5) 9.0412(4) 

c, Å 32.1964(15) 11.4109(5) 

, ° 90 90 

, ° 91.4798(18) 98.271(2) 

, ° 90 90 

V, Å3 3469.7(3) 3654.6(3) 

Z, Z’ 8, 2 8, 1 

Radiation (, Å) Mo, 0.71073 Mo, 0.71073 

, mm1 0.200 0.192 

calc, g/cm3 1.322 1.307 

Color Colorless Colorless 

2range for data collection, ° 5.31 to 51.36 2.30 to 51.36 
Index ranges -11 ≤ h ≤ 11 

-13 ≤ k ≤ 13 
-39 ≤ l ≤ 39 

-43 ≤ h ≤ 43 
-11 ≤ k ≤ 11 
-13 ≤ l ≤ 13 

Reflections collected 81618 49364 
Independent reflections 6576  

[Rint = 0.0188,  
Rsigma = 0.0087] 

3455  
[Rint = 0.0575,  
Rsigma = 0.0170] 

Completeness to 2 = 50.48°, % 99.9 99.9 

Goodness-of-fit on F2 1.158 1.163 

R1/wR2, % [I>=2 (I)] 4.17/9.55 4.53/9.95 

Largest diff. peak/hole, e Å-3 0.313/-0.254 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.  



392 

 

 

 

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. 

 



393 

2.2.21. Spectral Data (NMR, HRMS-ESI MSpec) 

1H and 13C NMR and HRMS (ESI) Spectral Data of Catalyst 77 

 

 



394 
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1H Spectral Data of Catalyst CA10 
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1H and 13C Spectral Data of Catalyst CA16 
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1H and 13C Spectral Data of Catalyst CA18 
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1H and 13C Spectral Data of Catalyst 79 
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1H and 13C Spectral Data of Catalyst CA21 

 

 

OCH3

N

N

NH

OHN

OCH3

N

N

NH

OHN



400 

1H and 13C Spectral Data of Catalyst CA24 
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1H and 13C NMR Spectral Data of 3-chloro-4-methylquinoline 
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1H and 13C NMR Spectral Data of 3-bromo-4-methylquinoline 
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1H and 13C NMR Spectral Data of 3-bromo-4-chloroquinoline 
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1H and 13C NMR Spectral Data of 3-bromo-4-chloro-7-methoxyquinoline 
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1H, 13C, and 19F NMR Spectral Data of 3-(2-fluorophenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 3-(2-fluoro-4-methylphenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 3-(2,4-difluorophenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 3-(2-fluoro-5-nitrophenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 4-chloro-3-(2-fluorophenyl)quinoline 
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1H, 13C, and 19F NMR Spectral Data of 4-chloro-3-(2-fluorophenyl)quinoline 
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1H and 13C NMR Spectral Data of 4-methyl-3-(2-nitrophenyl)quinoline 
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1H and 13C NMR Spectral Data of 2-(4-methylquinolin-3-yl)benzonitrile 
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1H and 13C NMR Spectral Data of 2-(4-methylquinolin-3-yl)benzoate 

 

N

CH3

OCH3O



418 

 

 
1H and 13C NMR Spectral Data of 1-(2-(4-methylquinolin-3-yl)phenyl)ethanone 
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1H and 13C NMR Spectral Data of 4-methyl-3-(2-(trifluoromethoxy)phenyl)quinoline 
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1H and 13C NMR Spectral Data of 3-([1,1’-biphenyl]-2yl)-4-methylquinoline 

 

 

  

N

CH3

N

CH3



422 

1H and 13C NMR Spectral Data of 4-methyl-3-(o-tolyl)quinoline 
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1H and 13C NMR Spectral Data of 3-(2-chlorophenyl)-4-methylquinoline 
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1H (trace CH2Cl2) and 13C NMR Spectral Data of 3-(2-chloro-4-methylphenyl)-4-methylquinoline 
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1H and 13C NMR Spectral Data of 4-methyl-3-(2-(trifluoromethyl)phenyl)quinoline 
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1H and 13C NMR Spectral Data of 3-([1,1'-biphenyl]-2-yl)-4-chloroquinoline 

 

TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR Spectral Data of 3-([1,1'-biphenyl]-2-yl)-4-chloro-2-fluoroquinoline 
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TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR Spectral Data of 3-chloro-2-fluoro-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 2-fluoro-3-(2-fluorophenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 2-fluoro-3-(2-fluoro-4-methylphenyl)-4-methylquinoline 

 

 



433 

 

1H, 13C, and 19F NMR Spectral Data of 2-fluoro-3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-
methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 2-fluoro-3-(2-fluoro-5-(trifluoromethyl)phenyl)-4-

methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 2-fluoro-3-(2-fluoro-5-nitrophenyl)-4-methylquinoline 
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1H, 13C, and 19F NMR Spectral Data of 1h 
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1H, 13C, and 19F NMR Spectral Data of 1i 
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TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR Spectral Data of 1k 
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1H, 13C, and 19F NMR Spectral Data of 98 
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TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR Spectral Data of 100 
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1H, 13C, and 19F NMR Spectral Data of 102 
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1H, 13C, and 19F NMR Spectral Data of 104 
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1H, 13C, and 19F NMR Spectral Data of 106 
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1H, 13C, and 19F NMR Spectral Data of 108 
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1H, 13C, and 19F NMR Spectral Data of 110 
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1H, 13C, and 19F NMR Spectral Data of 112 
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1H, 13C, and 19F NMR Spectral Data of 114 
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TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR Spectral Data of 115 
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1H, 13C, and 19F NMR Spectral Data of 1v 

 

TFA standard was not 
included in this experiment. 
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H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 72 

 

 



460 

 

 

 

 



461 

1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 80 
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1H (trace CDCl3 grease), 13C, and 19F NMR and HRMS (ESI) Spectral Data of 118 
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1H (trace CDCl3 grease, EtOAc and n-Hexane) 13C, and 19F NMR and HRMS (ESI) Spectral Data 

of 81 
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1H, 13C, and 19F NMR Spectral Data of 82 

 

TFA standard was not 
included in this experiment. 
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467 

1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 84 

 

 

CDCl3 solvent peak 
overlaps with signals in the 

aromatic region of this 
compound. 
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1H, 13C (X-C coupling, X = F, Cl), and 19F NMR and HRMS (ESI) Spectral Data of 84 
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1H, 13C, and 19F NMR of 85 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 86 
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1H (trace HPLC grade n-Hexane), 13C, and 19F NMR and HRMS (ESI) Spectral Data of 87 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 2g 
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1H, 13C, and 19F NMR Spectral Data of 122 
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1H (trace H2O), 13C, and 19F NMR Spectral Data of 123 
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1H (grease impurity), 13C, and 19F NMR and HRMS (ESI) Spectral Data of 91 

 

TFA standard was not 
included in this experiment. 
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TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 93 
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486 

TFA standard was not 
included in this experiment. 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 95 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 96 
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1H (trace CDCl3 grease), 13C and HRMS (ESI) Spectral Data of 97 
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1H, 13C, and HRMS (ESI) Spectral Data of 99 
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1H (trace CDCl3 grease) and 13C NMR Spectral Data of 101 
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1H (trace CDCl3 water and grease), 13C, and HRMS (ESI) Spectral Data of 103 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 105 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 107 
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1H, 13C and HRMS (ESI) Spectral Data of 119 
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1H and 13C Spectral Data of 120 
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1H (residual CH3OH, grease impurity), 13C and HRMS (ESI) Spectral Data of 121 
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1H, 13C and HRMS (ESI) Spectral Data of 109 
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1H, 13C and HRMS (ESI) Spectral Data of 111 
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1H and HRMS (ESI) Spectral Data of 113 
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1H, 13C, and 19F NMR and HRMS (ESI) Spectral Data of 72 

water residue and 
NMR grease 
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1H (trace CDCl3 grease) and 13C and HRMS (ESI) Spectral Data of 116 

 

TFA standard was not 
included in this experiment. 

NMR 
grease 
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Preliminary Studies, 19F NMR Experiments of Substrate 74-Catalyst 77 
 

 

 

 

19F NMR, Compound 74 (25.3 mg) 
Catalyst 77 (8.1 mg, 20 mol%) 

19F NMR, Compound 74 (25.3 mg) 
No catalyst 
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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.37 

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.”113,114  

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,115 RIPTACs,116 and ADCs117 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 AI-assisted machine-learning118 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 

 

Figure 42. Chemical Probes via Fragment-Based Ligand and Targeted Discovery108,119 

 
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.108,119,120 

Chemoproteomics was a very feasible approach to study new disease areas and possibly cover 

diverse pharmacological space.108,119 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 N2 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.121 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 handle54 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 

 

 

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 

N

N N
CH3

NH2

   

Purity >98% purity >98% purity 
E1[a]: <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 
Atropisomerism 

unstable unstable stable 

 
 
Table 34. 3-aryl Quinoline-based diazirines 
 

 

134 135 136 

   

Purity >98% purity >98% purity 
E1[a]: <100% purity 
E2: <100% purity 

HPLC Method 70:30 Hex/IPA (IA) 20:80 Hex/IPA (IA) 70:30 Hex/EtOH (IC) 

Unstable or Stable 
Atropisomerism 

unstable unstable stable 

 
[a]E1 = 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. 

 

3.3 Experimental Section 

3.1.1 Example NMR Spectra for Atropoprobes 
 

1H NMR for Compound 133 (sample is too dilute to analyze outside of generalities) 
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1H NMR for Compound 134:  
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3.3.2 Chiral HPLC Traces 

 

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% 

 
Racemic Standard of 135 

 
 
 

 

134 

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% 

 
Racemic Standard of 134 
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[enantiopure] 

Enantiomer 1 

E1 of 136 was measured with HPLC analysis using 

Chiralpak IA Hexanes/EtOH (70:30), flow rate = 1.0 

mL/min, tR = 5.4 min. 

 

  Determined 100 ee% 

 
Racemic Standard 

 

 
 
Enantiopure E1 of 136 
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[enantiopure] 

Enantiomer 2 

E2 of 136 was measured with HPLC analysis using 

Chiralpak IA Hexanes/EtOH (70:30), flow rate = 1.0 

mL/min, tR = 5.4 min. 

 

  Determined 100 ee% 

 
Racemic Standard 

 

 
 
Enantiopure E2 of 136 
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[enantiopure] 

Enantiomer 1 

E1 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 100 ee% 

 
Racemic Standard 

 

 
 
Enantiopure E1 of 133 
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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 

 

 
 
Enantiopure E2 of 133 
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3.3.3. Cross-coupling Procedure for Synthesis of Intermediates 

 

 

Equation 49. Method A. Buchwald-Hartwig Cross-Coupling 

 

 

Equation 50. Method B. Suzuki-Miyaura Cross-Coupling 

 
3-(2-methyl-5-nitrophenyl)quinoline 

To 3-bromoquinoline (600 mg, 2.884 mmol, 1.0 equiv) was added (2-methyl-5-

nitrophenyl)boronic acid (677 mg, 3.742 mmol, 1.3 equiv), potassium carbonate 

(916.7 mg, 6.6332 mmol, 2.3 equiv), Pd(PPh3)4 (166 mg, 0.1442 mmol, 0.05 

equiv), 3.8 mL degassed, deionized H2O and 11.5 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 (559.3 mg, 72%). 

1H NMR (500 MHz, CDCl3) δ (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, J = 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, CDCl3) δ (ppm) = 150.43 (d, J = 2.4 Hz), 147.45, 146.49, 143.98, 139.48, 

135.80, 132.56, 131.62 (d, J = 4.3 Hz), 130.19, 129.42, 128.03, 127.59, 127.47, 125.07, 123.01, 

20.86 (d, J = 3.3 Hz). 

MS (APCI) = 264.3 m/z calculated for C16H12N2O2; experimental 264.1.  
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4-methyl-3-(2-methyl-5-nitrophenyl)quinoline 

To 3-chloro-4-methylquinoline (650 mg, 3.779 mmol, 1.0 equiv) was added (2-

methyl-5-nitrophenyl)boronic acid (889 mg, 4.913 mmol, 1.3 equiv), potassium 

phosphate tribasic (1.844 g, 8.692 mmol, 2.3 equiv), Pd(OAc)2 (84.6 mg, 0.3779 

mmol, 0.1 equiv), XPhos (360 mg, 0.7558 mmol, 0.2 equiv), 5.03 mL degassed, deionized H2O 

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%). 

1H NMR (400 MHz, CDCl3) δ (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) δ (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, J = 21.9 Hz), 15.92, 15.38. 

MS (APCI) = 278.3 m/z calculated for C17H14N2O2; experimental 278.1. 
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3-(2-fluoro-5-nitrophenyl)-4-methylquinoline 

To 3-chloro-4-methylquinoline (2.615 g, 15.2 mmol, 1.0 equiv) was added (2-

fluoro-5-nitrophenyl)boronic acid (3.65 g, 19.76 mmol, 1.3 equiv), potassium 

phosphate tribasic (7.42 g, 34.96 mmol, 2.3 equiv), Pd(OAc)2 (340 mg, 1.52 

mmol, 0.1 equiv), XPhos (1.45 g, 8.04 mmol, 0.2 equiv), 20 mL degassed, deionized H2O 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 C16H11FN2O2; experimental 282.1. 

 

3.3.4 Hartwig Fluorination Towards 3-aryl-2-fluoroquinolines 

 

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 

To 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%). 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.21 (s, 1H), 8.18 (d, J = 3.7 Hz, 2H), 8.01 (d, J = 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, CDCl3) δ (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, J = 2.1 Hz), 135.43 (d, J = 3.9 Hz), 131.38 – 131.22 (m), 127.94 

(d, J = 33.2 Hz), 127.09 (d, J = 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, J = 3.2 Hz). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -63.47 (d, J = 9.5 Hz). 

MS (APCI) = 282.3 m/z calculated for C16H11FN2O2; 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 (II) 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%). 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.24 (dd, J = 8.5, 1.2 Hz, 1H), 8.08 (d, J = 2.4 Hz, 1H), 

8.06 (d, J = 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, J = 1.4 Hz, 3H), 2.22 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 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, J = 37.1 Hz), 20.21, 16.08. 

19F NMR (376 MHz, CDCl3) δ (ppm) = -62.38. 

MS (APCI) = 296.3 m/z calculated for C17H13FN2O2; experimental 296.1. 
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2-fluoro-3-(2-fluoro-5-nitrophenyl)-4-methylquinoline 

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 

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 C16H10F2N2O2; experimental 300.6. 

 

 

TFA standard was not 
included in this experiment. 
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3.3.5 General Thiolation Towards 3-aryl-2-(phenylthio)quinolines 

 

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 oC. 
 

4-methyl-3-(2-methyl-5-nitrophenyl)-2-(phenylthio)quinoline 

To 2-fluoro-4-methyl-3-(2-methyl-5-nitrophenyl)quinoline (187 mg, 0.6311 

mmol, 1.0 equiv) was added thiophenol (643.8 mL, 6.311 mmol, 10.0 equiv), 

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 oC 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. 

1H NMR (500 MHz, CDCl3) δ (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, CDCl3) δ (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 C23H18N2O2S; experimental 386.4. 
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3-(2-fluoro-5-nitrophenyl)-4-methyl-2-(phenylthio)quinoline, 89 

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 C22H15FN2O2S; experimental 389.9, 391.6. 

 

3.3.6 Synthesizing Intermediates: General Amination Towards 3-aryl-2-
(phenylthio)quinolines 

 

 

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 oC. 
 
 
3-(2-fluoroquinolin-3-yl)-4-methylaniline 

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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1H NMR (400 MHz, CDCl3) δ (ppm) = 8.08 (d, J = 9.6 Hz, 1H), 7.98 (d, J = 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, J = 2.9 Hz, 1H), 3.64 (s, 2H), 2.10 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ (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, J = 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, J = 2.8 Hz), 18.93 – 18.69 (m). 

19F NMR (376 MHz, CDCl3) δ (ppm) = -63.18 (d, J = 9.5 Hz). 

MS (APCI) = 252.3 m/z calculated for C16H13FN2; experimental 253.6, 252.9. 
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TFA standard was not 
included in this experiment. 
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4-methyl-3-(4-methylquinolin-3-yl)aniline 

Following the general procedure: to 4-methyl-3-(2-methyl-5-

nitrophenyl)quinoline (155 mg, 0.557 mmol, 1.0 equiv) was added Pd(C) (40 

mg, 0.375 mmol, 0.70 equiv) and 5.0 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 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 

Following the general procedure: to 4-methyl-3-(2-methyl-5-

nitrophenyl)quinoline (50 mg, 0.129 mmol, 1.0 equiv) was added Pd(C) (15 mg, 

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. 

1H NMR (400 MHz, CDCl3) δ (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, CDCl3) δ (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) δ (ppm) = -140.79. 

MS (APCI) = 356.5 m/z calculated for C23H20N2S; experimental 356.3. 
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3.3.7 General Procedure: HATU Amide Coupling Towards Atropisomeric Quinoline 
Scaffolds 

 

 

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, 7839–7847 (i.e., General Procedure 2 of ‘Synthesis of Diazirine Containing 
Tags’). 
 

 

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 Na2SO4. 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 

Following the general procedure: 3-(2-fluoroquinolin-3-yl)-4-

methylaniline (156 mg, 0.164 mmol, 1.0 equiv), 3-(3-(but-3-yn-1-

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 µL, 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%). 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.14 (t, J = 6.6 Hz, 1H), 7.99 (t, J = 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, J = 6.8 

Hz, 1H), 7.32 – 7.26 (m, 1H), 2.19 (d, J = 4.2 Hz, 1H), 2.15 – 2.10 (m, 1H), 2.03 (dd, J = 10.1, 4.9 

Hz, 1H), 1.98 (d, J = 7.0 Hz, 1H), 1.92 (s, 40H), 1.66 (s, 1H). 

MS (APCI) = 400.5 m/z calculated for C24H21FN4O; 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-

yl)phenyl)propanamide, 135 

Following the general procedure: 4-methyl-3-(4-methylquinolin-

3-yl)aniline (72 mg, 0.29 mmol, 1.0 equiv), 3-(3-(but-3-yn-1-yl)-

3H-diazirin-3-yl)propanoic acid (54.8 mg, 0.33 mmol, 1.15 

equiv), HATU (137.6 mg, 0.3623 mmol, 1.25 equiv), DIPEA (278 µL, 1.16 mmol, 4.0 equiv), and 

966 µL 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%). 

1H NMR (400 MHz, CDCl3) δ (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, J = 7.2 Hz, 1H), 1.27 (s, 1H), 0.89 (s, 1H). 

MS (APCI) = 396.2 m/z calculated for C25H24N4O; 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-

yl)phenyl)propanamide, 136 

Following the general procedure: 4-methyl-3-(4-methyl-2-

(phenylthio)quinolin-3-yl)aniline (38 mg, 0.106 mmol, 1.0 equiv), 

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (20.4 mg, 

0.1228 mmol, 1.15 equiv), HATU (50.4 mg, 0.1325 mmol, 1.25 

equiv), DIPEA (74 µL, 0.424 mmol, 4.0 equiv), and 353 µL 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 C31H28N4OS; experimental 397.0. 

HRMS (ESI) = 504.6520 calculated; found 505.2062  

 
N-(4-fluoro-3-(4-methyl-2-(phenylthio)quinolin-3-yl)phenyl)butyramide 

Following the general procedure: 4-fluoro-3-(4-methyl-2-

(phenylthio)quinolin-3-yl)aniline (16.4 mg, 0.0457 mmol, 1.0 equiv), 

buturyl chloride (5.57 µL, 0.0526 mmol, 1.15 equiv), HATU (21.7 mg, 

0.0572 mmol, 1.25 equiv), DIPEA (32 µL, 0.1828 mmol, 4.0 equiv), and 

152 µL 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. 
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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 

 

 



556 

Acknowledgements 

 
Chapter 3 in full is an ongoing project and the manuscript is still in progress. The work that 

appears in this thesis dissertation was completed before June 2021. The dissertation author is one 

of the primary investigators, and this work will likely be pivoted in another direction. The 

dissertation author was the primary researcher responsible for this early work. 

  



557 

Chapter 4 FUTURE DIRECTIONS FOR NEW ATROPOSELECTIVE NUCLEOPHILIC 
SUBSTITUTIONS 

 

Copyright 

Chapter 4 is a compilation of material that may be utilized in future publications. The 

following are co-authors for these projects: Cardenas, M. M.; Gustafson, J. L. The dissertation 

author was a supplemental researcher and coauthor for the data presented for future manuscripts. 

Support of this work by the National Science Foundation (CHE-1664565) and the National 

Institute of General Medical Science (R35GM124637) are acknowledged. 

 

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 Sotorasib23 and Mirati 

Therapeutics’ MRTX1719)22 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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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. 

 

 

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 functionalization122 of pharmaceutically 

relevant heteroarenes used widely in industry involves ‘nucleophilic’ radicals, in what is typically 

referred as Minisci chemistry.123 Seminal work from Baran,124,125 Molander,126 DiRocco,127 and 

MacMillan128 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.  

 

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 coworkers129 
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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 

coworkers130 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 Brønsted-acid catalysts101,131–133 (e.g. phosphoric acids, etc.) can influence the 

regioselectivity and atroposelectivity of Minisci chemistry in biarylated pyridine and quinolines 

(Equation 57). While I 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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