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ABSTRACT 
 
 
 

REDUCTIVE COUPLING REACTIONS OF ORGANOSILANES FOR THE 

MONOSELECTIVE C–F FUNCTIONALIZATION OF TRIFLUOROMETHYLARENES 

 
 
 The mono-selective defluorofunctionalization of trifluoromethylarenes is an emerging 

strategy to access ⍺,⍺-difluorobenzylic derivatives, which are difficult to access in a divergent 

manner. Fluorine incorporation is a common strategy employed during the optimization of 

potential pharmaceuticals in the drug discovery process. Much effort has been spent over the past 

few decades in developing fluorination methodologies, and the result has been tremendous growth 

in aryl and alkyl fluorination and trifluoromethylation reactions. On the other hand, methods to 

install other fluoroalkyl motifs are less developed. Due to the abundant availability of 

trifluoromethylarenes, mono-selective defluorofunctionalization reactions would be an ideal route 

to access ⍺,⍺-difluorobenzylic derivatives, which are becoming increasing examined in drug 

discovery settings. 

 Chapter one will provide the necessary background to understand the context of the work 

described throughout the following chapters. First, there will be an overview of the importance of 

fluorine for the development of pharmaceutical compounds. Then there will be a brief summary 

of the different strategies that have been developed to achieve the trifluoromethylation of arenes 

as well as the common routes to access ⍺,⍺-difluorobenzylic compounds. Finally, a thorough 

discussion of the challenges and reported solutions to achieve mono-selective 

defluorofunctionalization of trifluoromethylarenes will be provided. 
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 Chapter two will describe the initial discovery, development, and mechanistic investigation 

of the defluoroallylation reaction reported by the Bandar group. This discovery led to the 

identification of a new strategy to achieve reductive coupling through the use of Lewis base 

activated organosilanes, which provides the basis for the reactions discovered and developed in 

chapters three and four. 

 Chapter three will describe the discovery, development, and mechanistic investigation of a 

reductive coupling reaction of trifluoromethylarenes with formamides. This reaction generates a 

silylated hemiaminal product which is a valuable synthetic intermediate to access a broad scope of 

⍺,⍺-difluorobenzylic derivatives. Mechanistic investigations support the generation of a ⍺,⍺-

difluorobenzylsilane intermediate in the reaction. Isolated of the ⍺,⍺-difluorobenzylsilane and 

subsequent derivatizations further broaden the scope of transformations accessible via this 

reductive coupling process. 

 Chapter four will describe the discovery and preliminary development of the mono-

selective hydrodefluorination of trifluoromethylarenes using hydrosilanes activated by a Lewis 

basic catalyst. Two different catalytic systems are demonstrated that operate via different 

mechanisms, which provides access to different reaction scopes. A short discussion on the future 

work of this project will also be provided, where a junior graduate student is developing conditions 

to enable the mono-selective hydrodefluorination of electron-neutral trifluoromethylarenes. 

 
 
 

 



 iv 

ACKNOWLEDGEMENTS 
 
 
 

 As I near the end of this long and incredible journey I am filled with gratitude. I have 

received so much support throughout every part of this journey, and I know that I could not have 

reached this point if not for everyone along the way. I will take this opportunity to thank some of 

those people. 

 First, I would like to thank my committee: Professors Robert Paton, Thomas Borch, and 

Margarita Herrera-Alonso. Your time and consideration have been crucial in progressing towards 

my degree, thank you all very much.  

 Thu-Thai Le Douglass and Roselle Schmidt, thank you for being great managers and great 

people.  You gave me the hours I needed to afford school and attend classes. You built great teams 

that made work fun and led to friends and memories that I will forever cherish.  

 Professor Linda Woods, thank you for making the community college more than just a 

place to take cheap classes. You instituted programs that gave us opportunity and encouraged us 

on. I know that I would not have finished college without those opportunities. 

 Professor Timothy Clark, thank you for being a great mentor. I wouldn’t have been 

accepted to the university if it wasn’t for your lab, and it is because of that opportunity to do 

research that I was able to go to graduate school. Most of all, your high expectations from everyone 

in the group, and the care you take in teaching us, is what shaped me into the chemist that exists 

today.  

 Professor Jeffrey Bandar, thank you for being a great advisor, a great mentor, a great boss, 

and a great person. Thank you especially for giving me the flexibility I needed to always put my 

family first. You push all your students in the ways that they need to be pushed while giving us 



 v 

the freedom that we need to succeed in our own way. Your mentorship has taught me what it takes 

to be successful and how to achieve that success. I will use these lessons for the rest of my life. 

 Mom and dad, thank you for teaching me how to work hard and how to value the most 

important things in life, and thank you for loving me and supporting me throughout my life. 

Stanley, thank you for being the best brother I have ever had and for always being there for me. 

 Patrick, thank you for being a part of my life and for being you. You left everything you 

know to come with me. I hope that the opportunities provided to us will make it so that you won’t 

have to struggle in the way that your mom and I had to, and I hope that I can help you in achieving 

your goals and dreams—whatever they may be. 

Stephanie, thank you for accepting me, thank you for believing in me, thank you for always 

supporting me, and thank you for always being there for me. This has been a long journey, but I 

hope that this is still just the beginning our life together. I look forward to a lifetime of moments 

together. I hope to support you in achieving everything that you want, and I will spend the rest of 

my life returning, in kind, the love and support that you have given me. 



 vi 

TABLE OF CONTENTS 
 
 
 

ABSTRACT .................................................................................................................................... ii 

ACKNOWLEDGMENTS ............................................................................................................. iv 

CHAPTER ONE. Defluorofunctionalization as an Emerging Strategy to Access Difluorobenzylic 

Compounds ......................................................................................................................................1 

1.1 Chapter Overview ......................................................................................................................1 

1.2 Unique Properties of Fluorine for Drug Discovery ...................................................................1 

1.3 Methods to Access Trifluoromethylarenes ................................................................................5 

1.4 Methods to Access Difluorobenzylic Compounds ....................................................................7 

1.5 Selective C–F Functionalization of Trifluoromethylarenes .......................................................8 

1.6 Conclusion ...............................................................................................................................17 

REFERENCES ..............................................................................................................................19 

CHAPTER TWO. Lewis Base Activation of Organosilanes to Trifluoromethylarene C–F Cross 

Coupling. ........................................................................................................................................24 

2.1 Chapter Overview ....................................................................................................................24 

2.2 Discovery of a Trifluoromethylarene Defluoroallylation Reaction .........................................24 

2.3 Defluoroallylation Mechanism ................................................................................................26 

2.4 Defluoroallylation Scope and Derivatizations .........................................................................27  

2.5 Conclusion ...............................................................................................................................29 

REFERENCES ..............................................................................................................................30 

CHAPTER THREE. Base-Promoted Reductive Coupling Reactions for the Divergent 

Defluorofunctionalization of Trifluoromethylarenes .....................................................................31 



 vii 

3.1 Chapter Overview ....................................................................................................................31 

3.2 Introduction ..............................................................................................................................31 

3.3 Discovery of a Trifluoromethylarene Reductive Coupling Reaction with Formamides .........33 

3.4 Trifluoromethylarene Reductive Coupling Scope ...................................................................36 

3.5 Experiments to Investigate the Reaction Mechanism ..............................................................41 

3.6 Defluorosilylation and Use as a Nucleophilic Difluorobenzylic Synthon ...............................47 

3.7 C–H Functionalization of a Difluoromethylarene ...................................................................49 

3.8 Conclusion ...............................................................................................................................50 

REFERENCES ..............................................................................................................................51 

CHAPTER FOUR. Direct Mono-Selective Hydrodefluorination of Trifluoromethylarenes ........55 

4.1 Chapter Overview ....................................................................................................................55 

4.2 Introduction ..............................................................................................................................55 

4.3 Increased pharmacological activity of difluoromethyl- versus trifluoromethyl substitution ...56 

4.4 Methods to incorporate the difluoromethyl group into arenes .................................................57 

4.5 Hydrodefluorination of trifluoromethylarenes .........................................................................58 

4.6 Lewis base activation of hydrosilanes for the hydrodefluorination of trifluoromethylarenes .58 

4.7 Future Work .............................................................................................................................63 

4.8 Conclusion and Outlook ..........................................................................................................65 

REFERENCES ..............................................................................................................................66 

APPENDIX ONE. Base-Promoted Reductive Coupling Reactions for the Divergent 

Defluorofunctionalization of Trifluoromethylarenes: Experimental .............................................68



 1 

CHAPTER ONE 
 

DEFLUOROFUNCTIONALIZATION AS AN EMERGING STRATEGY TO ACCESS 
DIFLUOROBENZYLIC COMPOUNDS 

 
 
 
1.1 Chapter Overview 

This chapter is intended to provide the necessary background to appreciate the utility of 

selective defluorofunctionalization reactions for accessing difluorobenzylic compounds from 

trifluoromethylarenes. A brief introduction to the unique and desirable effects of fluorine 

incorporation on the pharmacokinetic properties of potential drugs will be provided. Then, an 

overview of common methods of benzylic fluorination will be described, with a focus on the well-

developed trifluoromethylation methodologies that have been reported. Finally, recent 

developments towards the mono-selective defluorofunctionalization of trifluoromethylarenes will 

be summarized to provide the necessary context for the state of the field in which the work 

presented herein will advance. 

 

1.2 Unique Properties of Fluorine for Drug Discovery 

The incorporation of fluorine into bioactive molecules can have subtle or substantial effects 

on stability, solubility, conformation, and biological activity.[1-9] Currently, about 20% of 

commercial pharmaceuticals contain at least one fluorine atom and there has been an upward trend 

in the proportion of FDA-approved drugs that contain fluorine in recent years.[8] Fluorinated motifs 

are therefore in high demand for drug discovery efforts and methods to incorporate them have been 

the focus of intensive research efforts over the past several decades.[10-12] Although much effort 

has been spent developing new methods of fluorination and fluoroalkylation, increased 
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incorporation of fluorine in drug design and development is still limited primarily by synthetic 

accessibility.[3] 

The combination of fluorine’s small size (1.47 Å van der Waals radius, about 20% larger 

than hydrogen) and high electronegativity (3.98 Pauling scale, the most electronegative atom) 

impart unique properties that are often used for modulating the physiochemical and 

pharmacokinetic properties of a potential pharmaceutical, particularly when multiple fluorine 

atoms are attached to the same carbon.[9] Trifluoro- and gem-difluoro substituents are strongly 

electron-withdrawing and this inductive effect can alter the acidity or basicity of nearby functional 

groups which can affect binding interactions to biological targets.[5] The high strength of the C–F 

bond (115 kcal/mol for PhCF2–F and 99 kcal/mol for PhCH2–F)[13-14] has increased oxidative and 

thermal stability and consequently C–F substitution is a commonly used strategy to prevent in vivo 

oxidation of labile C–H bonds (90 kcal/mol for PhCH2–H)[15], particularly at benzylic positions. 

Additionally, these inductive effects can also increase the metabolic stability of electron rich 

(hetero)arenes that are susceptible to oxidation. Increases in metabolic stability often lead to 

increased half-life and a reduction in the formation of toxic metabolites. [16]  

 Unlike the other halogens (chlorine, bromine, iodine), fluorine possesses low 

polarizability, which effectively increases the lipophilicity of a difluoro- or trifluoromethylarene. 

From a pharmacokinetic perspective, the lipophilicity of a compound is often correlated with 

adsorption, distribution, and route of elimination within the body.[17] Of particular importance is 

the bioavailability of a potential drug after oral dosage. Absorption via passive diffusion across 

membranes within the stomach, intestinal lining, and the blood brain barrier to reach the central 

nervous system are affected by the lipophilicity of a potential drug. To provide an example of the 

enhanced pharmacokinetic properties due to the fluorine incorporation, the substitution of a 
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chlorine atom in the benzothiazole core of the antipsychotic chlorpromazine with a trifluoromethyl 

group resulted in a five-fold increase in potency.[3]  

The focus of the work described in Chapters 2,3, and 4 is on the α,α-difluorobenzylic 

substructure specifically (generic figure shown in Figure 1-1). A unique feature of the α,α-

difluorobenzylic group (ArCF2–R) is the presence of an R substituent that be used as a point of 

modularity. Structure optimization of lead and late-stage compounds is a critical part of the drug 

discovery process, therefore examination of a variety of fluoroalkyl motifs can be crucial in 

obtaining the optimal pharmacological profile. For example, Novartis screened four subtly 

different fluoroalkyl motifs, among other substituents of varying size and polarity, as a bioisostere 

of an iso-propyl substituent during the development of LSZ102, a selective estrogen receptor 

degrader currently in clinical trials for the treatment of breast cancer (Figure 1-2).[18] Examination 

of trifluoromethyl, difluoromethyl, ⍺-fluoroethyl, and ⍺,⍺-difluoroethyl moieties revealed the ⍺,⍺-

difluoroethyl structure as the optimal structure to achieve a desirable balance of potency and 

bioavailability. An x-ray crystal structure of LSZ102 bound to the estrogen receptor alpha (ER⍺) 

protein shows that the ⍺,⍺-difluoroethyl substituent is an optimal size to adequately occupy space 

within the hydrophobic binding pocket, with additional interactions to several phenylalanine, 

leucine, and methionine residues observed. 

 

Figure 1-1. The α,α-difluorobenzylic substructure. 

R

F F

= ⍺,⍺-difluorobenzylic substructure
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Figure 1-2. Novartis structure optimization of LSZ102, currently in clinical trials for the treatment 
of breast cancer. 

In another example of potential bioisosterism enabled by the difluorobenzylic motif, Merck 

was developing a thrombin inhibitor that failed phase 3 clinical trials due to poor bioavailability 

(Figure 1-3).[3,5] Extensive structure-activity relationship studies led to the identification of 

difluorobenzylic compounds with similar potency and higher bioavailability. The α,α-

difluoroethyl substructure serves two functions: (1) as a lipophilic bioisostere by mimicking the 

shape and dipole of the sulfonamide moiety, and (2) blocks metabolic oxidation of the benzyl 

moiety. The beneficial effect of the difluorobenzylic substructure is verified by the observation 

that replacing the gem-difluoride with either a gem-dimethyl or a methylene both resulted in 

roughly six-fold decrease in activity. The previous two examples are from drug discovery 

campaigns and they highlight how the difluorobenzylic motif can act as a lipophilic bioisostere to 

optimize potential drug candidates. 

 

Figure 1-3. Merck structural optimization of a thrombin inhibitor, RWJ-445167, that failed 
clinical trials due to poor bioavailability. 
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A particularly useful bioisostere is the difluoromethylarene (ArCF2H) functional group as 

a lipophilic bioisostere of alcohols, thiols, and amines with weak hydrogen bond donating 

capabilities.[19-21] Hydrogen bonding is an important non-covalent interaction that can increase the 

binding affinity of drugs to their target proteins and result in a more potent pharmaceutical. A 

lipophilic hydrogen bond donator is a useful tool to possess as hydrogen bond donating functional 

groups are typically polar and hydrophilic, such as alcohols, thiols, and amines; therefore, having 

access to a lipophilic bioisostere can be useful in complementary situations to traditional hydrogen 

bond donators. As an example, a pyrazole carboxamide fungicide was examined with both a 

trifluoro- and difluoromethyl group on the pyrazole ring.[19] The difluoromethyl version was nearly 

twice as effective and it was suggested that the greater activity was due to increased enzyme-

inhibitor interactions. 

Due to the myriad effects that trifluoro- and difluoromethyl substituents can impart on a 

compound, much effort has been devoted to the development of methods to install these 

substituents on arenes. The next section will provide a brief background on the methods to access 

difluoro- and trifluoromethylarenes. 

 

1.3 Methods to Access Trifluoromethylarenes 

The trifluoromethylation of arenes has been the focus of intensive research efforts and 

consequently has the most developed methodologies of any fluoroalkyl group. This section will 

briefly provide an overview of methods to achieve trifluoromethylation of an arene by providing 

examples of representative reported strategies. 

Many simple building-block trifluoromethylarenes are produced industrially from the 

methylarene through the two-step Swarts reaction, utilizing chlorine gas and antimony trifluoride 
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or hydrogen fluoride (Figure 1-4, a).[22-23] While this is a reliable route to simple 

trifluoromethylarenes, the harsh reaction conditions and dangerous reagents used limit functional 

group compatibility and prevent use for most purposes beyond the use of highly specialized 

equipment. Alternatively, robust condensation/annulation reactions employing trifluoroacetate 

derivatives have been used to generate trifluoromethyl(hetero)arenes. For example, trifluoroacetic 

anhydride was used for acylation followed by annulation in a process route to the top-selling DPP-

4 inhibitor diabetic drug sitagliptin.[24] Careful consideration must be employed as this strategy 

can result in regioisomers and the scope of accessible (hetero)arenes is limited to the specific 

structural arrangements amenable to condensation/annulation type reactions (Figure 1-4, b). 

 

Figure 1-4. Common industrial routes towards trifluoromethylarene building block compounds. 

There has been much effort devoted towards the mild trifluoromethylation of arenes and 

only a few examples will be provided here, though several reviews have been published on the 

subject.[10,11,22,23] Ipso-substitution of aryl iodides, bromides, and chlorides by stoichiometric 

CuCF3 generated in situ or preformed is well-developed.[22] A Sandmeyer-type 

trifluoromethylation of primary anilines was developed by Fu in 2013 utilizing an electrophilic 

trifluoromethyl source and copper metal.[25] Copper mediated oxidative coupling of aryl boronates 

with trifluorotrimethylsilane has also been developed.[26] The cost and waste associated with 

stoichiometric metal use are undesirable and significant effort has been spent on developing 

catalytic methods for aromatic trifluoromethylation.  Over the last decade photoredox and 
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transition metal-catalyzed methods have greatly expanded access to trifluoromethyl(hetero)arenes. 

In 2009, Amii reported the copper-catalyzed trifluoromethylation of aryl iodides, discovering that 

the use of the diamine ligand 1,10-phenanthroline accelerated the rate of oxidative insertion 

enough to prevent decomposition of the trifluoromethyl source.[27] In 2010, Buchwald disclosed 

the palladium-catalyzed trifluoromethylation of aryl chlorides, where the identity of 

trifluoromethyl source, to limit degradation, and bulky monophosphine ligand, to promote the 

challenging reductive elimination, were crucial for the success of the reaction.[28] In 2011, 

MacMillan utilized photocatalysis for with the C–H trifluoromethylation of (hetero)arenes 

employing a ruthenium photocatalyst to reduce trifluoromethylsulfonyl chloride and generate a 

trifluoromethyl radical that adds to (hetero)arenes.[29] In 2018, MacMillan impressively combined 

photo- and copper catalysis for the trifluoromethylation of aryl bromides—key aspects were the 

identification of a silyl radical, generated by oxidation of the excited photocatalyst, that could 

abstract the bromide providing the aryl radical, and a trifluoromethyl source that could reduce the 

photocatalyst and generate the trifluoromethyl radical.[30] In summary, the tremendous 

development of mild and catalytic methods to install trifluoromethyl groups on arenes from a 

variety of precursors has enabled its ubiquitous presence in drug-discovery efforts.  

 

1.4 Methods to Access Difluorobenzylic Compounds 

There are far fewer methods available for the preparation of α,α-difluorobenzylic 

compounds when compared to the trifluoromethylation of arenes. Difluoromethylarenes are 

typically synthesized from deoxyfluorination of the corresponding carbonyl using highly reactive 

and potentially explosive sulfur(IV) fluoride reagents, such as dimethylaminosulfur trifluoride, 

which greatly limits functional group compatibility.[31] Therefore, accessing a diverse array of 
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difluorobenzylic structures, such as for understanding structure-activity relationships, requires 

multi-step syntheses for access to the carbonyl prior to deoxyfluorination. Additionally, 

installation of the difluorobenzylic moiety must typically be performed early in the synthetic 

sequence, or incorporated later in a convergent synthesis, because of functional group 

incompatibilities (including alcohols, other carbonyls, and basic amines) with the harsh 

deoxyfluorination reagents. While there has been progress in the difluoromethylation of aryl 

(pseudo)halides and boronates utilizing transition metals, these reactions frequently require 

expensive stoichiometric reagents.[32] Additionally, available –CF2R coupling partners are 

generally limited to α,α-difluorocarbonyls.[33-36] Several radical-based methods to achieve benzylic 

C–H fluorination[37] or aryl difluoromethylation[38-39] have been reported, though it can be 

challenging to control regioselectivity for many classes of aromatic substrates. As another 

alternative approach, Qing recently reported in 2018 the regioselective oxidative 

difluoromethylation of acidic heteroaryl C–H bonds.[40] 

The lack of methods to rapidly access diverse α,α-difluorobenzylic substructures and the 

prevalence of trifluoromethylarenes in drug discovery positions the trifluoromethyl group as the 

most logical choice as a synthetic handle to streamline access to these highly desired derivatives; 

unfortunately, numerous challenges have hindered progress in this regard and these will be 

discussed in the next section. 

 

1.5 Selective C–F Functionalization of Trifluoromethylarenes 

A major challenge to the mono-selective C–F functionalization of trifluoromethylarenes is 

the high trifluoromethyl C–F bond strength that decreases upon each C–F substitution (115 

kcal/mol for PhCF2–F and 99 kcal/mol for PhCH2–F). Thus, traditional activation strategies are 
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unable to provide selectivity since any products formed will have weaker C–F bonds than the 

reactants and will thus result in unselective or exhaustive defluorination. Therefore, any strategy 

to selectively functionalize a single C–F bond in trifluoromethylarenes must also be prevented 

from activating the weaker remaining C–F bonds in the product. This section provides an overview 

of the reported strategies to overcome these limitations to provide a mono-selective 

defluorofunctionalized product. Currently, there exist five strategies for the selective substitution 

of a single C–F bond of a trifluoromethylarene: (1) electrochemical or low valent metal reductions, 

(2) Lewis acid activation, (3) transition metal catalysis, and (4) photoredox catalysis will be 

discussed in this section. The fifth strategy encompasses the developments of the Bandar Group, 

the Lewis base activation of organosilanes, and will be the focus of Chapters 2 and 3, as well as 

part of Chapter 4.  

 

1.5.1 Electrochemical and Low-Valent Metal Reductive Defluorofunctionalization of 

Trifluoromethylarenes 

 The earliest reports of the selective trifluoromethylarene defluorofunctionalization date 

back to 1989 using electrochemistry. Saboureau and coworkers demonstrated that careful control 

of the electrical current allows a two electron reduction, generating a radical anion that undergoes 

mesolytic cleavage. The resulting benzylic radical is then reduced to a benzylic anion which acts 

as a nucleophile to add into the electrophilic (co)solvent (Figure 1-5).[41] Following this work in 

1998, Clavel and coworkers reported a selective defluorosilylation reaction using 

chlorotrimethylsilane as an electrophile compatible with the highly reducing conditions necessary 

for reduction of the trifluoromethylarene (PhCF3 Ered = –2.61 V vs. SCE in DMF).[42] These reports 

demonstrate impressive selectivity through careful control of the current, but the highly reducing 
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conditions are a major limiting factor for the substrates amenable to this reactivity and 

consequently the scopes of trifluoromethylarenes and electrophiles are rather limited.  

 

Figure 1-5. Early reports by Saboureau in 1989 (top) and Clavel in 1998 (bottom) of selective 
electrochemical defluorofunctionalization of trifluoromethylarenes. 

 Another early strategy uses low valent metals, such as elemental magnesium, to reduce 

trifluoromethylarenes. An important consideration in these methods is potential overreduction due 

to the inherent reducing power of low valent metals. A 2014 report from Syngenta describes their 

use of magnesium metal, combined with iron(II) chloride and magnesium(II) chloride Lewis acid 

cocatalysts, to reduce a bis(trifluoromethyl)-1,2,3-triazle to generate the defluorosilylation product 

as a route to a new class of potential herbicides (Figure 1-6).[43]  

 

Figure 1-6. Syngenta 2014 disclosure of a defluorosilylation reaction using magnesium metal. 
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(difluoromethyl)benzotrifluoride has a reduction potential of –2.85 V vs Fc+/Fc. The reported 

scope was limited to substitution at the 5 position of 1,3-bis(trifluoromethyl)benzenes, and a few 

substituents severely eroded the mono-selectivity.  

 

Figure 1-7. Prakash 2017 report for the mono-selective reduction of bis(trifluoromethyl)arenes 
using magnesium metal. 
 
 These reports demonstrate the ability of electrochemistry and low valent metals to reduce 

trifluoromethylarenes. Electrochemistry has been shown to work well for electron-neutral 

trifluoromethylarenes, but the highly reducing conditions necessary limit the functional group 

tolerance of both the arene and electrophile coupling partner. Meanwhile, low valent metals have 

been shown to be selective with careful consideration of reaction conditions but overreduction is 

still present to some degree, particularly for electron-deficient trifluoromethylarenes. 
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will indiscriminately activate any C–F bond present, ultimately leading to exhaustive 

defluorofunctionalization.[45-51] This section will provide an overview of strategies to selectively 

achieve mono-selective defluorofunctionalization using Lewis acids. 

 In 2016 Yoshida disclosed the use of an ortho-silylium cation to control the mono-selective 
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trifluoromethyl group, and the difluorobenzylic cation couples with an allylic silane to furnish the 

product. Further reports by Yoshida in 2020 and 2022 expand the scope of defluorinative 

functionalizations from a variety of heteroatomic nucleophiles as well as derivatizations of the 

ortho-silane moiety.[53-55] The requirement for a directing group is the major limitation of this 

strategy, while the generation of a benzylic cation in the mechanism also places a lower limit of 

reactivity in regards to the electronic nature of the trifluoromethylarene. 

 

Figure 1-8. Yoshida 2016 report of ortho-silylium cation for mono-selective defluoroallylation of 
trifluoromethylarenes. 
 
 In 2020 Young reported the use of a frustrated Lewis pair to achieve mono-selective 

defluorinative functionalization (Figure 1-9).[56] A strong Lewis acid catalyst, 

tris(pentafluorophenyl)borane, abstracts a fluorine from a trifluoromethylarene and a bulky, 

neutral Lewis base, 2,4,6-triphenylpyridine or tris(ortho-tolyl)phosphine, adds into the 

difluorobenzylic cation to generate an isolable cationic product. The Lewis acid catalyst is 

regenerated through the formation of trimethylsilylfluoride gas through the inclusion of 

trimethylsilyl additives. The generation of an electrophilic cationic product is key to preventing 

over-functionalization as the cationic nature prevents further fluoride abstraction, and the cationic 

product is additionally valuable as an electrophilic synthon amenable to nucleophilic substitution 

with a wide variety of heteroatom salts. Similar to Yoshida’s strategy, the generation of a benzylic 

cation prevents electron-deficient trifluoromethylarenes from performing well in this reaction. 
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Figure 1-9 Young 2020 report using frustrated Lewis pairs for the mono-selective 
defluorofunctinalization of trifluoromethylarenes. 
 
 Compared to the numerous reports of unselective or exhaustive defluorinative 

functionalization of trifluoromethylarenes, these reports by Yoshida and Young represent the state 

of the art for mono-selective C–F functionalization using Lewis acids and provide routes to 

valuable electrophilic difluorobenzyl synthons for further structural elaboration of 

trifluoromethylarene building blocks. 

 

1.5.3 Transition Metal Catalyzed Defluorofunctionalization of Trifluoromethylarenes 

 There have been limited reports of transition metals promoting the selective 

defluorofunctionalization of trifluoromethylarenes, likely due to the difficulty in oxidative 

addition of a transition metal into the strong trifluoromethyl C–F bond. A 2016 report by Lalic 

demonstrates the mono-selective hydrodefluorination of six para-substituted 

trifluoromethylarenes using catalytic palladium, copper, and 2-pyridone (Figure 1-10).[57] The 

mechanism of this reaction is unclear but possibly operates through a hemiaminal intermediate 

with evidence that the reaction solvent, DMF, is incorporated into the intermediate (vide infra, the 

work detailed in Chapter 3 generates an isolable hemiaminal product through incorporation of the 

formamide solvent). After activation of the C–F bond, addition of a proton source with heating 

results in protonation, supported with deuterium studies, to furnish the hydrodefluorination 

product selectively. The authors hypothesize the reaction operates through a single electron 
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reduction mechanism from the observation that difluoromethylarenes, with weaker C–F bonds but 

higher reduction potentials, are less reactive. 

 

Figure 1-10. 2016 report by Lalic for the catalytic activation of trifluoromethylarenes for mono-
selective hydrodefluorination. 
 
 In 2021, Zhang reported the ability of a photo-excited palladium complex to reduce 

electron deficient trifluoromethylarenes through a SET process and ultimately effect 

defluoroarylation using aryl boronic acids (Figure 1-11).[58] After reduction and mesolytic 

cleavage of the trifluoromethylarene, generation of a F–PdII–CF2Ar complex is reminiscent of a 

formal oxidative addition process which then undergoes transmetallation with an aryl boronic acid 

followed by reductive elimination to generate the net defluoroarylation product. A low amount of 

benzyl radical homocoupling occurs due to the similar reduction potentials of the substrates and 

products in this SET process (Ered = –2.68 V vs Fc+/Fc for both substrate and product in Figure 1-

11). The authors found that both the trifluoromethylarene’s redox potential and substituent identity 

were critical to the efficiency of the reaction. 

 

Figure 1-11. Zhang 2021 report of trifluoromethylarene defluoroarylation via excited-state Pd-
catalyzed SET reduction 

 Zhang’s discovery of a visible light induced pathway for palladium complexes to engage 

in the SET reduction of trifluoromethylarenes is an exciting development with much promise for 

future applications. 
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1.5.4 Photoredox-Catalyzed Defluorofunctionalization of Trifluoromethylarenes 

 The emergence of modern photoredox catalysis a little over a decade ago has opened new 

synthetic pathways to enable highly desirable transformations. Use of a photoredox catalyst with 

an appropriate reduction potential has allowed for the selective reduction of trifluoromethylarenes. 

König was the first to exploit this mode of activation in 2017 to enable a mono-selective 

defluorinative alkylation through a Giese-type addition into N-phenylacrylamides (Figure 1-

12).[59] Reduction of the photoexcited iridium(III) complex generates a highly reducing iridium(II) 

species (Ered = –2.19 V vs SCE) that can directly reduce a trifluoromethylarene via single electron 

transfer (Ered = –1.91 V vs SCE for 4-trifluromethylbenzonitrile). Importantly, 

tetramethylpiperidine (TMP) and pinacolborane (HBpin) form an electrophilic cationic complex 

that assists C–F cleavage. 

 

Figure 1-12. König 2017 report of the photoredox-catalyzed, Lewis acid assisted mono-selective 
defluoroalkylation of trifluoromethylarenes. 

 In a significant step forward, the photoredox-catalyzed defluoroalkylation was extended to 

unactivated alkene coupling partners with a report by Jui in 2018 (Figure 1-13).[60] Critical to this 

transformation were the inclusion of cyclohexanethiol as a hydrogen atom transfer (HAT) catalyst 

and sodium formate to regenerate both the photocatalyst and thiol catalyst through SET and HAT, 

respectively. Additionally, this protocol uses the organic photoredox catalyst, N-
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phenylphenothiazine (PTH, Ered = –2.10 V vs SCE), which has advantages in regards to 

sustainability and toxicity concerns as it is an organic compound. 

 

Figure 1-13. Jui 2018 report of the photoredox-catalyzed mono-selective defluoroalkylation of 
trifluoromethylarenes with unactivated alkenes. 

 The Jui Group further expanded their defluoroalkylation method in 2019 with a report 

extending the scope to electron-neutral trifluoromethylarene substrates (Figure 1-14).[61] Their 

photocatalyst investigations led to the key insight that conversion to product was closely related 

to excited state lifetimes rather than reduction potentials. Thus, they identified Miyake’s 

phenoxazine photocatalyst[62] (Miyake PC, Ered = –1.70 V vs SCE) as the optimal photocatalyst 

with an excited state lifetime of 480 µs (compared to the excited state lifetime of 3 ns for PTH). 

Selective hydrodefluorination of unactivated trifluoromethylarenes was also shown by omission 

of both the alkene coupling partner and the thiophenol, along with slight modifications to the 

reaction conditions, with selectivity for the desired hydrodefluorination product to the 

overreduction product (ArCF2H:ArCFH2) ranging from >99:1 to 3:1.  

 

Figure 1-14. Jui 2019 report of defluoroalkylation and hydrodefluorination on unactivated 
trifluoromethylarenes. 
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 In 2020, Gouverneur reported the use of organic photocatalyst 4-DPA-IPN (Ered = –1.52 V 

vs SCE) to catalyze the hydrodefluorination of electron-deficient trifluoromethylarenes with 

selectivity for the desired hydrodefluorination product to the overreduction product 

(ArCF2H:ArCFH2) ranging from >20:1 to 3:1 (Figure 1-15).[63] Importantly, the 4-

hydroxythiophenol reduces the excited photocatalyst and provides the hydrogen atom to generate 

the final product. 

 

Figure 1-15. Gouverneur 2020 report of the mono-selective hydrodefluorination of electron-
deficient trifluoromethylarenes. 

 Since König’s first report in 2017, photoredox catalysis has emerged as the premier 

strategy to selectively reduce trifluoromethylarenes for C–F functionalization. Important insight 

and development of photocatalyst structure has revealed both reducing power and excited state 

lifetime are key factors enabling successful and selective C–F transformations of a broad scope of 

trifluoromethylarenes. The major limitation of this strategy is the limited scope of coupling 

partners amenable to the reaction mechanism using photoredox catalysis, with only hydroalkyation 

(via radical addition into alkenes) and hydrodefluorination (via direct hydrogen atom transfer) 

reported.  

 

1.6 Conclusion 

 This chapter provided an overview of the importance of benzylic fluorination for drug 

discovery and a background on methods to access the difluoro- and trifluoromethyl aryl motif. 
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Particularly, Section 1.5 provided a thorough overview of methods to selectively substitute a single 

C–F bond of an aryl trifluoromethyl group, a relatively challenging transformation with limited 

reports to date. The following chapter, Chapter 2, will discuss the discovery and development of 

Lewis base activation of organosilanes to promote C–C coupling, beginning with the 

defluoroallylation reaction reported by the Bandar Group.[64]   
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CHAPTER TWO 
 

LEWIS BASE ACTIVATION OF ORGANOSILANES TO PROMOTE 
TRIFLUOROMETHYLARENE C–F CROSS COUPLING  

 
 
 

2.1 Chapter Overview 

 The previous chapter set the stage for the motivation and the current state of the field for 

the mono-selective defluorofunctionalization of trifluoromethylarenes. This chapter will provide 

an overview of the Bandar Group’s initial contribution to the field of selective trifluoromethylarene 

C–F functionalization with a 2019 report, pioneered by the group post-doc Dr. Chaosheng Luo, 

utilizing a new mechanistic approach and will provide the immediate precedent for my work 

described in Chapters 3 and 4. 

 

2.2 Discovery of a Trifluoromethylarene Defluoroallylation Reaction 

Building upon the use of organic superbase catalysts[1] to promote unique reactivity, the 

Bandar Group began exploring new deprotonative functionalization reactions in 2018. The 

deprotonation of difluoromethylarenes is a challenging process due to the facile ⍺-fluoride 

elimination that can occur upon deprotonation, especially when using basic metal salts (lithium, 

sodium, potassium alkoxides and amides) with metal cations that generate stable alkali fluoride 

salts (e.g. LiF, NaF, KF),  although there have been a few reports of this strategy being successfully 

applied at cryogenic temperatures[2] or with designer Lewis acids[3] in recent years. Organic 

superbases possess unique properties when compared to basic metal salts, including a large size 

and a neutral structure combined with extremely high basicity, that allow for new reactivity.[1] The 

Bandar Group hypothesized that the unique properties of organic superbases could allow for the 
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deprotonation of difluoromethylarenes and subsequent stabilization of the reactive 

difluorobenzylic anion to allow for nucleophilic addition to electrophiles. 

First attempts by Dr. Chaosheng Luo, a Bandar Group post-doc, to functionalize 

difluoromethylarenes via deprotonation with an organic superbase resulted in an unexpected C–F 

substitution reaction. Subjecting 1-(difluoromethyl)-3-nitrobenzene (2-1) to catalytic P4-t-Bu in 

the presence of allyltrimethylsilane resulted in a defluoroallylation product (2-2) in modest yield 

without any observed product corresponding to deprotonation of the benzylic C–H bond (2-3) 

(Figure 2-1). Hypothesizing that a deprotonation pathway was not occurring, a 

trifluoromethylarene, 1,3-bis(trifluoromethyl)benzene (2-4) was subjected to similar reaction 

conditions and a similar defluoroallylation product (2-5) was observed, and after a brief 

optimization, cesium fluoride was found to promote this reaction efficiently (Figure 2-2). This 

transformation is the first report of a Lewis base activated organosilane engaging 

trifluoromethylarenes in a defluorinative C–C bond-forming process and was disclosed in 2019.[4] 

 

Figure 2-1. Unexpected difluoromethylarene C–F allylation reaction by the Bandar Group. 

 

Figure 2-2. Discovery of a mono-selective defluoroallylation reaction by the Bandar Group. 
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2.3 Defluoroallylation Reaction Mechanism 

 Several experiments were then conducted to probe the reaction mechanism. Addition of 

the radical trap 2,2,6,6-Tetramethylpiperidine-1-oxyl free radical (TEMPO) to the reaction 

resulted in the formation of allylated TEMPO (2-6) in 23% yield, providing support for the 

intermediacy of an allyl radical under the reaction conditions (Figure 2-3). Conducting the reaction 

in strict absence of light resulted in no decrease of yield for the model reaction. A key insight 

gained from examining the scope of amenable arenes in that reactivity seems to correlate with 

reduction potential, where electron deficient difluoro- and trifluoromethylarenes react under the 

standard reaction conditions, but electron neutral substrates, such as benzotrifluoride, result in no 

reactivity. The proposed mechanism is shown at the bottom of Figure 2-3: (1) cesium fluoride 

activates the allyltrimethysilane, generating a silicate intermediate that (2) reduces the 

trifluoromethylarene via single electron transfer, generating a pair of radical ions that (3) fragment, 

generating trimethylsilylfluoride by-product and an equivalent of cesium fluoride to propagate the 

cycle, then (4) the resulting radicals couple to generate the defluoroallylation product. It is 

important to note that a radical chain process may be operative that combines the individual steps 

of this cycle. Furthermore, the reaction generates fluoride as a byproduct, which allows the fluoride 

to be pseudocatalytic and thus explains why only catalytic amounts of fluoride are needed to 

initiate this reaction. Importantly, the mono-selectivity of the defluoroallylation reaction arises 

from the change in reduction potential from the starting trifluoromethylarene (2-4: Ered = –2.67 V 

vs Fc+/Fc0) versus the allylated product (2-5: Ered = –3.21 V vs Fc+/Fc0) once the ArCF2–C bond 

is formed.[5]  
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Figure 2-3. (top) Radical trap experiment to probe mechanism of defluoroallylation reaction and 
(bottom) proposed mechanism for the defluoroallylation reaction. 
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Figure 2-4. Representative reaction scope of the defluoroallylation of trifluoromethylarenes. 

 The allyl group is a valuable synthetic handle and several subsequent functionalizations 

were demonstrated in a one-pot defluoroallylation/derivatization process (Figure 2-5). 
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highlighting the synthetic utility of the allyl group. Of note is that these difluorobenzylic 
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Figure 2-5. One-pot defluoroallylation/functionalization of trifluoromethylarenes. 

 

2.5 Conclusion 
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CHAPTER THREE 
 

BASE-PROMOTED REDUCTIVE COUPLING REACTIONS FOR THE DIVERGENT 
DEFLUOROFUNCTIONALIZATION OF TRIFLUOROMETHYLARENES 

 
 
 

3.1 Chapter Overview 

 This chapter details the discovery, development, and mechanistic investigations of a 

reductive coupling reaction of trifluoromethylarenes that dramatically expands the scope of 

difluorobenzylic substructures accessible via C–F functionalization. This transformation is 

achieved using a catalytic quantity of a Lewis basic salt to activate a commercially available 

disilane reagent to reduce and couple to a trifluoromethylarene to generate two isolable 

difluorobenzylic synthons capable of a divergent array of transformations. The work presented in 

this chapter represents the bulk of my doctoral research. 

 

3.2 Introduction 

The α,α-difluorobenzylic substructure (ArCF2R) is becoming increasingly examined in the 

development of pharmaceuticals and agrochemicals because it imparts the beneficial effects of 

benzylic fluorination, such as enhanced bioavailability and metabolic stability, while also 

possessing a diversifiable R substituent.[1-8] The challenge of exploring this chemical space lies in 

the lack of general methods to access this substructure in a diversifiable fashion from a single 

precursor.[9-10] The direct and selective C–F functionalization of trifluoromethylarenes is an ideal 

route towards this motif due to the wide accessibility of trifluoromethylarenes as either building 

blocks or in late-stage pharmaceutical settings. Currently, the methods to achieve mono-selective 

C–F functionalization are generally limited to three specific structural motifs (all methods 

previously summarized in Chapter 1 and 2): hydrodefluorination, hydroalkylation (via radical 
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addition to alkenes or allylation), and nucleophilic heteroatom addition. Therefore, there is still a 

need for a reactivity platform to divergently access a broad scope of α,α-difluorobenzylic 

substructures. 

Three examples of pharmaceutical compounds containing a difluorobenzylic motif that are 

currently in clinical trials or approved are shown below in Figure 3-1. Abediterol is a dual β2 

adrenergic agonist and muscarinic antagonist in phase II clinical trials for the treatment of asthma 

and chronic obstructive pulmonary disease (COPD).[5] Glecaprevir is a hepatitis C virus 

nonstructural protein 3/4A protease inhibitor that was FDA approved in 2017 for the treatment of 

chronic hepatitis C infection.[7,12] LSZ102 is a selective estrogen receptor degrader currently in 

phase Ib clinical trial for the treatment of breast cancer.[8] These examples illustrate the structural 

diversity present in the difluorobenzylic motif.  

 

Figure 3-1. Examples of pharmaceutical compounds in clinical trials or FDA approved containing 
the difluorobenzylic substructure. 
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difluorobenzylic motif was presented in Chapter 1. Despite the impressive synthetic advancements 

over the past decade, there is still the need for a unified, divergent method to access diverse 

substructures from a common precursor using a single coupling reagent. Following the discovery 

of Lewis base activated organosilanes promoting the single electron transfer reduction of 

trifluoromethylarenes (discussed previously in Chapter 2), we wondered whether other 

organosilanes could promote new C–F functionalization reactions and began examining other 

classes of organosilanes. 

 

3.3 Discovery of a Trifluoromethylarene Reductive Coupling Reaction with Formamides  

We hypothesized that Lewis base activation of a disilane, a compound containing a Si–Si 

bond, could generate a highly reactive silyl anion to reduce a trifluoromethylarene and 

subsequently engage in radical-radical coupling to generate a α,α-difluorobenzylsilane. Silyl 

anions have multiple modes of reactivity and have been calculated to have extremely high basicity, 

have been reported to engage in halophilic substitution, and are known to be highly reducing (Ered 

≲ –3.0 V vs Fc+/Fc).[23-25]  

To test this hypothesis, commercially available tris(trimethylsilyl)silane (TTMSS) was 

activated with catalytic cesium fluoride in DMF at room temperature (rt) in the presence of the 

model substrate 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (3-1). Surprisingly, a C–F 

reductive coupling product from addition into the carbonyl of the N,N-dimethylformamide (DMF) 

solvent, compound 3-2, was formed in 5% 1H NMR yield referenced to an internal standard (Eq. 

1). Notably, there are reports from the early 2000’s, primarily by Langlois, that describe isolable 

silylated trifluoromethyl-formamide adducts and their use as anionic CF3
 synthons and CF3–C 
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synthons.[26-33] We therefore anticipated that this unexpected and unusual structure formed from 

this reductive coupling reaction would be valuable as a difluorobenzylic synthon. 

 

My initial efforts to optimize the model reaction focused on the examination of other Lewis 

basic catalysts (Figure 3-2). Use of potassium methoxide provides an increased yield of 30% 

(Entry 2). The organic superbase P4-t-Bu provides a higher yield of 46% (Entry 3). Formate salts 

were found to be particularly effective at promoting this reaction, with potassium formate 

providing 42% yield and cesium formate providing 76% yield, the highest of any Lewis base 

examined (Entries 4 and 5). Cesium acetate and pivalate were less effective, providing 57% and 

19% yield, respectively (Entries 6 and 7). The cesium cation is not necessary to achieve high 

reactivity, as tetrabutylammonium acetate provides a 69% yield (Entry 8). Omitting 18-crown-6 

reduces the yield slightly to 63% (Entry 9), although adding more cesium formate can alleviate the 

reduction in yield (Entries 10 and 11). Generation of a carboxylate anion in situ, using either P4-t-

Bu and a carboxylic acid or cesium formate and a silylated carboxylate, is also effective in 

promoting this reaction (Entries 12-16). Use of other commercially available disilanes, 

hexamethyldisilane or tetrakis(trimethylsilyl)silane, were ineffective at promoting this reaction, 

providing 0% and 7% yield, respectively (Entries 17 and 18). 
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Figure 3-2. Optimization of Lewis basic catalyst for a trifluoromethylarene reductive coupling 
reaction. 

Unfortunately, my attempts at chromatographic purification of the silylated DMF adduct 

3-2, with either silica or alumina, resulted in complete decomposition. The instability towards 
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diminished yield (38% yield, Entry 9) when the reaction is run in only 4FM. We speculate this is 

due to competing direction reduction of 4FM by the silyl anion intermediate. Alternatively, use of 

benzotrifluoride (PhCF3) as a cosolvent with 4FM (1:1 ratio) also provides high yields (68%), and 

for some substrates gives improved yields (vide infra). Use of ethylformate as a cosolvent with 

NMP provides no reactivity (Entry 6).  

  

Figure 3-3. Identification of a high yielding, silica stable formamide coupling partner. 
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phenolic O–H (3-4), and with a terminal alkene (3-5). Other meta electron-withdrawing groups are 

effective to activate the benzotrifluoride, including sulfonamides (3-6) and phosphonate esters (3-

7). Heterocyclic substrates are also effective, with 2-, 3- and 4-trifluoromethylpyridines providing 

moderate to good yields (3-8, 3-9, 3-10, 3-11). Drug-like substrates also undergo selective C–F 

substitution, shown with the benzylated aprepitant precursor (3-12) and a fluoxetine-pyrimidine 

derivative (3-13). An x-ray crystal structure was obtained for Compound 3-6 to conclusively 

support the structure of the indicated silylated hemiaminal product (Figure 3-5). 

 

Figure 3-4. Trifluoromethylarene reductive coupling substrate scope. 
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Figure 3-5. X-ray crystal structure of Compound 3-6. Thermal ellipsoids are at 50% probability. 
Colors of atoms are as follows: carbon (black), oxygen (red), nitrogen (blue), fluorine (green), 
sulfur (yellow), silicon (light blue), hydrogen (white). 

The value of this transformation lies in the ability to transform these silylated hemiaminal 

products into desirable and diverse structural motifs. Consideration of the silylated hemiaminal 

structure predicts that there are two major reactivity modes in equilibrium: the iminium form and 

the aldehyde form. Previous work by Langlois and others have demonstrated the synthetic utility 

of these different forms using the structurally similar trifluoromethyl silylated hemiaminal 

analogue.[26-33] I found that careful choice of reaction conditions can allow for selective access to 

just one mode of reactivity (Figure 3-6). Reactions that are selective for iminium ions provide 

efficient access to a diverse array of difluorobenzylic products, including condensation to form the 

oxime (3-14), condensation followed by dehydration to form the nitrile (3-15), reduction to access 

the tertiary amine (3-16), oxidation to access the N-morpholino amide (3-17), Petasis-type 

reactivity to access allylic amines (3-18), and Mannich-type reactivity to access beta-aminoketones 

(3-19). To selectively access the reactivity of an aldehyde, simply subjecting the silylated 

hemiaminal to catalytic acid in an alcoholic solvent results in quantitative conversion to the 

hemiacetal, a functional group useful as a masked aldehyde, which can be used without further 
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purification. From the hemiacetal intermediate many classical aldehyde transformations can be 

performed, including borohydride reduction to the hydroxymethyl (3-20), reductive amination (3-

21), condensation-oxidation to form a heterocycle (3-22), silylation for an isolable hemiacetal (3-

23), Wittig olefinations (3-24 and 3-25), nucleophilic cyanation to form an ⍺-hydroxy nitrile (3-

26), oxidation to form the carboxylic acid (3-27), and nitro-aldol to access 1,2-aminoalcohol 

derivatives (3-28). Additionally, base-induced cleavage of the silylated hemiaminal occurs readily 

through a Haller-Bauer-type mechanism to generate the valuable difluoromethylarene (3-29), and 

high deuterium incorporation can be achieved using D2O (3-30)—a notable transformation that 

currently is difficult to achieve with high deuterium incorporation.[34] 
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Figure 3-6. The silylated hemiaminal as a platform for trifluoromethylarene C–F diversification. 

Further demonstration of the utility of this method is shown by the C–F reductive coupling 

and subsequent derivatization of complex, drug-like trifluoromethylarenes with only a single 

purification step (Figure 3-7). We sought to show that this chemistry can work in late-stage 

settings, hoping to inspire medicinal chemists to utilize this chemistry to for structure activity 

relationship studies of difluorobenzylic substructures. A bis(trifluoromethyl) analog of 

aripiprazole could provide the hydrodefluorination (3-31) and the hydroxymethylation (3-32) 

products in 59% and 56% yield, respectively. The benzylated aprepitant precursor could provide 

the hydrodefluorination (3-33) and vinylation (3-34) products in 43% and 59% yield, respectively. 

These two examples highlight divergent reactivity as diverse substructures can be readily accessed 

from a single late-stage precursor. Trifluoromethylated heteroarenes were also effective in this 

two-step process. A fluoxetine-pyrimidine derivative, bearing two electronically distinct 

trifluoromethylarenes, was hydroxymethylated (3-35) in 95% yield with complete selectivity for 

the trifluoromethyl group on the electron deficient aromatic ring. A bepotastine-pyridazine 

derivative was hydrodefluorinated (3-36) in 28% yield. A trifluoromethyl quinoline substrate was 

aminomethylated (3-37) in 62% yield. These examples particularly demonstrate the synthetic use 

of the trifluoromethyl group as an orthogonal synthetic disconnection that can be carried on into 

the late-stage diversification of complex molecules. Of note, some substrates react better when the 

reaction solvent is DMF and an aqueous work-up allows for use of the DMF adduct without 

decomposition from chromatography, which leads to increased yields in this sequenced two-step 

operation compared to independent preparation and isolation of the hemiaminal intermediate. 
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Figure 3-7. One-pot reductive coupling and subsequent derivatization of medicinally relevant 
trifluoromethylarenes. 
 

3.5 Experiments to Investigate the Reaction Mechanism 

Several experiments were carried out to probe the mechanism of this transformation. A key 

observation was that changing the solvent of the model reaction results in different products: in 

NMP the major product is the difluorobenzylsilane (3-38) and in acetonitrile (MeCN) the major 

product is the difluoromethylarene (3-29) (Figure 3-8, a). Based on these observations, our initial 

mechanistic hypothesis involves the generation of a benzylsilane intermediate. If a benzylsilane 

intermediate is formed, then in situ desilylation under the basic conditions could generate the 

difluoromethylarene via protonation or the hemiaminal via addition to the formamide solvent.[35-

37] Subjecting the isolated benzylsilane 3-38 to cesium formate in MeCN and DMF provided the 
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protodesilylation product 3-29 and the formamide addition adduct 3-2, respectively, in high yield 

(Figure 3-8, b). A reaction profile of the reductive coupling was conducted in DMF to provide 

support for the formation of postulated reaction intermediates. The reaction profile shows the 

consumption of trifluoromethylarene 1 and concurrent formation of benzylsilane 3-38 and 

hemiaminal 3-2, with the rate of benzylsilane formation initially occurring faster. Once the starting 

material is completely consumed, the conversion of benzylsilane 3-38 into hemiaminal 3-2 can be 

observed until only the hemiaminal remains, which is not subject to further reduction under the 

reaction conditions (Figure 3-8, c). The stability of the hemiaminal product to the reductive 

conditions arises from the difference in reduction potentials from the starting material and the 

product—once the C–F bond is transformed into a C–C bond the reduction potential lowers 

substantially (Δ ≈ –0.6 V vs Fc+/Fc0), preventing any further C–F functionalization.  
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Figure 3-8. Mechanistic experiments to probe intermediacy of benzyl silane.  

Several mechanistic experiments were then conducted to gauge the presence of any silyl 

anions under the reductive coupling reaction conditions. Silyl anions are highly reactive 

intermediates and possess multiple modes of reactivity. Calculations estimate that silyl anions are 

extremely basic, where trimethylsilyl anion pKa’ = 44.9 in DMSO.[23] Dervan has shown that 

trimethylsilyl anions are halophilic, attacking the 𝜎-holes of bromo- and iodoarenes to generate 

aryl anions.[24] Trimethylsilyl anions have also been reported by Sakurai to reduce naphthalene 

0

20

40

60

80

100

0 20 40 60 80 100 120

M
a
s
s
 P

e
rc

e
n
t

Time (min)

1

37

2

(a) Observed C–F substitution product is dependent on reaction solvent

(c) Reaction profile shows formation and consumption of ArCF2TMS

H Si

TMS

TMS

TMS+
F

F F

+

(b) Defluorosilylation product is common intermediate to other products

3-38 3-23-11 (1.2 equiv)

HCO2Cs (20 mol%)

18-crown-6 (40 mol%)

solvent, rt, 20 h
H Si

TMS

TMS

TMS

(1-3 equiv)

+
F

F F

TMS

F F

3-1 (1 equiv)

F3C

OBn

F3C

OBn

in NMP

H

F F
F3C

OBn

in MeCN

3-38, 61% yield 3-29, 74% yield

HCO2Cs (20 mol%)

18-crown-6 (40 mol%)

solvent, rt or 80 °C, 20 h

TMS

F F

H

F F

3-38 (1 equiv)

F3C

OBn

F3C

OBn

in MeCN

F F
F3C

OBn

in DMF

3-29, 86% yielda 3-2, 95% yieldb

NMe2

OTMS

F3C

OBn

TMS

F F
F3C

OBn

F F
F3C

OBn

NMe2

OTMS

HCO2Cs (20 mol%)

18-crown-6 (40 mol%)

DMF, rt

Yields are 1H NMR yields referenced to an internal standard. a Reaction run at 80 °C. b Reaction run at rt.

3-2

3-38

3-11



 44 

(naphthalide anion Ered = –3.0 V vs Fc/Fc+).[25] With these reports of the varying modes of 

reactivity that silyl anions possess, it is feasible that they may play a role in the reductive coupling 

reaction mechanism. 

We hypothesized that replacement of the trifluoromethylarene with other electrophiles 

would allow for the formation of a product associated with silyl anion reactivity. The loading of 

cesium formate and 18-crown-6 were increased relative to the standard conditions due to the 

potential lack of any catalyst regeneration pathways without the presence of a trifluoromethylarene 

(which produces fluoride as a byproduct). Treatment of 1,2,3,4-tetrafluorobenzene with half an 

equivalent of TTMSS, cesium formate, and 18-crown-6 in DMF provided the defluorosilylation 

product 3-39 in 59% yield (Figure 3-9, a). This substitution product likely is generated by 

nucleophilic aromatic substitution (SNAr) of the electron-deficient arene by a trimethylsilyl anion 

generated in situ. Trimethylsilyl anions have been reported to engage haloarenes in SNAr 

reactions.[24] Subjecting styrene oxide to equimolar amounts of TTMSS, cesium formate, and 18-

crown-6 in DMF generates styrene in 34% yield (Figure 3-9, b). This product likely arises from 

nucleophilic addition of a trimethylsilyl anion to open the epoxide. Once the epoxide is opened, 

the oxyanion attacks the geminal trimethylsilyl group and eliminates out via a Peterson-olefination 

pathway.[38] The presence of hexamethyldisiloxane (TMS2O) in 35% yield supports this 

mechanism, as the trimethylsilyloxy anion is formed from the Peterson olefination in a 1:1 ratio 

with the styrene and, presumably, silylated by additional polysilane in solution (either TTMSS or 

silane by-product produced from the generation of the trimethylsilyl anion). Treatment of 3-

phenylpropyl chloride to equimolar amounts of TTMSS, cesium formate, and 18-crown-6 in DMF 

generates a 1,1,1,3,3,3-hexamethyltrisilyl (SiH(TMS)2) anion substitution product 3-40 in 50% 

yield (Figure 3-9, c). The SiH(TMS)2 anion that substitutes into the product must arise from 
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desilylation of a trimethylsilyl group of TTMSS by cesium formate to generate trimethylsilyl 

formate and the SiH(TMS)2 anion. The generation of SiH(TMS)2 anion from TTMSS is 

unprecedented in the literature, but isolation and characterization of 3-40 provide unambiguous 

support for the proposed structure. Taken together, these experiments support our initial hypothesis 

of Lewis base-promoted generation of a silyl anion that allows for reduction and subsequent 

functionalization of the trifluoromethylarene. Currently, the exact role of each silyl anion in this 

process is not clear, and the exact process of benzyl silane formation is unclear as well (it could 

potentially proceed through radical-radical coupling with a trimethylsilyl radical and the 

difluorobenzylic radical or radical nucleophilic unimolecular substitution (SRN1)[39] by a 

trimethylsilyl anion with the difluorobenzylic radical) and in-depth mechanistic investigations are 

currently underway in the Bandar lab.  

Conducting the model reaction with addition of one equivalent of an additive in a Glorius-

type screen[40] shows that addition of bromo- and iodobenzene completely shut reactivity down 

(Figure 3-9, d). These substrates are known to be attacked by trimethylsilyl anions and could 

potentially sequester formation of silyl anion species necessary to promote the reductive coupling 

reaction. Inclusion of phenyl triflone also completely inhibits reactivity, possibly by preferential 

SET reduction over the trifluoromethylarene. Addition of common radical traps (TEMPO and 

BHT) had a negligible effect on the reaction yield, suggesting that any possible radical coupling 

processes occur faster than the rate of diffusion. Notably, use of hexamethyldisilane, a disilane 

that can only generate the trimethylsilyl anion, does not promote the reductive coupling reaction 

under the standard conditions, suggesting that TTMSS is critical to promote the reductive coupling 

process (Figure 3-9, e). 
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Substitution of the H substituent of the silane reagent (H–Si(TMS)3 to R–Si(TMS)3) reveals 

that TTMSS is the optimal disilane for promoting this reaction (Figure 3-10). Substitution of the 

R = H to trimethylsilyl, methyl, phenyl, pyrrolidine, or allyl drastically reduces the yield (<12% 

yield for all other R substituents). This suggests that TTMSS possesses the ideal balance of Lewis 

acidity and steric accessibility and rules out the necessity of the H-atom to successfully promote 

this reaction. 

 

Figure 3-9. Mechanistic experiments to probe presence of silyl anions under the reductive 
coupling reaction conditions 
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Figure 3-10. Effect of variation of tris(trimethylsilyl)silane structure on reductive coupling yield. 

 

3.6 Defluorosilylation and Use as a Nucleophilic Difluorobenzylic Synthon 

Once the difluorobenzylic silane intermediate was identified, I realized that it could be 

intercepted if the reaction was conducted without the formamide coupling partner. Use of the 

difluorobenzylsilane product as an anionic ArCF2
– synthon allows for additional transformations 

that are challenging to access directly from the hemiaminal.[35-37] The model substrate underwent 

defluorosilylation to provide 3-38 in 40% isolated yield at a 5 mmol scale (Eq. 2). An x-ray crystal 

structure of 3-38 was also determined (Figure 3-11). From difluorobenzylsilane 3-38, arylation 

and alkylation reactions were performed with activation by cesium fluoride (Figure 3-12). 

Fluoride-promoted C–CN coupling provided the net C–F arylation to access a cyanoarene product 

(3-41) in 78% yield and a quinazoline product (3-42) in 38% yield.[41] Nucleophilic substitution 

reactions of primary alkyl iodides were also readily demonstrated, providing the net 

defluoromethylation product (3-43) as well as the isotopic analogues (3-44 and 3-45) in high 

yields. Defluoroethylation (3-46) provided a lower yield (76% NMR yield vs. 42% isolated) due 

to challenges in separating the elimination side product (16% hydrodefluorination NMR yield) via 

column chromatography.  Use of the electrophilic trifluoromethylating reagent, 1-trifluoromethyl-

1,2-benziodoxol-3-(1H)-one (Togni II), provides the pentafluoroethyl product 3-47 in a modest 

31% yield, representing a novel, formal perfluoro homologation of a trifluoromethylarene—in 
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other words, the C–F bond has been extended into a CF3 group. These nucleophilic substitution 

reactions highlight the ability to rapidly access difluorobenzylic analogues with minor structural 

changes that could be useful in a drug discovery campaign to optimize, for example, the 

compound’s ability to fit into a binding pocket.[8] 

 

 

Figure 3-11. X-ray crystal structure of Compound 3-38. Thermal ellipsoids are at 50% probability. 
Colors of atoms are as follows: carbon (black), oxygen (red), fluorine (green), silicon (light blue), 
hydrogen (white). 
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Figure 3-12. Fluoride-promoted arylations and alkylations of the difluorobenzylsilane 3-38.  

 

3.7 C–H Functionalization of a Difluoromethylarene 

Since the reductive coupling reaction operates through a single electron reduction pathway, 
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silylated hemiaminal (3-49) obtained after silica gel column chromatography (Eq. 3). This reaction 
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silylation/desilylation are possible and further investigation into this reactivity is currently under 

investigation. This reactivity would be useful to rapidly derivatize difluoromethylarenes with 

diverse C–C fragments. 

 

 

3.8 Conclusion 

In conclusion, my initial investigations into the Lewis base activation of organosilanes to 

promote the defluorofunctionalization of trifluoromethylarenes resulted in the discovery of a 

reductive coupling reaction that generates a synthetically versatile silylated hemiaminal product. 

The products generated from this reaction greatly expand the scope of trifluoromethylarene C–F 

transformations now possible. This reaction uses a cheap Lewis basic salt as the catalyst and the 

commercially available tris(trimethylsilyl)silane as the key enabling reagent to promote this unique 

reactivity. Mechanistic studies have provided key insights into the reductive coupling process and 

allowed for the isolation of a key benzylsilane intermediate that allows for an additional scope of 

C–F transformations. Silyl anion trapping experiments support the generation of two different silyl 

anion species under the standard reaction conditions that potentially promote this reductive 

coupling process, with tris(trimethylsilyl)silane uniquely capable of effectively promoting this 

reaction. Since this reaction operates via a reductive process, the scope encompasses electron-

deficient trifluoromethylarenes, but current work in the Bandar Group is expanding the scope to 

electron-neutral trifluoromethylarenes and will be discussed in Chapter 4. 
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CHAPTER FOUR 
 

DIRECT HYDRODEFLUORINATION OF TRIFLUOROMETHYLARENES 
 
 
 

4.1 Chapter Overview 

This chapter will provide an introduction to the difluoromethylarene functional group and 

will describe the discovery and initial investigations into a two mechanistically different 

hydrodefluorination reactions of trifluoromethylarenes using Lewis base activated organosilane 

reagents. Within the Bandar Group, there is ongoing development of new reactions using the 

mechanistic insight provided by the work in the Chapter 3. To highlight those efforts, the 

expansion of the hydrodefluorination reaction scope to electron-neutral trifluoromethylarenes by 

a junior graduate student will also be briefly described. 

 

4.2 Introduction 

 The difluoromethyl group is the second most common benzylic fluoroalkyl group after the 

trifluoromethyl group.[1] The difluoromethyl substituent can engage in weak hydrogen bonding 

interactions and has been investigated as a lipophilic bioisostere of alcohols, thiols, and amines.[2-

4] Additionally, the weakly acidic difluoromethylarene C–H bond has been the subject of C–H 

deprotonation methodologies to access difluorobenzylic derivatives.[5-6] It is for these reasons that 

the difluoromethyl group is a unique fluoroalkyl functional group and has been the target of much 

methodological development to access this fluorinated motif. It would be powerful if one could 

directly transform a trifluoromethyl group into a difluoromethyl group to test for these potential 

benefits. 
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4.3 Increased pharmacological activity of difluoromethyl- versus trifluoromethyl 

substitution 

There are a few instances reported of the substitution of a trifluoromethyl group with a 

difluoromethyl group on an arene during the optimization of a potential drug resulting in a 

significant increase in biological activity. In one example, a pyrazole carboxamide fungicide was 

examined with both a trifluoro- and difluoromethyl substituent on the pyrazole ring.[7] The 

difluoromethyl version was nearly twice as potent and it was suggested that the greater potency 

was due to increased enzyme-inhibitor interactions arising from the intramolecular hydrogen 

bonding of the difluoromethyl C–H bond with the amide oxygen, thereby locking the molecule in 

the preferred confirmation for substrate-protein interaction. In another example, the mTOR 

inhibitor PQR309 was further optimized to increase potency and selectivity, culminating in the 

development of PQR620 (Figure 4-1).[8] Substitution of the trifluoromethyl group with a 

difluoromethyl group resulted in more than thirteen times the potency, which is ascribed to 

increased interaction with the negatively charged glutamate (Glu) residue and a nearby isoleucine 

(< 7 Å) that reinforces the CF2H-Glu interaction. 

 

Figure 4-1. Examples of increased potency upon aryl trifluoromethyl substitution with a 
difluoromethyl group. 
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The synthetic methods to incorporate the difluoromethyl group into arenes are not as well 

developed as the trifluoromethyl group. The mechanistic strategies towards incorporation of the 

difluoromethyl group are generally similar to those of the trifluoromethyl group. This section will 

briefly provide an overview of methods to achieve difluoromethylation of an arene by providing 

examples of different strategies that have been reported than those discussed in Chapter 1. 

Deoxyfluorination of aryl aldehydes using sulfur(IV) fluoride reagents (such as sulfur 

tetrafluoride (SF4) or diethylaminosulfur trifluoride (DAST)) is one of the most common strategies 

to access difluoromethylarenes, though care must be taken as these reactions can be highly 

exothermic and potentially explosive.[9-10] The aldehydes required for this transformation typically 

come from the aryl halide precursor through carbonylation or metalation/trapping reactions such 

that this approach requires multiple steps to access the difluoromethylarene. 

In 2012 Baran reported the Minisci-type addition of difluoromethyl radicals to 

heteroarenes. The radicals are generated from zinc difluoromethylsulfinate salts using tert-butyl 

hydroperoxide and possess nucleophilic character, in contrast to trifluoromethyl radicals which 

possess electrophilic character. Other reagents to generate difluoromethyl radicals have also been 

developed.[11-12] This strategy provides direct C–H difluoromethylation but possesses substrate-

dependent selectivity. 

There has been much effort in utilizing transition metals to promote and catalyze the 

difluoromethylation of aryl halides. In 2016 Vivec reported the nickel-catalyzed 

difluoromethylation of aryl (pseudo)halides using an isolable difluoromethyl zinc reagent at room 

temperature.[13] Since then, other transition metals have been shown competent to catalyze this 

transformation under a variety of conditions. 
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4.5 Hydrodefluorination of trifluoromethylarenes 

 While there has been much effort in developing methodologies to install the difluoromethyl 

group on arenes, there is still a greater ability to incorporate trifluoromethyl groups onto arenes. 

Therefore, methods to mono-selectively reduce trifluoromethylarenes to access 

difluoromethylarenes would be useful. Since 2016 there have been four reports for the mono-

selective hydrodefluorination of trifluoromethylarenes. These reports were discussed in Chapter 1 

and are restated here. Lalic reported in 2016 the use of catalytic palladium, copper, and 2-pyridone 

in combination with a hydrosilane and alkoxide base to promote the mono-selective 

hydrodefluorination of a limited scope of trifluoromethylarenes.[14] Prakash in 2017 reported the 

use of magnesium metal in acidic conditions to mono-selectively reduce 

bis(trifluoromethyl)arenes.[15] Jui in 2019 leveraged the use of photoredox catalysis to mono-

selectively reduce electron-neutral trifluoromethylarenes.[16] In 2020 Gouverneur reported the 

photoredox catalyzed mono-selective reduction of electron-deficient trifluoromethylarenes.[17]  

 

4.6 Lewis base activation of hydrosilanes for the hydrodefluorination of 

trifluoromethylarenes 

 Following the defluoroallylation work reported by the Bandar group in 2019 (described in 

Chapter 2), we speculated that Lewis base activation of hydrosilanes could effect a single electron 

transfer to a trifluoromethylarene and, after mesolytic cleavage of the radical anion, could be a 

hydrogen atom donor to the resulting benzylic radical to mono-selectively provide the 

difluoromethylarene.  

To begin, I conducted initial investigations using the optimized conditions from the 

defluoroallylation reactions. The model substrate, 1,3-bis(trifluoromethyl)benzene was subjected 
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to catalytic cesium fluoride ligated by 18-crown-6 and triethylsilane in dimethoxyethane (DME) 

at 50 °C, but no reaction took place and only starting material was remaining (Figure 4-2, top). 

Changing the Lewis basic catalyst to the polyphosphazene organic superbase P4-t-Bu provided the 

hydrodefluorination product (4-1) in 66% 1H NMR yield referenced to an internal standard, with 

8% of the over-reduced benzyl fluoride product (4-2), equaling an 8:1 mono-selective 

hydrodefluorination reaction. Examination of other commercially available hydrosilanes 

demonstrates that triethylsilane provides the highest yields of all hydrosilanes tested, and the 

hydrogen atom is crucial for reactivity as tetraethylsilane was unreactive under the standard 

reaction conditions (Figure 4-2, bottom). It is unclear at this time why cesium fluoride was 

ineffective at promoting this transformation while P4-t-Bu can catalyze it effectively. P4-t-Bu 

typically acts as a strong Brønsted base (pKa’ = 30.2 in DMSO)[18] but has also been shown to 

coordinate and activate organosilanes catalytically, for example the generation of aryl anions from 

aryltrimethylsilanes and the activation of triethylsilane to deprotonate alcohols for SNAr were 

reported by Kondo.[19-20] The calculated pKa of trimethylsilane is 44.9 in DMSO, so it is unlikely 

that P4-t-Bu is operating as a Brønsted base in this reaction.[21] Other alkoxide, amide, and fluoride 

bases, and also a weaker polyphosphazene base, P2-Et (pKa’ = 21.1 in DMSO), were examined 

and found to be ineffective promoters for this reaction. 
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Figure 4-2. (top) Discovery of Lewis base catalyzed hydrodefluorination of trifluoromethylarenes 
with hydrosilanes and (bottom) effect of hydrosilane structure on reaction yield. 

 An optimization of the reaction variables was conducted, and it was found the 3 equivalents 

of triethylsilane and 0.2 equivalents of P4-t-Bu at 50 C in DME at 0.25 M was the optimal set of 

reaction conditions for the model reaction. A brief substrate scope is demonstrated below in Figure 

4-3, but although work is still ongoing to develop this reaction with other members of the Bandar 

Group. Electron-deficient substrates that are amenable to this reaction include 1,2- and 1,3-

bis(trifluoromethyl)arenes, 3-trifluoromethylbenzonitriles, 3-trifluoromethylpyridines, 3-

trifluoromethylsulfonamides, and 3-trifluoromethylphosphonate esters. The similarities of the 

scope to that of the defluoroallylation reaction suggest a similar mechanism might be in effect. 

Conducting the reaction in deuterated tetrahydrofuran (THF-d8) does not incorporate any 

deuterium into the product, suggesting that the hydrogen atom source is the hydrosilane. 
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Figure 4-3. Preliminary scope of the P4-t-Bu catalyzed hydrodefluorination of 
trifluoromethylarenes with triethylsilane. 

 Consideration of the mechanistic work done on the reductive coupling reaction described 

in Chapter 3 can allow for another mechanistic approach towards the direct hydrodefluorination 

reaction (Figure 4-4, top). Conducting the reductive coupling reaction to generate the 

difluorobenzylic silane that undergoes desilylation in situ by a Lewis base will produce the 

difluoromethylarene directly if the reaction solvent is capable of being deprotonated by the 

benzylic anion. This deprotonation pathway is supported by conducting the reaction in deuterated 

acetonitrile (MeCN-d3), generating the difluoromethylarene 3-30 with >95% deuterium 

incorporation (Figure 4-4, bottom).  
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Figure 4-4. Direct generation of difluoromethylarene via reductive coupling in acidic solvent 
(top) and mechanistic experiment supporting the deprotonation pathway (bottom). 

 Since this reductive coupling hydrodefluorination pathway operates via a different 

mechanism, the scope should have differences as well. Examination of other solvents demonstrates 

that dimethylsulfoxide (DMSO) is a more general reaction solvent to provide higher yields. A few 

examples of substrates amenable to this reaction include heterocyclic substrates such as 2-

trifluoroemethylpyridine and 7-trifluoromethylquinoline, and electron-deficient 

trifluoromethylarenes including bis(trifluoromethyl)benzenes, sulfonamides, phosphonate esters, 

and fluoroarenes which demonstrates similarities to the reductive coupling scope (Figure 4-5). 
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hydrodefluorination of trifluoromethylarenes. 
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Figure 4-5. Reductive coupling reaction in acidic solvent for the hydrodefluorination of 
trifluoromethylarenes. 

 A major challenge to the development of a hydrodefluorination reaction that operates 

through a single electron transfer mechanism is the similarities in reduction potentials between the 

trifluoromethylarene and the difluoromethylarene product. The model substrate, 1,3-

bis(trifluoromethyl)benzene, has a reduction potential of Ered = –2.67 V vs Fc+/Fc0 while the 

difluoromethylarene product 4-1 has a reduction potential of Ered = –2.85 V vs Fc+/Fc0.[22] 

Overcoming this challenge is part of the ongoing efforts to optimize this reaction, although the 

results summarized thus far provide a promising starting point. 
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junior graduate student, Leidy Hooker, in using the fluoride activation of hexamethyldislane to 

enable the hydrodefluorination of electron-neutral trifluoromethylarenes. Under these reaction 

conditions only the trimethylsilyl anion can be generated and the reaction is pseudo-catalytic in 

fluoride since mesolytic cleavage of the trifluoromethylarene radical anion after single electron 

reduction will generate an equivalent of fluoride anion to restart the reaction cycle. The 

trimethylsilyl anion is highly reducing[23] and typically causes the decomposition of electron-

deficient trifluoromethylarenes but is capable of selectively reducing less activated 

trifluoromethylarenes. To provide an example, subjecting 1-trifluoromethylnapthalene to both of 

the reaction conditions I developed for the hydrodefluorination of electron-deficient 

trifluoromethylarenes results in no difluoromethylarene product formation (Figure 4-6, top). When 

1-trifluoromethylnapthalene is subjected to the conditions developed by Leidy, using 

hexamethyldisilane activated by catalytic cesium fluoride, a high yield of the difluoromethylarene 

is obtained with near complete mono-selectivity (76%, 20:1 selectivity; Figure 4-6 bottom). This 

work is still ongoing and will be reported in due course. 

 

Figure 4-6. Hydrodefluorination of electron-neutral trifluoromethylarenes using 
hexamethyldisilane. 
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4.8 Conclusion and Outlook 

 The difluoromethylarene substructure is an important fluorinated motif due to its ability to 

act as a lipophilic bioisostere and therefore methods to incorporate it are in high demand. Synthetic 

methodologies to install a difluoromethyl motif are still underdeveloped when compared to aryl 

trifluoromethylation. The past few years have seen a rise in mono-selective trifluoromethylarene 

hydrodefluorination reactions, but the scopes of the reported methods are still limited. This chapter 

has detailed efforts by the Bandar group towards using the Lewis base activation of organosilanes 

to enable mono-selective reductions of trifluoromethylarenes.  

 My work described in Chapters 3 and 4 began with the discovery of the defluoroallylation 

reaction by the Bandar Group. After a thorough investigation of various organosilanes, I 

discovered a reductive coupling method to turn a trifluoromethylarene C–F bond into virtually any 

difluorobenzylic derivative. My discoveries inspired and guided ongoing work within the Bandar 

Group that will allow activation of electron-neutral trifluoromethylarenes. Thus, this work has 

been instrumental at advancing the aryl trifluoromethyl group into a general synthetic functional 

handle. The impact of this transformation stems from the perception of the ubiquitously present 

trifluoromethylarene as a terminal and unreactive functionality—these transformations will now 

allow increased access to a broad scope of difluorobenzylic derivatives that are emerging as a key 

substructure in modern medicines and agrochemicals. 
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APPENDIX ONE 
 

BASE PROMOTED REDUCTIVE COUPLING REACTION FOR THE DIVERGENT 
DEFLUOROFUNCTIONALIZATION OF TRIFLUOROMETHYLARENES: 

EXPERIMENTAL 
 
 
 
A1.1 General information  

General reagent information. Cesium formate (Chem Impex catalog #26492), 

tris(trimethylsilyl)silane (Oakwood Chemical catalog #S21375), 18-crown-6 (Chem-Impex 

catalog #03901), cesium fluoride (Acros Organics catalog #315910250) were purchased from their 

respective vendors, stored in a nitrogen-filled glovebox and used as received. 2,2,6,6-Tetramethyl-

1-piperidinyloxy (TEMPO) was purchased from Sigma-Aldrich (catalog #426369, purified by 

sublimation, 99%). 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-

phosphoranylidenamino]-2λ,4λ-catenadi(phosphazene) (P4-t-Bu) was purchased from Millipore 

Sigma (product #79421) as a 0.8M solution in hexanes and was stored in a nitrogen-filled 

glovebox. Anhydrous solvents: dimethyl sulfoxide (DMSO, catalog #276855), tetrahydrofuran 

(THF, catalog #186562), 1,2-dimethoxyethane (DME, catalog #259527), N,N-dimethylformamide 

(DMF, catalog #227056), N-methyl-2-pyrrolidinone (NMP, catalog #328634), benzotrifluoride 

(PhCF3, catalog #547948) and acetonitrile (MeCN, catalog #271004) were stored in a nitrogen-

filled glovebox and used as received from Millipore Sigma. 4-Formylmorpholine (4FM, catalog 

#13380) was stored in a nitrogen-filled glovebox and used as received from Acros Organics. 

Tetrahydrofuran, toluene, diethyl ether, and dichloromethane solvents were deoxygenated and 

dried by passage over packed columns of neutral alumina and copper (II) oxide under positive 

pressure of nitrogen. All other commercially available reagents and solvents used in this study 

were purchased from Ambeed, Alfa Aesar, Combi-Blocks, Acros Organics, Oakwood Chemical, 
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or Millipore Sigma and used without further purification. Flash column chromatography was 

performed using 40-63 μm silica gel (SiliaFlash® F60 from Silicycle). Preparative thin-layer 

chromatography (PTLC) was performed on silica gel 60Å F254 plates (20 x 20 cm, 1000 μm, 

SiliaPlate from Silicycle, #TLG-R10011B-341) and visualized with UV light (254 nm). Unless 

otherwise noted, reactions were run in 1-dram vials (Fisherbrand 03-338A CG-4904-05) with a 

screw top PTFE-lined cap (Thermo Scientific, C4015-1A) for 0.10-0.50 mmol scale reactions, or 

2-dram vials (ThermoFisher B7999-3) with a screw top cap (Thermo Scientific 15-SCST) and 

PTFE-lined silicone septum (Thermo Scientific B7995-15) for 1.0 mmol scale reactions. 

General analytical information All new compounds were characterized by 1H, 13C and 19F NMR 

spectroscopy, IR spectrometry, mass spectrometry, and melting point analysis (if solids). NMR 

spectra were recorded on Bruker Avance NEO or Varian Inova 400 spectrometers. Chemical shifts 

for 1H NMR are reported as follows: chemical shift in reference to residual CHCl3 at 7.26 ppm (δ 

ppm), multiplicity (s = singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet 

of doublets, dt = doublet of triplets, td = triplet of doublets, dq = doublet of quartets, qd = quartet 

of doublets, m = multiplet), coupling constant (Hz), and integration. Chemical shifts for 13C NMR 

are reported in terms of chemical shift in reference to the CDCl3 solvent signal (77.16 ppm). 

Chemical shifts for 19F NMR are reported in terms of chemical shift in reference to an internal 

standard (fluorobenzene set to -112.96 ppm). IR spectra were recorded on a Thermo Scientific 

Nicolet iS-50 FT-IR spectrometer and are reported in terms of frequency of absorption (cm-1). 

Melting points were measured on a Mel-Temp capillary melting point apparatus. High resolution 

mass spectra (HRMS) were recorded on an Agilent 6210 TOF interfaced to a DART 100 source, 

an Agilent 6230 LC-MS B-TOF equipped with a dual ESI source, or a GC-MS (Agilent 7890B 

with Agilent 5977A MSD) provided by Colorado State University Materials and Molecular 



 70 

Analysis Center. Specific rotation analysis was measured on a Rudolph Research Analytical 

Autopol III polarimeter. Thin-layer chromatography (TLC) was performed on silica gel 60Å F254 

plates (250 μm, SiliaPlate from Silicycle, #TLG- R10014B-323) and visualized with UV light (254 

nm) or potassium permanganate stain.  

Nomenclature: The names provided for the structures below were obtained from ChemDraw 

Professional 19.0.  

Abbreviations: List of abbreviations used in this document. 

TTMSS = tris(trimethylsilyl)silane 

HCO2Cs = cesium formate 

TMS = trimethylsilane 

Bn = benzyl 

Ph = phenyl 

Me = methyl 

Et = ethyl 

Ac = acetate 

Piv = pivalate 

PMP = paramethoxyphenyl 

4FM = 4-formylmorpholine 

 

A1.2 Reaction discovery and optimization with DMF as solvent 

 

(a) Optimized reaction conditions for model substrate 3-1 
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2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoro-N,N-

dimethyl-1-((trimethylsilyl)oxy)ethan-1-amine (3-2). In a nitrogen-

filled glovebox, to an oven-dried 1-dram glass vial charged with a Teflon-

coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (32.0 mg, 0.1 mmol, 1.0 

equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and anhydrous N,N-dimethylformamide (0.4 

mL). To the solution was sequentially added tris(trimethylsilyl)silane (29.8 mg, 0.12 mmol, 1.2 

equiv) and cesium formate (3.5 mg, 0.02 mmol, 0.2 equiv). The vial was capped, removed from 

glovebox, and the reaction solution was stirred at room temperature (rt). After 20 h, the reaction 

mixture was quenched with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as freshly 

prepared 2.0 M solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal standard 

and an aliquot was analyzed by 1H NMR spectroscopy (diagnostic peak shown in crude 1H 

spectrum below). The 1H NMR yield referenced to the dibromomethane internal standard was 

76%. The compound decomposes on silica and neutral or basic alumina. Material for 

characterization was obtained after diluting the reaction mixture with ethyl acetate (4 mL) and 

washing with distilled water (3 x 3 mL) then brine (3 mL), drying over anhydrous sodium sulfate, 

and concentrating to provide a pale-yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.45–7.35 (m, 6H), 

7.30–7.27 (m, 2H), 5.12 (s, 2H), 4.43 (dd, J = 10.6, 7.8 Hz, 1H), 2.26 (s, 6H), 0.09 (s, 9H). 19F 

NMR (376 MHz, CDCl3) δ -62.80 (s, 3F), -104.63 (dd, J = 249.0, 7.7 Hz, 1F), -107.35 (dd, J = 

249.3, 10.7 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 158.8, 138.3 (t, J = 26.7 Hz), 136.0, 131.9 (q, 

J = 32.7 Hz), 128.8, 128.4, 127.7, 123.8 (q, J = 272.6 Hz), 119.9 (t, J = 250.2 Hz), 116.4 (t, J = 

DMF, rt, 20 h
H Si

TMS

TMS

TMS+

3-1 (1 equiv)
TTMSS

(1.2 equiv)

F F
HCO2Cs (20 mol%)

18-crown-6 (40 mol%)
NMe2

OTMS

F

F F
F3C

OBn

F3C

OBn

3-2, 76% 1H NMR Yield

F F

NMe2

OTMS

F3C

OBn
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6.0 Hz), 116.0 (m), 113.2, 89.4 (t, J = 31.1 Hz), 70.6, 40.4, -0.1. IR (neat): 2956, 1737, 1672, 

1357, 1250, 1043, 840, 695 (cm-1). HRMS (DART) [M+H]+ calcd. for [C21H27F5NO2Si]+ 

448.1726, 448.1760 found. Note: This is the procedure used for optimization of the reaction on a 

0.1 mmol scale; for 1 mmol and 10 mmol scale reactions using this trifluoromethylarene with 4-

formylmorpholine, see Sections A1.4 and A1.6, respectively.  

 

 

Above: Crude 1H NMR spectrum showing diagnostic peak of Compound 3-2 (doublet of doublets 
at 4.39 ppm, 76% NMR yield) referenced to the internal standard (dibromomethane, 4.91 ppm, 0.1 
mmol). 

(b) Deviations from optimized reaction conditions 

CH2Br2

F F

NMe2

OTMS

F3C

OBn

H
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Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (32.0 mg, 0.1 

mmol, 1.0 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and anhydrous N,N-

dimethylformamide (0.4 mL). To the solution was sequentially added tris(trimethylsilyl)silane 

(29.8 mg, 0.12 mmol, 1.2 equiv), and cesium formate (3.5 mg, 0.02 mmol, 0.2 equiv). The vial 

was capped, removed from glovebox, and the reaction solution was stirred at rt. After 20 h, the 

reaction mixture was quenched with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as 

freshly prepared 2.0 M solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal 

standard and an aliquot was analyzed by 1H NMR spectroscopy. The 1H NMR yield was referenced 

to dibromomethane internal standard according to the procedure described above in Section IIa.  

 

Entry Variation to above conditions 1H NMR Yield (3-2) 

1 None (Base = HCO2Cs) 76% 

2 Base = CsF 5% 

3 Base = KOMe 30% 

4 Base = HCO2K 42% 

5 Base = CsOAc 57% 

6 Base = CsOPiv 19% 

7 Base = Bu4NOAc, no 18-crown-6 69% 

8 No 18-crown-6 63% 

DMF (0.25 M), rt, 20 h
H Si

TMS

TMS

TMS+

3-1 (1 equiv) (1.2 equiv)

F F
HCO2Cs (20 mol%)

18-crown-6 (40 mol%)
NMe2

OTMS

F

F F
F3C

OBn

F3C

OBn

3-2

standard conditions
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9 50 mol% HCO2Cs, no 18-crown-6 70% 

10 Base = P4-t-Bu, no 18-crown-6 46% 

11 Base = P4-t-Bu, no 18-crown-6, with 20 mol% formic acid 52% 

12 Base = P4-t-Bu, no 18-crown-6, with 20 mol% benzoic acid 69% 

13 Base = P4-t-Bu, no 18-crown-6, with 20 mol% 

cyclopropanecarboxylic acid 

61% 

14 Base = CsF, 20 mol% AcOTMS 69% 

15 Base = CsF, 20 mol% PhCO2TMS 73% 

 

A1.3 Identification and optimization of a chromatographically stable hemiaminal product 

a. Discussion of hemiaminal stability 

The silylated hemiaminal products derived from N,N-dimethylformamide (DMF) are stable to 

aqueous workup but decompose when subjected to chromatography (silica or alumina). 

Investigation of other formamide solvents identified that the use 4-formylmorpholine (4FM) 

produced an adduct that was more stable to chromatography. While examining the substrate scope 

it became apparent that some of the 4FM hemiaminal products formed may still be sensitive to 

silica gel: initial purification by silica gel column chromatography for certain substrates resulted 

in approximately 3-10% decomposition into the difluoromethylarene and/or the aldehyde, which 

coelute with the desired hemiaminal product. Drying of the silica gel in a vacuum oven (120 °C 

for 72 h) in combination with triethylamine co-eluent and minimal time on the column typically 

allows isolation of product with >95% purity (as determined by 1H NMR spectroscopy). The 

silylated hemiaminal products decompose slowly if not stored under an inert atmosphere. Storage 
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of 3 in a nitrogen-filled glovebox at rt showed no decomposition after three months. Conditions 

used for isolation is provided for each product characterized below. 

 

b. Optimization of 4-formylmorpholine adduct 3-3 

 

Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (32.0 mg, 0.1 

mmol, 1.0 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and 4-formylmorpholine (0.4 mL). 

To the solution was sequentially added tris(trimethylsilyl)silane (29.8 mg, 0.12 mmol, 1.2 equiv) 

and cesium formate (3.5 mg, 0.02 mmol, 0.2 equiv). The vial was capped, removed from glovebox, 

and the reaction solution was stirred rt. After 20 h, the reaction mixture was quenched with 0.1 mL 

CDCl3, stirred for 1 min, then dibromomethane (as freshly prepared 2.0 M solution in CDCl3, 50.0 

µL, 0.1 mmol, 1 equiv) was added as an internal standard and an aliquot was analyzed by 1H NMR. 

The 1H NMR yield was referenced to the dibromomethane internal standard as described above in 

Section IIa. Full characterization of Compound 3 is provided in Section A1.5. 

Entry Variation to above conditions 1H NMR Yield 3 

1 none 38% 

2 4FM/NMP (1:1 ratio) as solvent 69% (66%)a 

3 4FM/NMP (1:1 ratio) as solvent, 2.4 equiv TTMSS 69% 

4 4FM/PhCF3 (1:1 ratio) as solvent 68% 

  aIsolated yield in parenthesis, purified via silica gel column chromatography; see Section A1.5 
for characterization details. 

4FM (0.25 M), rt, 20 h

F FHCO2Cs (20 mol%)
18-crown-6 (40 mol%) N

OTMS

3-3

O

O N CHO4FM =

H Si

TMS

TMS

TMS+
F

F F
F3C

OBn

3-1 (1 equiv) (1.2 equiv)

F3C

OBn
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A1.4 General procedure for C–F reductive hemiaminalization 

 

General Procedure (GP1): In a nitrogen-filled glovebox, to an oven-dried 2-dram glass vial 

charged with a Teflon-coated stir bar, was added trifluoromethylarene (1.0 mmol, 1 equiv), 18-

crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 equiv), and 

anhydrous solvent (either 4-formylmorpholine/N-methyl-2-pyrrolidinone or 4-

formylmorpholine/benzotrifluoride mixture, 4.0 mL, ratio indicated for each substrate below). 

Tris(trimethylsilyl)silane (1-3 equiv) was then added, and the vial was capped, removed from 

glovebox, and the reaction mixture was stirred at rt. After 20 h, the reaction mixture was diluted 

with ethyl acetate (12 mL) and washed with distilled water (3 x 6 mL) [caution: water was added 

slowly due to vigorous gas evolution], then brine (8 mL), dried over anhydrous sodium sulfate, 

filtered, and concentrated in vacuo. Immediate purification by silica gel chromatography was 

performed using the given eluent conditions (note: use of silica gel that has been dried in a vacuum 

oven at 120 °C for 72 h was necessary for some substrates to reduce decomposition on the column 

and is indicated when used). 

 

A1.5. Characterization of products from Figure 3-4 

 

4-(2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoro-1-

((trimethylsilyl)oxy)ethyl)morpholine (3-3). The General Procedure 

(GP1) was followed using 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene 

(320.2 mg, 1.0 mmol, 1 equiv), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 

4FM/cosolvent, rt, 20 h Ar

F F
HCO2Cs (20 mol%)

18-crown-6 (40 mol%)
N

OTMS

O

O N CHO4FM =

H Si

TMS

TMS

TMS+
Ar F

F F

(1 equiv) (1-3 equiv) isolated yield

F F

F3C

OBn

N

OTMS

O



 77 

mg, 0.2 mmol, 0.2 equiv), 4-formylmorpholine/N-methyl-2-pyrrolidinone (1:1 ratio, 4.0 mL), and 

tris(trimethylsilyl)silane (298.4 mg, 1.2 mmol, 1.2 equiv). The product was isolated via silica gel 

column chromatography (5-10% ethyl acetate gradient in hexanes) as a pale-yellow oil (323.0 mg, 

0.66 mmol, 66% yield). 1H NMR (400 MHz, CDCl3) δ 7.47–7.35 (m, 6H), 7.30 (br s, 2H), 5.13 

(s, 2H), 4.34 (dd, J = 10.0, 7.4 Hz, 1H), 3.62–3.54 (m, 4H), 2.61 (t, J = 4.6 Hz, 4H), 0.14 (s, 9H). 

19F NMR (376 MHz, CDCl3) δ -62.78 (s, 3F), -105.32 (dd, J = 248.2, 7.2 Hz, 1F), -107.31 (dd, J 

= 248.2, 10.1 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 158.7, 137.8 (t, J = 26.5 Hz), 136.0, 131.8 

(q, J = 32.8 Hz), 128.9, 128.5, 127.7, 123.8 (q, J = 272.6 Hz), 119.8 (t, J = 250.3 Hz), 116.5 (t, J 

= 6.5 Hz), 116.2 (m), 113.2 (m), 89.4 (t, J = 31.6 Hz), 70.6, 67.3, 49.0, 0.0. IR (neat): 2958, 2893, 

2854, 1607, 1453, 1355, 1278, 1115, 840, 694 cm-1. HRMS (DART) [M+H]+ calcd. for 

[C23H29F5NO3Si]+ 490.1831, Found: 490.1855 found. 

 

3-(1,1-difluoro-2-morpholino-2-((trimethylsilyl)oxy)ethyl)-5-

(trifluoromethyl)phenol (3-4). The General Procedure (GP1) was 

followed using 3,5-bis(trifluoromethyl)phenol (290.1 mg, 1.0 mmol, 1 

equiv), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 

equiv), 4-formylmorpholine/N-methyl-2-pyrrolidinone (1:1 ratio, 4.0 mL), and 

tris(trimethylsilyl)silane (522.2 mg, 2.1 mmol, 2.1 equiv). The product was isolated via silica gel 

column chromatography (15% ethyl acetate and 1% triethylamine in hexanes) as a yellow oil 

(230.8 mg, 0.52 mmol, 52% yield*). (Note: We found that this product is more stable after 

isolation when coeluted with triethylamine. Pure compound decomposes rapidly after purification 

without use of triethylamine coeluent. Product isolated and characterized as an adduct with 

triethylamine, 1:0.44 product/triethylamine ratio as determined by 1H NMR.) *Isolated yield 
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determined from combined mass of mole fractions of product and triethylamine, calculation as 

follows: (230.8 mg isolated) / [(1 x 399.43 mg/mmol) + (0.44 x 101.19 mg/mmol)] = 0.52 mmol 

isolated. 1H NMR (400 MHz, CDCl3) δ 10.24 (br s, 1H), 7.18 (s, 1H), 7.07–7.05 (m, 2H), 4.31 

(dd, J = 10.5, 7.3 Hz, 1H), 3.59 (t, J = 4.7 Hz, 4H), 2.84 (q, J = 7.3 Hz, 2.6H), 2.67–2.57 (m, 4H), 

1.17 (t, J = 7.3 Hz, 3.8H), 0.08 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -62.89 (s, 3F), -105.40 (dd, 

J = 247.3, 7.2 Hz, 1F), -107.47 (dd, J = 247.2, 10.7 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 158.8, 

137.7 (t, J = 26.3 Hz), 131.7 (q, J = 32.3 Hz), 124.0 (q, J = 272.5 Hz), 120.0 (t, J = 250.3 Hz), 

117.9 (t, J = 6.3 Hz), 114.5 (m), 113.8 (m), 89.4 (t, J = 31.5 Hz), 67.4, 49.0, 45.5, 9.3, -0.1. IR 

(neat): 3241, 2959, 2855, 1610, 1455, 1356, 1254, 1106, 928, 842, 703 cm-1. HRMS (DART) 

[M+H]+ calcd. for [C16H23F5NO3Si]+ 400.1362, 400.1375 found. 

 

N-allyl-3-(1,1-difluoro-2-morpholino-2-((trimethylsilyl)oxy)ethyl)-N-

phenyl-5-(trifluoromethyl)aniline (3-5). The General Procedure (GP1) 

was followed using N-allyl-N-phenyl-3,5-bis(trifluoromethyl)aniline 

(345.3 mg, 1.0 mmol, 1 equiv), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 

mg, 0.2 mmol, 0.2 equiv), 4-formylmorpholine/N-methyl-2-pyrrolidinone (1:1 ratio, 4 mL), and 

tris(trimethylsilyl)silane (497.3 mg, 2 equiv, 2 mmol). The product was isolated via silica gel 

column chromatography (1% triethylamine and 10% ethyl acetate in hexanes) as a yellow oil 

(282.6 mg, 0.55 mmol, 55% yield). 1H NMR (400 MHz, CDCl3) δ 7.38 (t, J = 7.8 Hz, 2H), 7.20–

7.12 (m, 6H), 5.98–5.88 (m, 1H), 5.30–5.21 (m, 2H), 4.41–4.30 (m, 3H), 3.62–3.53 (m, 4H), 2.59 

(t, J = 4.7 Hz, 4H), 0.10 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -62.90 (s, 3F), -104.18 (dd, J = 

247.6, 7.0 Hz, 1F), -107.66 (dd, J = 247.3, 10.1 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 148.2, 

146.7, 137.0 (t, J = 26.1 Hz), 133.2, 131.3 (q, J = 32.1 Hz), 130.0, 124.9, 124.8, 124.1 (q, J = 272.7 
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Hz), 119.9 (t, J = 249.9 Hz), 117.7 (t, J = 6.6 Hz), 117.2, 114.1 (m), 113.7 (m), 89.5 (t, J = 32.0 

Hz), 67.3, 55.1, 49.1, 0.0. IR (neat): 3064, 2958, 2915, 2895, 2853, 1592, 1495, 1388, 1251, 1116, 

843, 698 cm-1. HRMS (DART) [M+H]+ calcd. for [C25H32F5N2O2Si]+ 515.2148, 515.2183 found.  

 

3-(1,1-difluoro-2-morpholino-2-((trimethylsilyl)oxy)ethyl)-N,N-

dimethylbenzenesulfonamide (3-6). The General Procedure (GP1) 

was followed using N,N-dimethyl-3-

(trifluoromethyl)benzenesulfonamide (253.2 mg, 1.0 mmol, 1 equiv), 18-crown-6 (105.7 mg, 0.4 

mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 equiv), 4-

formylmorpholine/benzotrifluoride (1:1 ratio, 4.0 mL), and tris(trimethylsilyl)silane (298.4 mg, 

1.2 mmol, 1.2 equiv). The product was isolated via silica gel column chromatography (vacuum 

oven dried silica gel, 1% triethylamine and 8% ethyl acetate in hexanes) as a pale-yellow oil (296.0 

mg, 0.64 mmol, 64% yield). The purified material solidified after 3 weeks in a -20 °C freezer and 

a suitable crystal was extracted for analysis by x-ray crystallography. 1H NMR (400 MHz, CDCl3) 

δ 7.90 (s, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.57 (t, J = 7.8 Hz, 1H), 4.35 (dd, 

J = 9.6, 7.5 Hz, 1H), 3.53 (t, J = 4.7 Hz, 4H), 2.69 (s, 6H), 2.60–2.51 (m, 4H), 0.10 (s, 9H). 19F 

NMR (376 MHz, CDCl3) δ -104.99 (dd, J = 249.7, 7.1 Hz, 1F), -107.15 (dd, J = 249.7, 9.7 Hz, 

1F). 13C NMR (101 MHz, CDCl3) δ 136.5 (t, J = 26.5 Hz), 135.7, 130.6 (t, J = 6.1 Hz), 129.0, 

128.8, 126.0 (t, J = 6.4 Hz), 119.8 (t, J = 250.2 Hz), 89.3 (t, J = 31.7 Hz), 67.2, 48.9, 37.9, 0.0. IR 

(neat):  2965, 2848, 1456, 1338, 1249, 1160, 1018, 937, 843, 756, 700 cm-1. HRMS (DART) 

[M+H]+ calcd. for [C17H29F2N2O4SSi]+ 423.1580, 423.1614 found. Melting Point: 70-74 °C. 
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Above: X-ray crystal structure of Compound 3-6. Thermal ellipsoids are at 50% probability. 
Colors of atoms are as follows: carbon (black), oxygen (red), nitrogen (blue), fluorine (green), 
sulfur (yellow), silicon (light blue), hydrogen (white). 
 

Diethyl (3-(1,1-difluoro-2-morpholino-2-

((trimethylsilyl)oxy)ethyl)phenyl)phosphonate (3-7). The General 

Procedure (GP1) was followed using diethyl (3-

(trifluoromethyl)phenyl)phosphonate (282.2 mg, 1.0 mmol, 1 equiv), 18-crown-6 (105.7 mg, 0.4 

mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 equiv), 4-formylmorpholine/N-methyl-

2-pyrrolidinone (1:3 ratio, 4.0 mL), and tris(trimethylsilyl)silane (298.4 mg, 1.2 mmol, 1.2 equiv). 

The product was isolated via silica gel column chromatography (30-40% ethyl acetate gradient in 

hexanes) as a pale-yellow oil (204.8 mg, 0.45 mmol, 45% yield). 1H NMR (400 MHz, CDCl3) δ 

7.96–7.86 (m, 2H), 7.68 (d, J = 7.9 Hz, 1H), 7.51 (td, J = 7.7, 4.1 Hz, 1H), 4.36 (dd, J = 10.0, 7.5 

Hz, 1H), 4.21–4.04 (m, 4H), 3.57 (t, J = 4.6 Hz, 4H), 2.59 (t, J = 4.6 Hz, 4H), 1.33 (t, J = 7.1 Hz, 

6H), 0.11 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -105.30, (dd, J = 248.8, 7.6 Hz, 1F), -107.44 

(dd, J = 248.9, 10.3 Hz). 13C NMR (101 MHz, CDCl3) δ 135.7 (td, J = 26.2, 15.1 Hz), 133.1 (d, J 

= 10.0 Hz), 130.2 (td, J = 6.2, 2.9 Hz), 129.8 (dt, J = 11.7, 6.3 Hz), 128.6 (d, J  = 189.4 Hz), 128.1 
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(d, J = 15.1 Hz), 120.1 (td, J = 250.0, 2.0 Hz), 89.3 (t, J = 31.7 Hz), 67.2, 62.2 (d, J = 5.5 Hz), 

48.9, 16.4, 16.3, -0.1. IR (neat): 2980, 2908, 2852, 1737, 1240, 1116, 1018, 966, 869, 755 cm-1. 

HRMS (DART) [M+H]+ calcd. for [C19H33F2N2O5PSi]+ 452.1828, 452.1788 found.  

 

4-(2-(2-(benzylthio)pyridin-3-yl)-2,2-difluoro-1-

((trimethylsilyl)oxy)ethyl)morpholine (3-8). The General Procedure 

(GP1) was followed using 2-(benzylthio)-3-(trifluoromethyl)pyridine (269.3 

mg, 1.0 mmol, 1 equiv), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 

0.2 mmol, 0.2 equiv), 4-formylmorpholine/benzotrifluoride (1:1 ratio, 4.0 mL), and 

tris(trimethylsilyl)silane (298.4 mg, 1.2 mmol, 1.2 equiv). The product was isolated via silica gel 

column chromatography (vacuum oven dried silica gel, 1% triethylamine and 3% ethyl acetate in 

hexanes) as a pale-yellow oil (204 mg, 0.47 mmol, 47% yield). 1H NMR (400 MHz, CDCl3) δ 

8.52 (d, J = 4.80 Hz, 1H), 7.67 (dd, J = 7.8, 1.8 Hz, 1H), 7.37–7.34 (m, 2H), 7.26-7.16 (m, 3H), 

7.08 (dd, J = 7.8, 4.8 Hz, 1H), 4.94 (t, J = 1.0 Hz, 1H), 4.49 (dd, J = 108.1, 13.6 Hz, 2H), 3.45 (t, 

J = 4.8 Hz, 4H), 2.57 (ddt, J = 108.7, 11.6, 4.7, 4H), 0.03 (s, 9H). 19F NMR (376 MHz, CDCl3) δ 

-103.04 (d, J = 256.5 Hz, 1F), -108.98 (d, J = 256.3 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 155.4 

(t, J = 2.1 Hz), 149.7, 138.6, 135.3 (t, J = 8.6 Hz), 129.7 (t, J = 25.8 Hz), 129.1, 128.4, 127.0, 121.0 

(t, J = 253.4 Hz), 119.0, 85.6 (t, J = 27.1 Hz), 67.3, 48.4, 34.6 (t, J = 2.0 Hz), 0.1. IR (neat): 2958, 

2849, 1580, 1559, 1401, 1261, 1117, 1059, 1029, 937, 877, 842, 752, 699 cm-1. HRMS (DART) 

[M+H]+ calcd. for [C21H29F2N2O2SSi]+ 439.1682, 439.1715 found.  

 

5-(1,1-difluoro-2-morpholino-2-((trimethylsilyl)oxy)ethyl)-N-

methyl-N-phenylpyridin-3-amine (3-9). The General Procedure (GP1) 
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was followed using N-methyl-N-phenyl-5-(trifluoromethyl)pyridin-3-amine (252.2 mg, 1 mmol, 1 

equiv), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 

equiv), 4-formylmorpholine/benzotrifluoride (1:1 ratio, 4.0 mL), and tris(trimethylsilyl)silane 

(298.4 mg, 1.2 mmol, 1.2 equiv). The product was isolated via silica gel column chromatography 

(vacuum oven dried silica gel, 1% triethylamine and 5% ethyl acetate in hexanes) as a dark-yellow 

oil (280 mg, 0.66 mmol, 66% yield). 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 2.8 Hz, 1H), 8.22 

(d, J = 1.8 Hz, 1H), 7.39–7.35 (m, 2H), 7.27–7.26 (m, 1H), 7.17–7.11 (m, 3H), 4.33 (dd, J = 9.2, 

7.8 Hz, 1H), 3.61–3.52 (m, 4H), 3.35 (s, 3H), 2.63–2.55 (m, 4H), 0.12 (s, 9H). 19F NMR (376 

MHz, CDCl3) δ -104.38 (dd, J = 252.5, 7.7 Hz, 1F), -107.30 (dd, J = 252.5, 9.1 Hz, 1F). 13C NMR 

(101 MHz, CDCl3) δ 147.5, 144.5, 140.5, 138.2 (t, J = 6.8 Hz), 131.0 (t, J = 25.8 Hz), 130.0, 124.5, 

123.7, 121.6 (t, J = 6.4 Hz), 119.7 (t, J = 249.8 Hz), 89.5 (t, J = 31.91 Hz), 67.3, 49.0, 40.2, 0.1. 

IR (neat):  2956, 2850, 1588, 1495, 1353, 1251, 1114, 1068, 1010, 869, 754, 698 cm-1. HRMS 

(DART) [M+H]+ calcd. for [C21H30F2N3O2Si]+ 422.2070, 422.2097 found. 

 

4-(2,2-difluoro-2-(pyridin-4-yl)-1-((trimethylsilyl)oxy)ethyl)morpholine 

(3-10). The General Procedure (GP1) was followed using 4-

(trifluoromethyl)pyridine (147.1 mg, 1.0 mmol, 1 equiv), 18-crown-6 (105.7 

mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 equiv), 4-formylmorpholine/N-

methyl-2-pyrrolidinone (1:3 ratio, 4 mL), and tris(trimethylsilyl)silane (497.3 mg, 2 equiv, 2 

mmol). The reaction vial was placed into a preheated reaction block at 80 °C with stirring. The 

product was isolated via silica gel column chromatography (1% triethylamine and 10% ethyl 

acetate in hexanes) as a pale-yellow oil (175.6 mg, 0.55 mmol, 55% yield). 1H NMR (400 MHz, 

CDCl3) δ 8.67 (d, J = 6.1 Hz, 2H), 7.39 (d, J = 6.1 Hz, 2H), 4.33 (t, J = 9.0 Hz, 1H), 3.59–3.51 (m, 
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4H), 2.64–2.56 (m, 4H), 0.11 (s, 9H).  19F NMR (376 MHz, CDCl3) δ -107.95 (dd, J = 250.9, 8.0 

Hz, 1F), -109.05 (dd, J = 250.9, 9.9 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 149.8, 143.6 (t, J = 

27.0 Hz), 121.0 (t, J = 6.0 Hz), 119.4 (t, J = 249.8 Hz), 89.2 (t, J = 30.8 Hz), 67.3, 48.9, 0.0. IR 

(neat): 2958, 2852, 1603, 1411, 1251, 1113, 1059, 967, 841, 675 cm-1. HRMS (ESI) [M+H]+ 

calcd. for [C14H23F2N2O2Si]+ 317.1491, 317.1452 found. 

 

4-(2,2-difluoro-2-(3-fluoropyridin-2-yl)-1-

((trimethylsilyl)oxy)ethyl)morpholine (3-11). The General Procedure 

(GP1) was followed using 3-fluoro-2-(trifluoromethyl)pyridine (165.1 mg, 

1.0 mmol), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 

equiv), 4-formylmorpholine/benzotrifluoride (1:1 ratio, 4.0 mL), and tris(trimethylsilyl)silane 

(497.3 mg, 2 equiv, 2 mmol). The product was isolated via silica gel column chromatography 

(vacuum oven dried silica gel, 1% triethylamine and 10% ethyl acetate in hexanes) as a pale-yellow 

oil (136.2 mg, 0.41 mmol, 41% yield). 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 4.5, Hz, 1H), 

7.46 (t, J = 9.4 Hz, 1H), 7.40–7.36 (m, 1 H), 4.75 (t, J = 11.2 Hz, 1H), 3.53–3.44 (m, 4H), 2.73 

(ddt, J = 103.7, 11.6, 4.7 Hz, 2H), 0.12 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -104.77 (ddd, J = 

260.8, 20.7, 10.5 Hz, 1F), -114.20 (ddd, J = 260.7, 20.5, 12.2 Hz, 1F), -121.89 (tdd, J = 20.6, 10.4, 

4.0 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 157.5 (d, J = 264.1 Hz), 144.6 (d, J = 5.2 Hz), 142.0 

(td, J = 27.0, 11.0 Hz), 126.3 (d, J = 4.3 Hz), 124.6 (d, J = 20.0 Hz), 119.2 (td, J = 250.0, 5.5 Hz), 

87.9 (ddd, J = 30.1, 24.9, 2.4 Hz), 67.3, 48.5, 0.1. IR (neat): 2958, 2853, 1452, 1252, 1116, 1071, 

1017, 939, 842 cm-1. HRMS (ESI) [M-OSiMe3]+ calcd. for [C11H12F3N2O]+ 245.0896, 245.0889 

found. 
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(2R,3S)-4-benzyl-2-((1R)-1-(3-(1,1-difluoro-2-morpholino-

2-((trimethylsilyl)oxy)ethyl)-5-

(trifluoromethyl)phenyl)ethoxy)-3-(4-

fluorophenyl)morpholine (3-12). The General Procedure (GP1) was followed at a 0.25 mmol 

scale with (2R,3S)-4-benzyl-2-((R)-1-(3,5-bis(trifluoromethyl)phenyl)ethoxy)-3-(4-

fluorophenyl)morpholine (131.0 mg, 0.25 mmol, 1 equiv), 18-crown-6 (26.4 mg, 0.1 mmol, 0.4 

equiv), cesium formate (8.9 mg, 0.05 mmol, 0.2 equiv), and 4-formylmorpholine/N-methyl-2-

pyrrolidinone (1:1 ratio, 1.0 mL), and tris(trimethylsilyl)silane (93.2 mg, 1.5 equiv, 0.375 mmol). 

After 15 h, the vial was brought into the glovebox and charged with another portion of 

tris(trimethylsilyl)silane (74.6 mg, 1.2 equiv, 0.3 mmol) and cesium formate (8.9 mg, 0.05 mmol, 

0.2 equiv), then capped and stirred for another 5 h at rt. The product was isolated via silica gel 

chromatography (1% triethylamine and 10% ethyl acetate in hexanes) as a yellow oil (76.6 mg, 

0.11 mmol, 44% yield). 1H NMR (400 MHz, CDCl3) δ 7.53–7.43 (m, 3H), 7.30–7.19 (m, 5H), 

7.16 (d, J = 6.2 Hz, 1H), 7.00 (q, J = 8.2 Hz, 2H), 6.89 (d, J = 5.4 Hz, 1H), 4.80 (qd, J = 6.5, 4.0 

Hz, 1H), 4.31 (t, J = 3.2 Hz, 1H), 4.23–4.17 (m, 2H), 3.76 (d, J = 13.4 Hz, 1H), 3.56–3.53 (m, 5H), 

3.39 (t, J = 2.9 Hz, 1H), 2.81 (d, J = 13.5 Hz, 2H), 2.60–2.51 (m, 4H), 2.31 (td, J = 11.9, 3.4 Hz, 

1H), 1.42 (d, J = 6.5 Hz, 3H), 0.04 (d, J = 3.6 Hz, 9H). 19F NMR (376 MHz, CDCl3) δ -62.70 (s, 

3F), -104.98 (ddd, J = 248.8, 35.7, 6.7 Hz, 1F), -108.79 (ddd, J = 318.6, 248.8, 11.0 Hz), -114.73–

114.77 (m, 1F). 13C NMR (101 MHz, CDCl3) δ 162.6 (dd, J = 246.1, 4.7 Hz), 144.3 (d, J =  13.4 

Hz), 138.0 (d, J = 2.1 Hz), 136.2 (t, J = 26.2 Hz), 133.8 (d, J = 3.2 Hz), 131.0–130.9 (m), 130.8 

(qd, J = 32.6, 6.6 Hz), 129.1, 128.4, 127.8 (q, J = 6.3 Hz), 127.2, 124.0 (m), 123.7 (q, J = 272.7 

Hz), 122.9 (m), 120.0 (td, J = 250.4, 5.3 Hz), 115.1 (dd, J = 21.3, 4.4 Hz), 95.6 (d, J = 8.0 Hz), 

89.2 (t, J = 31.5 Hz), 72.5, 69.5, 69.4, 67.4, 59.8, 59.7, 51.9, 49.0, 24.8, 24.6, 0.0. IR (neat): 2957, 
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2918, 2853, 2801, 1509, 1263, 1115, 1058, 836, 697 cm-1. HRMS (DART) [M+H]+ calcd. for 

[C35H43F6N2O4Si]+ 697.2891, 697.2908 found. 

 

6-(1,1-difluoro-2-morpholino-2-

((trimethylsilyl)oxy)ethyl)-N-methyl-N-(3-phenyl-3-

(4-(trifluoromethyl)phenoxy)propyl)pyrimidin-4-amine (3-13). The General Procedure (GP1) 

was followed on a 0.25 mmol scale with N-methyl-N-(3-phenyl-3-(4-

(trifluoromethyl)phenoxy)propyl)-6-(trifluoromethyl)pyrimidin-4-amine (113.9 mg, 0.25 mmol, 1 

equiv), 18-crown-6 (26.4 mg, 0.1 mmol, 0.4 equiv), cesium formate (8.9 mg, 0.05 mmol, 0.2 

equiv), 4-formylmorpholine/benzotrifluoride (1:1 ratio, 1.0 mL), and tris(trimethylsilyl)silane 

(74.6 mg, 1.2 equiv, 0.3 mmol). The reaction vial was placed into a preheated reaction block at 80 

°C with stirring. The product was isolated via silica gel chromatography (1% triethylamine and 

20% ethyl acetate in hexanes) as a dark-yellow oil (67.0 mg, 0.11 mmol, 43% yield).1H NMR 

(400 MHz, CDCl3) δ 8.55–8.51 (m, 1H), 7.43 (d, J = 8.5 Hz, 2H), 7.36–7.25 (m, 5H), 6.89 (d, J = 

8.4 Hz, 2H), 6.67–6.66 (m, 1H), 5.21–5.17 (m, 1H), 4.82 (t, J = 11.3 Hz, 1H), 3.80–3.58 (m, 6H), 

3.09 (br s, 3H), 2.89–2.69 (m, 4H), 2.30–2.14 (m, 2H), 0.07 (d, J = 4.62 Hz, 9H). 19F NMR (376 

MHz, CDCl3) δ -61.60 (s, 3F), -113f.54–115.26 (m, 2F). 13C NMR (101 MHz, CDCl3) δ 162.0, 

160.3, 158.2, 140.5, 129.1, 128.3, 127.0 (m), 125.7, 124.4 (q, J = 271.0 Hz), 123.4, 121.6, 119.1 

(m), 115.8, 98.9 (t, J = 5.1 Hz), 87.0 (td, J = 26.5, 3.9 Hz), 78.0, 67.5, 48.6, 46.7, 46.6, 36.3, 36.2, 

0.1. (Note: broad 13C signals at 140.5 and 78.0 ppm likely due to C–N rotamers at the N-pyrimidine 

bond). IR (neat): 2958, 2854, 1603, 1516, 1326, 1111, 1067, 837, 701 cm-1. HRMS (DART) 

[M+H]+ calcd. for [C30H38F5N4O3Si]+ 625.2628, 625.2616 found.  
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A1.6 Preparative scale (10 mmol) synthesis of product 3-3 

 

Procedure: The following procedure was conducted without an inert atmosphere glovebox. To an 

oven-dried 100 mL round-bottom flask charged with a Teflon-coated stir bar was added 1-

(benzyloxy)-3,5-bis(trifluoromethyl)benzene (3.20 g, 10.0 mmol, 1 equiv), 18-crown-6 (1.06 g, 

4.0 mmol, 0.4 equiv), and cesium formate (356 mg, 2.0 mmol, 0.2 equiv). The flask was capped 

with a rubber septum and placed under vacuum and then filled with nitrogen (this operation was 

repeated three times) on a Schlenk manifold. 4-Formylmorpholine/N-methyl-2-pyrrolidinone 

(anhydrous, 1:1 ratio, 40 mL) was then added via syringe, and the reaction mixture was stirred at 

rt for 15 min. Tris(trimethylsilyl)silane (3.7 mL, 12.0 mmol, 1.2 equiv) was next added slowly via 

syringe. A nitrogen balloon was inserted into the septum and the Schlenk manifold nitrogen line 

was removed. The reaction mixture was then stirred at rt. After 20 h, the reaction mixture was 

slowly quenched with a few drops of water while stirring, transferred to a separatory funnel and 

diluted with ethyl acetate (180 mL). The mixture was then washed with distilled water (3 x 40 

mL), then brine (2 x 50 mL), dried over anhydrous sodium sulfate, filtered, and concentrated in 

vacuo. The product was isolated via silica gel column chromatography (10% ethyl acetate in 

hexanes) as a yellow oil (2.6 g, 5.2 mmol, 52% yield). The characterization data matched the 

information provided in Section A1.5 for Compound 3. 

 

A1.7 Derivatization and characterization of products from Figures 3-6 and 3-7 

a. Derivatizations of Compound 3-3 (Figure 3-6) 

4FM/NMP (1:1), rt, 20 h

H Si

TMS

TMS

TMS+

3-1, 10 mmol (1 equiv) (1.2 equiv)

F FHCO2Cs (20 mol%)
18-crown-6 (40 mol%) N

OTMS

F

F F
F3C

OBn

F3C

OBn

3-3, 2.6 g, 52% yield

O
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Discussion: There can be competing reactivity from the silylated hemiaminal between the iminium 

and oxocarbenium modes of reactivity. Transformation to the hemiacetal (see figure below) allows 

selective access to the reactivity of an aldehyde. 

 

 

General procedure 2 for accessing hemiacetal intermediate (GP2). This general procedure was 

used for the formation of a hemiacetal intermediate as an entry for several derivatizations shown 

below. Open to air, to an oven-dried 1-dram vial charged with a Teflon-coated stir bar was added 

3-3 (122.4 mg, 0.25 mmol, 1 equiv), ethanol (1 mL), and sulfuric acid (6.7 µL, 0.125 mmol, 0.5 

equiv). The vial was capped and the mixture was stirred at rt for 30 min. At that time, the solution 

was used directly for the subsequent derivatization step as described below. 

 

 

1-(benzyloxy)-3-(difluoromethyl-d)-5-(trifluoromethyl)benzene (3-30). 

Open to air, to an oven-dried 1-dram vial charged with a Teflon-coated stir 

bar was added 3-3 (122.4 mg, 0.25 mmol, 1 equiv) and anhydrous N,N-

dimethylformamide (1 mL), followed by potassium methoxide (157.8 mg, 2.25 mmol, 9 equiv) 

then deuterium oxide (62.5 µL, 3.5 mmol, 14 equiv). The vial was capped and placed into a 

preheated reaction block at 80 °C with stirring. After 1 h, the reaction mixture was transferred to 

F F
N

OTMS

O

F3C

OBn

H2SO4 (50 mol%)

EtOH, rt, 30 min

*used without isolation

for further derivatization

F F
OH

OEt

F3C

OBn

3-3
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= (GP2)

DMF, 80 °C, 1 h

KOMe (9 equiv)

D2O (14 equiv)

85% yield

94% D incorporation

F F
N
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O

F3C
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D
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a separatory funnel with ethyl acetate (10 mL), washed with water (5 x 4 mL), and brine (5 mL), 

then dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via 

silica gel column chromatography (100% hexanes) afforded the product with 94% deuterium 

incorporation (determined by 19F NMR, see spectrum labelled below) as a clear oil (64.8 mg, 85% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.47–7.37 (m, 6H), 7.34 (br s, 1H), 7.31 (br s, 1H), 5.13 (s, 

2H); 19F NMR (376 MHz, CDCl3) δ -62.94 (s, 3F), -112.56 (t, J = 8.6 Hz, 2F); 13C NMR (101 

MHz, CDCl3) δ 159.4, 136.8 (t, J = 23.1 Hz), 135.8, 132.8 (q, J = 33.0 Hz), 128.9, 128.6, 127.8, 

123.6 (q, J = 272.5 Hz), 115.4 (t, J = 5.9 Hz), 115.1 (dt, J = 10.2, 4.9 Hz), 114.3 (m), 113.4 (t, J = 

28.7 Hz), 70.8; (Note: –CF2D carbon is not easily observable in 13C NMR; a small 1:1:1 triplet is 

observed at 113.4 ppm). IR (neat): 3036, 2927, 1607, 1455, 1359, 1253, 1120, 1026, 862, 737, 

695 cm-1. GC-MS (EI) M+ calcd. for [C15H10DF5O]+ 303.08, 303.10 found. 2H NMR (62 MHz, 

CH3CN) δ 6.60 (t, J = 8.6 Hz, 0.94D). 
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Above: 19F NMR spectrum of Compound 3-30 (in DMSO-d6) showing the deuterated compound 
(ArCF2D) triplet at -106.67 ppm and the protonated compound (ArCF2H) doublet at -106.00 ppm 
showing 94% deuterium incorporation (1.00/1.06 = 94%). 
 

 

 (E)-2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-

difluoroacetaldehyde oxime (3-14). Open to air, to an oven-dried 1-dram 

vial charged with a Teflon-coated stir bar was added 3-3 (122.4 mg, 0.25 

mmol, 1 equiv), dry dimethyl sulfoxide (1 mL), and hydroxylamine hydrochloride (86.7 mg, 5 

equiv, 1.25 mmol). The vial was capped and placed into a preheated reaction block at 90 °C for 4 

h with stirring. The reaction mixture was then cooled to rt, transferred to a separatory funnel with 

H2NOH·HCl (5 equiv)

DMSO, 90 °C, 4 h

95% yield

F F
N

OTMS

O

F3C

OBn

F F
N

OH
F3C
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F F

N
OH
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ethyl acetate (12 mL), washed with water (5 mL x 5), and brine (6 mL), then concentrated in vacuo. 

The resulting residue was dissolved in acetonitrile (6 mL), washed with hexanes (5 mL), then dried 

over anhydrous sodium sulfate, filtered, and concentrated in vacuo to provide the product as an 

off-white solid (82.4 mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ 8.10 (br s, 1H), 7.70 (td, J = 

4.7, 1.4 Hz, 1H), 7.45–7.35 (m, 6H), 7.33 (s, 1H), 7.30 (s, 1H), 5.12 (s, 2H). 19F NMR (376 MHz, 

CDCl3) δ -62.88 (s, 3F), -94.67 (d, J = 4.7 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.1, 146.1 

(t, J = 36.6 Hz), 136.6 (t, J = 26.6 Hz), 135.7, 132.6 (q, J = 33.1 Hz), 128.9, 128.6, 127.8, 123.5 

(q, J = 272.5 Hz), 116.5 (t, J = 239.5 Hz), 116.1 (t, J = 5.8 Hz), 115.3 (m), 114.1 (m), 70.8. IR 

(neat): 3299, 3094, 3068, 2932, 1605, 1451, 1366, 1269, 1125, 1062, 979, 736, 693 cm-1. HRMS 

(DART) [M+H]+ calcd. for [C16H13F5NO2]+ 346.0861, 346.0889 found. Melting Point: 67-70 °C. 

 

 

 2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoroacetonitrile 

(3-15). Open to air, to an oven-dried 1-dram vial charged with a Teflon-

coated stir bar was added 3-3 (122.4 mg, 0.25 mmol, 1 equiv), dimethyl 

sulfoxide (1 mL), and hydroxylamine hydrochloride (86.7 mg, 5 equiv, 1.25 mmol). The vial was 

capped and placed into a preheated reaction block at 90 °C for 4 h with stirring. The reaction 

mixture was then cooled to rt, transferred to a separatory funnel with ethyl acetate (12 mL), washed 

with water (5 mL x 5), and brine (6 mL), then concentrated in vacuo. The resulting residue was 

dissolved in dichloromethane (2.0 mL) and transferred to a 1-dram vial with a Teflon-coated stir 

bar. Triethylamine (177.2 µL, 5 equiv, 1.25 mmol) and acetic anhydride (47.3 µL, 2 equiv, 0.5 

mmol) were added to the reaction mixture and then the vial was capped and stirred at rt. After 4 h, 

i) H2NOH·HCl (5 equiv)

DMSO, 90 °C, 4 h

then aq. workup
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NEt3 (5 equiv)

CH2Cl2, rt, 4 h

79% yield

CN
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F F
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the reaction mixture was then transferred to a separatory funnel and diluted with ethyl acetate (15 

mL), washed with H2O (5 mL) and brine (5 mL), then dried over anhydrous sodium sulfate, 

filtered, and concentrated in vacuo. The resulting residue was dissolved in acetonitrile (10 mL), 

washed with hexanes (5 mL), then dried over anhydrous sodium sulfate, filtered, and concentrated 

in vacuo to provide the product as dark red-brown oil (64.6 mg, 79% yield, 0.20 mmol). 1H NMR 

(400 MHz, CDCl3) δ 7.52 (s, 1H), 7.46–7.37 (m, 7H), 5.16 (s, 2H). 19F NMR (376 MHz, CDCl3) 

δ -63.06 (s, 3F), -84.14 (s, 2F). 13C NMR (101 MHz, CDCl3) δ 159.8, 135.2, 133.7 (t, J = 25.8 

Hz), 133.6 (q, J = 33.6 Hz), 129.0, 128.8, 127.8, 123.1 (q, J = 273.0 Hz), 116.1 (tq, J = 3.6, 1.9 

Hz), 115.3 (t, J = 5.1 Hz), 114.4 (dp, 7.6, 4.1 Hz), 112.1 (t, J = 47.8 Hz), 107.9 (t, J = 244.6 Hz), 

71.1. IR (neat): 3067, 3036, 2932, 2259, 1607, 1454, 1357, 1249, 1129, 1008, 868, 736, 695 cm-

1. GC-MS (ESI) M+ calcd. for [C16H11F5NO]+ 327.07, 327.05 found.  

 

 

 (E)-4-(1-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-1,1-difluoro-4-

phenylbut-3-en-2-yl)morpholine (3-18) This procedure was adapted 

from a previous report.[1] Open to air, to an oven-dried 1-dram vial 

charged with a Teflon-coated stir bar was added 3-3 (122.4 mg, 0.25 mmol, 1 equiv), potassium 

trans-styryltrifluoroborate (105.0 mg, 0.5 mmol, 2 equiv), and dry dichloromethane (1.5 mL). 

Boron trifluoride diethyl etherate (46.3 µL, 0.375 mmol, 1.5 equiv) was then added, the vial was 

capped, and the reaction mixture stirred overnight at rt. The reaction mixture was then transferred 

to a separatory funnel with dichloromethane (12 mL), washed with water (6 mL), then brine (6 

BF3·OEt2 (1.5 equiv)

CH2Cl2, rt, 16 h
KF3B

Ph+
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80% yield
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mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via 

silica gel column chromatography (10% ethyl acetate in hexanes) afforded the product as a pale-

yellow oil (101.6 mg, 80% yield). 1H NMR (400 MHz, CDCl3) δ 7.40–7.18 (m, 13H), 6.55 (d, J 

= 15.9 Hz, 1H), 6.25 (dd, J = 15.9, 9.3 Hz, 1H), 5.07 (s, 2H), 3.57–3.49 (m, 4H), 3.40 (dt, J = 18.1, 

9.5 Hz, 1H), 2.71 (dt, J = 10.1, 4.5 Hz, 2H), 2.43 (dt, J = 10.5, 4.6 Hz, 2H). 19F NMR (376 MHz, 

CDCl3) δ -62.67 (s, 3F), -96.05 (dd, J = 250.7, 9.2 Hz, 1F), -105.65 (dd, J = 250.6, 17.9 Hz, 1F). 

13C NMR (101 MHz, CDCl3) δ 158.8, 139.1 (t J = 26.9 Hz), 137.8, 136.2, 135.9, 131.8 (q, J = 

32.8 Hz), 128.9, 128.8, 128.5, 128.4, 127.7, 126.8, 123.8 (q, J = 272.7 Hz), 121.8 (dd, J = 247.9, 

251.4 Hz), 119.7, 116.1 (t, J = 6.4 Hz), 115.8 (m), 113.0 (m), 72.9 (dd, J = 30.5, 24.8 Hz), 70.7, 

67.3, 51.0. IR (neat): 3031, 2962, 2855, 1607, 1452, 1358, 1266, 1169, 1120, 1007, 861, 694 cm-

1. HRMS (DART) [M+H]+ calcd. for [C28H27F5NO2]+ 504.1956, 504.1989 found.  

 

 

2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoro-1-

morpholinoethan-1-one (3-17). Open to air, to an oven-dried 1-dram vial 

charged with a Teflon-coated stir bar was added 3-3 (122.4 mg, 0.25 

mmol, 1 equiv) and dry dichloromethane (2 mL), followed by 1,1,1-tris(acetyloxy)-1,1-dihydro-

1,2-benziodoxol-3-(1H)-one (DMP, 127.2 mg, 0.3 mmol, 1.2 equiv). The vial was capped and the 

reaction mixture was stirred at rt overnight. The reaction mixture was then transferred to a 

separatory funnel with dichloromethane (10 mL) and washed with 1 M aq. sodium hydroxide (8 

mL), then brine (6 mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. 

DMP (1.2 equiv)

CH2Cl2, rt, 16 h

66% yield
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Purification via silica gel column chromatography (10% ethyl acetate in hexanes) afforded the 

product as a clear oil (68.2 mg, 66% yield). 1H NMR (400 MHz, CDCl3) δ 7.44–7.35 (m, 7H), 

7.30 (s, 1H), 5.13 (s, 2H), 3.71–3.67 (m, 4H), 3.55 (br s, 4H). 19F NMR (376 MHz, CDCl3) δ -

62.87 (s, 3F), -95.29 (s, 2F). 13C NMR (101 MHz, CDCl3) δ 161.5 (t, J = 30.2 Hz), 159.3, 136.2 

(t, J = 25.4 Hz) 135.7, 132.8 (q, J = 33.2 Hz), 128.9, 128.6, 127.8, 123.4 (q, J = 272.7 Hz), 115.5 

(t, J = 5.9 Hz), 115.3 (t, J = 253.8 Hz), 114.7 (m), 114.5 (m), 70.8, 66.8, 66.6, 46.7 (t, J = 4.2 Hz), 

43.8. IR (neat): 2967, 2925, 2858, 1671, 1452, 1355, 1274, 1114, 998, 867, 696 cm-1. HRMS 

(ESI) [M+H]+ calcd. for [C20H19F5NO3]+ 416.1280, 416.1283 found.  

 

 

4-(2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-

difluoroethyl)morpholine (3-16). Open to air, to an oven-dried 1-dram 

vial charged with a Teflon-coated stir bar was added 3-3 (122.4 mg, 0.25 

mmol, 1 equiv), 1,2-dichloroethane (1 mL), acetic acid (28.6 µL, 0.5 mmol, 2 equiv), and sodium 

triacetoxyborohydride (106.0 mg, 0.5 mmol, 2 equiv). The vial was capped and stirred at rt for 16 

h. The reaction mixture was transferred to a separatory funnel with ethyl acetate (10 mL) and 

washed with saturated aq. sodium bicarbonate (5 mL), water (5 mL), and brine (5 mL), then dried 

over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The product was isolated via 

silica gel column chromatography (20% ethyl acetate in hexanes) as a yellow oil (81.2 mg, 0.22 

mmol, 89% yield). 1H NMR (400 MHz, CDCl3) δ 7.46–7.34 (m, 6H), 7.30–7.29 (m, 2H), 5.13 (s, 

2H), 3.62–3.59 (m, 4H), 2.92 (t, J = 13.7 Hz, 2H), 2.53–2.51 (m, 4H). 19F NMR (376 MHz, CDCl3) 

δ -62.78 (s, 3F), -99.32 (t, J = 13.6 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 158.9, 138.9 (t, J = 

DCE, rt, 16 h

89% yield
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26.8 Hz), 135.9, 132.1 (q, J = 33.0 Hz), 128.9, 128.6, 127.7, 123.7 (q, 272.8 Hz), 121.0 (t, J = 

245.1 Hz), 115.8 (t, J = 6.3 Hz), 115.3 (m), 113.2 (m), 70.7, 67.1, 64.0 (t, J = 29.5 Hz), 54.6. IR 

(neat): 2959, 2854, 2815, 1607, 1454, 1354, 1169, 1116, 1013, 865, 697 cm-1.  HRMS (ESI) 

[M+H]+ calcd. for [C20H21F5NO2]+ 402.1487, 402.1479 found.  

 

 

4-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-4,4-difluoro-3-

morpholino-1-(thiophen-2-yl)butan-1-one (3-19). This procedure 

was adapted from a previous report.[2] To an oven-dried 1-dram vial 

charged with a Teflon-coated stir bar in a nitrogen-filled glovebox was added 3-3 (122.4 mg, 0.25 

mmol, 1 equiv), 2-acetylthiophene (37.9 mg, 0.3 mmol, 1.2 equiv), 1,2-dimethoxyethane (0.5 mL) 

and cesium fluoride (7.6 mg, 0.05 mmol, 0.2 equiv). The vial was capped, removed from the 

glovebox, then placed into a preheated reaction block at 80 °C and the solution was stirred for 5 h. 

The reaction mixture was allowed to cool to rt and then transferred to a separatory funnel with 

ethyl acetate (10 mL), washed with water (2 x 5 mL), then brine (5 mL), dried over anhydrous 

sodium sulfate, filtered, and concentrated in vacuo. The product was isolated via silica gel column 

chromatography (10-15% ethyl acetate gradient in hexanes) as a yellow oil (116.7 mg, 0.22 mmol, 

89% yield).  1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 3.8 Hz, 1H), 7.69 (d, J = 5.0 Hz, 1H), 

7.47–7.34 (m, 6H), 7.29 (s, 2H), 7.17 (t, J = 4.4 Hz, 1H), 5.14 (s, 2H), 3.91–3.81 (m, 1H), 3.48–

3.18 (m, 6H), 2.74–2.69 (m, 2H), 2.49–2.44 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -62.73, (s, 

3F), -95.87 (dd, J = 249.8, J = 8.2 Hz 1F), -108.31 (dd, J = 250.1,  21.1 Hz, 1F). 13C NMR (101 

CsF (20 mol%)

DME, 50 °C, 5 h
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MHz, CDCl3) δ 190.3, 158.8, 144.0, 138.8 (t, J = 26.7 Hz), 135.9, 134.5, 132.3, 131.9 (q, J = 32.8 

Hz), 128.9, 128.5, 128.4, 127.7, 123.7 (q, J = 272.7 Hz), 122.8 (t, J = 251.4 Hz), 115.9 (t, J = 6.4 

Hz), 115.6 (m), 113.2 (m), 70.7, 67.4, 65.5 (dd, J = 30.1, 24.0 Hz), 50.6, 33.7. IR (neat): 2958, 

2853, 1730, 1662, 1607, 1355, 1248, 1168, 1116, 1014, 860, 698 cm-1. HRMS (ESI) [M+H]+ 

calcd. for [C26H25F5NO3S]+ 526.1470, 526.1460 found.  

 

 

2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoroethan-1-ol (3-

20). The General Procedure 2 (GP2) was followed first. To the reaction 

mixture was directly added sodium borohydride (47.3 mg, 1.25 mmol, 5 

equiv) and the mixture was then stirred at rt for 16 h. The reaction mixture was quenched with 1 

M aq. hydrochloric acid (0.5 mL), diluted with ethyl acetate (8 mL) and transferred to a separatory 

funnel. The organic layer was separated and washed with water (2 x 4 mL), then brine (4 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The product was isolated 

via silica gel column chromatography (20% ethyl acetate in hexanes) as a pale-yellow oil (79.4 

mg, 0.24 mmol, 96% yield). 1H NMR (400 MHz, CDCl3) δ 7.46–7.37 (m, 6H), 7.32 (s, 2H), 5.12 

(s, 2H), 3.97 (td, J = 13.1, 6.9 Hz, 2H), 2.24 (t, J = 7.1 Hz, 1H). 19F NMR (376 MHz, CDCl3) δ -

62.83 (s, 3F), -106.92 (t, J = 13.0 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.2, 137.2 (t, J = 26.3 

Hz), 135.8, 132.6 (q, J = 33.0 Hz), 128.9, 128.6, 127.8, 123.6 (q, J = 272.6 Hz), 119.9 (t, J = 244.7 

Hz), 115.9 (t, J = 6.2 Hz), 115.0 (td, J = 6.4, 3.5 Hz), 113.7 (m), 70.8, 65.8 (t, J = 32.6 Hz). IR 

(neat): 3351, 2935, 1607, 1454, 1356, 1168, 1124, 1016, 866, 696 cm-1. HRMS (DART) 

[M+COOH]- calcd. for [C17H14F5O4]- 377.0818, 377.0846 found.  
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N-benzyl-2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-

difluoroethan-1-amine (3-21). The General Procedure 2 (GP2) was 

followed first. The resulting reaction mixture from GP2 was then 

transfered into a seperatory funnel with ethyl acetate (8 mL), washed with water (4 mL), then brine 

(4 mL), dried over anhydrous sodium sulfate, filtered, and concentrated via a rotary evaporator 

into a 10 mL round bottom flask then charged with a Teflon-coated stir bar. To the resulting residue 

was added dry 1,2-dichloroethane (2 mL), acetic acid (42.9 µL, 3 equiv, 0.75 mmol), and 

benzylamine (81.9 µL, 3 equiv, 0.75 mmol). The reaction mixture was stirred for 2 h at rt, then 

sodium triacetoxyborohydride (264.9 mg, 5 equiv, 1.25 mmol) was added and the reaction flask 

was capped with a septum, a nitrogen balloon was inserted, and the mixture was stirred overnight 

at rt. The reaction mixture was then transfered into a seperatory funnel with dichloromethane (12 

mL), washed with 1 M aq. sodium hydroxide (6 mL), water (6 mL), then brine (6 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via silica gel column 

chromatography (5% to 10% ethyl acetate gradient in hexanes) provided the product as a pale-

yellow oil (89.4 mg, 85% yield). 1H NMR (400 MHz, CDCl3) δ 7.47–7.24 (m, 13H), 5.12 (s, 2H), 

3.85 (s, 2H), 3.21 (t, J = 14.0 Hz, 2H), 1.64 (br s, 1H). 19F NMR (376 MHz, CDCl3) δ -62.75 (s, 

3F), -100.83 (t, J = 14.0 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.1, 139.6, 138.7 (t, J = 26.7 

Hz), 135.9, 132.3 (q, J = 32.9 Hz), 128.9, 128.6, 128.56, 128.2, 127.8, 127.4, 123.7 (q, J = 272.6 

Hz), 121.2 (t, J = 244.4 Hz), 115.8 (t, J = 6.3 Hz), 115.0 (m), 113.4 (m), 70.7, 54.5 (t, J = 29.5 

then NaBH(OAc)3 (5 equiv)

rt, 16 h

85% yield
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Hz), 53.6. IR (neat): 3356, 3032, 2926, 2695, 2442, 1606, 1453, 1357, 1168, 1124, 1017, 866, 

736, 695 cm-1. HRMS (DART) [M+H]+ calcd. for [C23H21F5NO]+ 422.1538, 422.1556 found.  

 

 

1-(benzyloxy)-3-(1,1-difluoroallyl)-5-(trifluoromethyl)benzene (3-24). 

This procedure was adapted from a previous report. The General Procedure 

2 (GP2) was followed first. The reaction mixture from GP2 was then placed 

into a seperatory funnel, diluted with ethyl acetate (8 mL), then washed with water (4 mL) and 

brine (4 mL), dried over sodium sulfate, filtered, then concentrated in vacuo into a 10 mL round 

bottom flask and charged with a Teflon-coated stir bar. To the resulting residue was added 

methyltriphenylphosphonium bromide (357.2 mg, 1.0 mmol, 4 equiv), then the flask was capped 

with a septum and evacuated and refilled with nitrogen three times on a Schlenk line. Dry 

tetrahydrofuran (2.5 mL) was added via syringe and the flask was placed in an ice bath and cooled 

to 0 °C. The septum was removed, potassium tert-butoxide (112.2 mg, 1.0 mmol, 4 equiv) was 

added quickly, and the septum was replaced. The reaction mixture was stirred at 0 °C for 3 h, then 

quenched with water (5 mL) and transferred to a separatory funnel with ethyl acetate (10 mL). The 

organic layer was separated and washed with brine (5 mL), dried over anhydrous sodium sulfate, 

filtered, and concentrated in vacuo. The product was isolated via silica gel column chromatography 

(2% ethyl acetate in hexanes) as a pale-yellow oil (61.8 mg, 0.19 mmol, 75% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.47–7.35 (m, 6H), 7.31 (br s, 2H), 6.14 (dq, J = 17.2, 10.1 Hz, 1H), 5.62 

(dt, J = 17.3, 2.8 Hz, 1H), 5.54 (d, J = 10.9 Hz, 1H), 5.13 (s, 2H). 19F NMR (376 MHz, CDCl3) δ 

-62.84 (s, 3F), -93.96 (dd, J = 10.3, 2.7 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.2, 139.0 (t, J 
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= 28.4 Hz), 135.8, 133.1 (t, J = 29.6 Hz), 132.5 (q, J = 32.9 Hz), 128.9, 128.6, 127.8, 123.7 (q, J 

= 272.6 Hz), 120.7 (t, J = 9.2 Hz), 118.6 (t, J = 239.6 Hz), 115.8 (t, J = 5.8 Hz), 115.1 (m), 113.4 

(m), 70.8. IR (neat): 3067, 3034, 2922, 2876, 1607, 1453, 1383, 1126, 1006, 866, 695 cm-1. GC-

MS (EI) M+ calcd. for [C17H13F5O]+ 328.09, 328.10 found. 

 

 

Ethyl (E)-4-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-4,4-

difluorobut-2-enoate (3-25). The General Procedure 2 (GP2) was 

followed first. The reaction mixture from GP2 was then placed into a 

seperatory funnel, diluted with ethyl acetate (8 mL), washed with water (4 mL) then brine (4 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated via a rotary evaporator into a 10 

mL round bottom flask then charged with a Teflon-coated stir bar. To the resulting residue was 

added (carbethoxymethylene)triphenylphosphorane (95.8 mg, 1.1 equiv, 0.275 mmol), lithium 

bromide (43.4 mg, 2 equiv, 0.5 mmol), tetrahydrofuran (5 mL), and triethylamine (69.3 µL, 2 

equiv, 0.5 mmol). The reaction flask was then capped with a septum, a nitrogen balloon was 

inserted, and the mixture was then stirred at rt for 16 h. The reaction mixture was transferred to a 

seperatory funnel, diluted with ethyl acetate (10 mL), washed with water (5 mL) then brine (5 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The product was isolated 

via silica gel column chromatography (5% ethyl acetate in hexanes) as a clear oil (74.0 mg, 0.18 

mmol, 72% yield). 1H NMR (400 MHz, CDCl3) δ 7.46–7.36 (m, 6H), 7.32 (br s, 1H), 7.28 (br s, 

1H), 6.97 (dt, J = 15.7, 10.5 Hz, 1H), 6.29 (dt, J = 15.7, 2.3 Hz, 1H), 5.12 (s, 2H), 4.26 (q, J = 7.2 

Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -62.88 (s, 3F), -95.58 (dd, J = 

NEt3 (2 equiv)
LiBr (2 equiv)
THF, rt, 16 h

(1.1 equiv)

Ph3P CO2Et

72% yield
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10.5, 2.4 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 164.9, 159.4, 139.0 (t, J = 30.1 Hz), 137.9 (t, J 

= 28.1 Hz), 135.7, 132.8 (q, J = 32.9 Hz), 128.9, 128.6, 127.8, 125.7 (t, J = 8.2 Hz), 123.5 (q, J = 

272.8 Hz), 117.7 (t, J = 241.6 Hz), 115.6 (t, J = 5.8 Hz), 114.7 (m), 113.9 (m), 70.8, 61.5, 14.2. 

IR (neat): 3036, 2984, 2939, 1725, 1606, 1454, 1355, 1169, 1128, 1015, 865, 696 cm-1. HRMS 

(DART) [M+NH4]+ calcd. for [C20H21F5NO3]+ 418.1436, 418.1448 found. 

 

 

5-((3-(benzyloxy)-5-(trifluoromethyl)phenyl)difluoromethyl)-1,3,4-

oxadiazol-2-amine (3-22). Open to air, to an oven-dried 1-dram vial 

charged with a Teflon-coated stir bar was added 3-3 (122.4 mg, 0.25 

mmol, 1 equiv), semicarbazide (111.5 mg, 4 equiv, 1.0 mmol), and methanol/water (1:1 ratio, 2.0 

mL). The vial was capped and the reaction mixture was stirred at rt for 2 h. The reaction mixture 

was then transferred to a separatory funnel with ethyl acetate (10 mL), washed with water (3 x 4 

mL), and brine (5 mL). The organic layer was dried over anhydrous sodium sulfate, filtered, and 

concentrated into a 10 mL round bottom flask then charged with a Teflon-coated stir bar. To the 

concentrated residue was added 1,4-dioxane (5 mL), potassium carbonate (104 mg, 3 equiv, 0.75 

mmol), and iodine (76.1 mg, 1.2 equiv, 0.3 mmol). The reaction flask was fitted with a reflux 

condenser, septum, and nitrogen balloon. The reaction flask was then placed in a preheated oil 

bath at 120 °C and the reaction solution was refluxed for 16 h with stirring. The reaction mixture 

was allowed to cool to rt, transferred to a separatory funnel with ethyl acetate (10 mL), washed 

with water (5 mL) and brine (5 mL), dried over anhydrous sodium sulfate, filtered, and 

concentrated in vacuo. Purification via silica gel column chromatography (1% triethylamine and 

ii) I2 (1.2 equiv)

K2CO3 (3 equiv)
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20% ethyl acetate in hexanes) provided the product as an off-white solid (44.3 mg, 46% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.49 (bs, 1H), 7.44–7.34 (m, 7H), 5.86 (bs, 2H), 5.12 (s, 2H). 19F NMR 

(376 MHz, CDCl3) δ -62.90 (s, 3F), -94.60 (s, 2F). 13C NMR (101 MHz, CDCl3) δ 164.1, 159.3, 

154.5, 135.6, 135.0 (t, J = 25.9 Hz), 132.8 (q, J = 33.2 Hz), 128.9, 128.7, 127.8, 123.4 (q, J = 272.8 

Hz), 116.0 (t, J = 5.7 Hz), 115.2 (m), 114.9 (m), 112.6 (t, J = 243.1 Hz), 70.9. (Note: Oxadiazole 

carbon peaks at 164.1 and 154.5 ppm are short and broad. These chemical shifts are similar to 

other reported oxadiazole carbon peaks.)[3] IR (neat): 3299, 3138, 1656, 1352, 1272, 1084, 801, 

693 cm-1. HRMS (DART) [M+H]+ calcd. for [C17H13F5N3O2]+ 386.0922, 386.0957 found. 

Melting Point: 127-130 °C. 

 

 

1-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-1,1-difluoro-3-

nitropropan-2-ol (3-28). The General Procedure 2 (GP2) was followed 

first. The reaction mixture from GP2 was then placed into a seperatory 

funnel and diluted with ethyl acetate (8 mL) and washed with water (4 mL), then brine (4 mL), 

dried over anhydrous sodium sulfate, filtered, then concentrated in vacuo into a 10 mL round 

bottom flask and charged with a Teflon-coated stir bar. Dry tetrahydrofuran (4 mL) was added, 

followed by nitromethane (114 µL, 2.1 mmol, 8.5 equiv) and potassium carbonate (69.1 mg, 0.5 

mmol, 2 equiv). The flask was sealed with a septum and placed in a preheated oil bath at 50 °C 

and stirred for 16 h. The reaction mixture was allowed to cool to rt and was then transferred to a 

seperatory funnel, diluted with ethyl acetate (10 mL), washed with water (2 x 5 mL), then brine (5 

mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The product was 

THF, 50 °C, 16 h

88% yield
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isolated via silica gel column chromatography (5-10% ethyl acetate gradient in hexanes) as a 

yellow oil (98.8 mg, 0.22 mmol, 88% yield). 1H NMR (400 MHz, CDCl3) δ 7.46–7.36 (m, 7H), 

7.31 (br s, 1H), 5.14 (s, 2H), 4.82–4.74 (m, 1H), 4.68 (dd, J = 13.9, 2.4 Hz, 1H), 4.52 (dd, J = 13.9, 

9.6 Hz, 1H), 2.96 (br s, 1H). 19F NMR (376 MHz, CDCl3) δ -62.83 (s, 3F), -102.99 (dd, J = 255.9, 

5.5 Hz, 1F), -112.35 (dd, J = 255.9, 15.3 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 159.3, 135.6, 

135.4 (t, J = 26.1 Hz), 132.8 (q, J = 33.2 Hz), 128.9, 128.7, 127.8, 123.5 (q, J = 272.7 Hz), 119.2 

(dd, J = 251.2, 248.1 Hz), 116.2 (t, J = 6.5 Hz), 115.1 (m), 114.4 (m), 75.1 (t, J = 2.7 Hz), 71.3 

(dd, J = 34.5, 29.2 Hz), 70.9. IR (neat): 3271, 2978, 2930, 1560, 1455, 1353, 1127, 868, 697 cm-

1. HRMS (DART) [M+NH4]+ calcd. for [C17H18F5N2O4]+ 409.1181, 409.1192 found.  

 

 

2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoroacetic acid (3-

27).  Open to air, to an oven-dried 1-dram vial charged with a Teflon-coated 

stir bar was added 3-3 (122.4 mg, 0.25 mmol, 1 equiv), dimethyl 

sulfoxide/water (2:1 ratio, 2 mL), and sulfuric acid (6.7 µL, 0.125 mmol, 0.5 equiv). The vial was 

capped and the mixture was stirred at rt for 30 min. Then the reaction mixture was then transferred 

to a separatory funnel with ethyl acetate (10 mL), washed with water (3 x 3 mL), and concentrated. 

To the resulting residue was added dichloromethane (2 mL) and 1,1,1-tris(acetyloxy)-1,1-dihydro-

1,2-benziodoxol-3-(1H)-one (DMP, 127.2 mg, 0.3 mmol, 1.2 equiv). The vial was capped and the 

reaction mixture was stirred at rt overnight. The reaction mixture was then transferred to a 

separatory funnel with dichloromethane (10 mL), washed with 1 M aq. sodium hydroxide (8 mL), 

then aqueous workup

ii) DMP (1.2 equiv)

CH2Cl2, rt, 16 h
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74% yield
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and brine (6 mL), then dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. 

Purification via silica gel column chromatography (1% AcOH and 30% ethyl acetate in hexanes) 

afforded the product as a white solid (63.8 mg, 74% yield). 1H NMR (400 MHz, CDCl3) δ 9.93 

(br s, 1H), 7.41–7.32 (m, 7H), 7.29 (br s, 1H), 5.05 (s, 2H). 19F NMR (376 MHz, CDCl3) δ -63.00 

(s, 3F), -104.63 (s, 2F). 13C NMR (101 MHz, CDCl3) δ 178.5, 168.3, 159.4, 135.6, 134.8 (t, J = 

26.0 Hz), 132.9 (q, J = 33.2 Hz), 128.9, 128.7, 127.8, 123.4 (q, J = 272.8 Hz), 115.7 (t, J = 6.3 

Hz), 115.0 (m), 70.9. IR (neat): 3032, 2931, 2875, 2695, 2539, 1759, 1607, 1358, 1271, 1116, 

1002, 699 cm-1. HRMS (DART) [M]- calcd. for [C16H11F5O3]- 346.0634, 346.0645 found. Melting 

Point: 75-78 °C. 

 

 

3-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-3,3-difluoro-2-

hydroxypropanenitrile (3-26). This procedure was adapted from a 

previous report.[4] The General Procedure 2 (GP2) was followed first. The 

reaction mixture from GP2 was then placed into a seperatory funnel and diluted with ethyl acetate 

(8 mL), washed with water (4 mL), then brine (4 mL), dried over sodium sulfate, filtered, and 

concentrated via a rotary evaporator into a 10 mL round bottom flask then charged with a Teflon-

coated stir bar. To the resulting residue was added anhydrous 1,4-dioxane (6 mL), zinc iodide (87.8 

mg, 1.1 equiv, 0.275 mmol), and trimethylsilyl cyanide (37.5 µL, 1.2 equiv, 0.3 mmol). The flask 

was then fitted with a reflux condenser with a rubber septum and a nitrogen balloon, placed into a 

preheated oil bath at 120 °C, and the reaction solution was refluxed for 16 h with stirring. The 

reaction mixture was then transferred to a separatory funnel with ethyl acetate (10 mL), washed 

ii) ZnI2 (1.1 equiv)

Me3SiCN (1.2 equiv)
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88% yield
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with saturated aq. sodium bicarbonate (5 mL), then brine (5 mL), dried over anhydrous sodium 

sulfate, filtered, and concentrated in vacuo. Purification via silica gel column chromatography 

(15% ethyl acetate in hexanes) provided the product as a yellow oil (78.6 mg, 88% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.46–7.35 (m, 8H), 5.13 (s, 2H), 4.82 (dd, J = 9.3, 7.5 Hz, 1H), 3.41 

(bs, 1H). 19F NMR (376 MHz, CDCl3) δ -62.91 (s, 3F), -104.92 (dd, J = 254.5, 7.4 Hz, 1F), -

107.08 (dd, J = 254.5, 9.2 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 159.4, 135.5, 133.7 (t, J = 25.6 

HZ), 132.9 (q, J = 33.2 Hz), 129.0, 128.7, 127.9, 123.4 (q, J = 272.9 Hz), 117.3 (t, J = 252.1 Hz), 

116.4 (t, J = 6.2 Hz), 115.5 (m), 114.9 (m), 114.6 (m), 71.0, 65.6 (dd, J = 37.6, 35.8 Hz). IR (neat): 

3377, 2933, 1607, 1454, 1360, 1127, 1015, 866, 695 cm-1. HRMS (DART) [M-H]- calcd. for 

[C17H11F5NO2]- 356.0715, 356.0761 found.  

 

 

 (2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-1-ethoxy-2,2-

difluoroethoxy)trimethylsilane (3-23). The General Procedure 2 (GP2) 

was followed first. The reaction mixture from GP2 was then placed into a 

seperatory funnel, diluted with ethyl acetate (8 mL), washed with water (4 mL), then brine (4 mL), 

dried over sodium sulfate, filtered, and concentrated via a rotary evaporator into a 10 mL round 

bottom flask then charged with a Teflon-coated stir bar. To the resulting residue was added dry 

dichloromethane (5 mL) and triethylamine (104 µL, 3 equiv, 0.75 mmol). The flask was placed 

into a 0 °C ice-bath and trimethylsilyl chloride (159 µL, 5 equiv, 1.25 mmol) was added slowly 

via syringe. The flask was capped with a septum, a positive pressure nitrogen line was inserted, 

and the reaction solution was stirred at rt for 16 h. The reaction mixture was then transferred to a 

ii) Me3SiCl (5 equiv)

NEt3 (3 equiv)

CH2Cl2, 0 °C to rt, 16 h

67% yield

F F
N

OTMS

O

F3C

OBn

F F
OH

OEt

F3C

OBn

F F
OEt

OTMS

F3C

OBn

i) H2SO4 (50 mol%)

EtOH, rt, 30 min

= (GP2)

then aq workup

F F

OEt

OTMS

F3C

OBn



 104 

separatory funnel with dichloromethane (10 mL), washed with water (5 mL), then brine (5 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via silica gel 

column chromatography (5% ethyl acetate in hexanes) provided the product as pale-yellow oil 

(75.6 mg, 67% yield). 1H NMR (400 MHz, CDCl3) δ 7.46–7.36 (m, 6H), 7.33 (br s, 1H), 7.29 (br 

s, 1H), 5.11 (s, 2H), 4.96 (t, J = 4.0 Hz, 1H), 3.65 (ddq, J = 89.9, 8.9, 7.0 Hz, 2H), 1.21 (t, J = 7.0 

Hz, 3H), 0.20 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -62.84 (s, 3F), -108.00 (dd, J = 253.2, 4.3 

Hz, 1F), -108.86 (dd, J = 252.7, 3.9 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 158.6, 136.1, 135.7 

(t, J = 26.1 Hz), 131.6 (q, J = 32.8 Hz), 128.9, 128.5, 127.8, 123.83 (q, J = 272.6 Hz), 118.4 (t, J 

= 247.9 Hz), 117.2 (t, J = 6.5 Hz), 116.9 (m), 113.5 (m), 96.4 (t, J = 37.1 Hz), 70.6, 64.8, 15.1, 

0.3. IR (neat): 3035, 2933, 1607, 1455, 1358, 1254, 1121, 1019, 844, 694 cm-1. HRMS (DART) 

[M+NH4]+ calcd. for [C21H29F5NO3Si]+ 466.1831, 466.1855 found.  

 

b. Complex trifluoromethylarene C–F functionalization (Figure 3-7) 

 

 

7-(4-(4-(2,3-dichlorophenyl)piperazin-1-yl)butoxy)-1-(3-

(difluoromethyl)-5-(trifluoromethyl)benzyl)-3,4-

dihydroquinolin-2(1H)-one (3-31). In a nitrogen-filled 

glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(3,5-bis(trifluoromethyl)benzyl)-7-(4-(4-(2,3-

dichlorophenyl)piperazin-1-yl)butoxy)-3,4-dihydroquinolin-2(1H)-one (67.5 mg, 0.1 mmol, 1 
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equiv), cesium formate (8.9 mg, 0.05 mmol, 0.5 equiv), 18-crown-6 (26.4 mg, 0.1 mmol, 1 equiv), 

and 4-formylmorpholine/benzotrifluoride (1:1 ratio, 0.4 mL). Tris(trimethylsilyl)silane (29.8 mg, 

0.12 mmol, 1.2 equiv) was then added and the vial was capped with a screw top cap and PTFE-

lined silicone septum, removed from glovebox, and the reaction mixture was stirred at rt. After 20 

h, the vial was opened and potassium hydroxide (50 mg, 8.9 equiv, 0.89 mmol) and water (25 µL, 

13.8 equiv, 1.38 mmol) were added. The vial was capped, placed into a preheated reaction block 

at 80 °C, and the reaction mixture was stirred for 2 h. The reaction mixture was then diluted with 

ethyl acetate (6 mL) and washed with distilled water (3 x 3 mL) then brine (4 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated. Purification via preparative thin-layer 

chromatography (40% ethyl acetate in hexanes) provided the product as an off-white solid (38.7 

mg, 59% yield). 1H NMR (400 MHz, CDCl3) δ 7.66 (s, 1H), 7.61 (s, 1H), 7.56 (s, 1H), 7.19–7.13 

(m, 2H), 7.09 (d, J = 8.2 Hz, 1H), 6.97 (dd, J = 7.4, 2.3 Hz), 6.81–6.51 (m, 2H), 6.35 (d, J = 2.3 

Hz, 1H), 5.22 (s, 2H), 3.88–3.86 (m, 2H), 3.16 (br fs, 4H), 2.94–2.91 (m, 2H), 2.80–2.76 (m, 6H), 

2.60 (br s, 2H), 1.76 (br s, 4H). 19F NMR (376 MHz, CDCl3) δ -62.73 (s, 3F), -111.94 (d, J = 56.2 

Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 170.9, 158.7, 151.3, 140.5, 139.8, 136.0 (t, J = 23.1 Hz), 

134.2, 132.0 (q, J = 33.0 Hz), 128.9, 127.61, 127.58, 127.2 (t, J = 5.9 Hz), 125.8 (m), 124.7, 123.6 

(q, J = 272.8 Hz), 121.7 (m), 118.7, 118.5, 113.6 (t, J = 240.4 Hz), 108.2, 103.2, 68.0, 58.2, 53.3, 

51.3, 46.0, 32.2, 27.2, 24.8, 23.4. IR (neat): 2936, 2819, 1673, 1614, 1476, 1112, 1044.08, 1018, 

776 cm-1. HRMS (DART) [M+H]+ calcd. for [C32H33Cl2F5N3O2]+ 656.1865, 656.1853 found. 

Melting Point: 108-112 °C.  
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7-(4-(4-(2,3-dichlorophenyl)piperazin-1-yl)butoxy)-1-(3-(1,1-

difluoro-2-hydroxyethyl)-5-(trifluoromethyl)benzyl)-3,4-

dihydroquinolin-2(1H)-one (3-32). In a nitrogen-filled 

glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(3,5-bis(trifluoromethyl)benzyl)-7-(4-(4-(2,3-

dichlorophenyl)piperazin-1-yl)butoxy)-3,4-dihydroquinolin-2(1H)-one (67.5 mg, 0.1 mmol, 1 

equiv), cesium formate (8.9 mg, 0.05 mmol, 0.5 equiv), 18-crown-6 (26.4 mg, 0.1 mmol, 1 equiv), 

and 4-formylmorpholine/benzotrifluoride (1:1 ratio, 0.4 mL). Then tris(trimethylsilyl)silane (49.7 

mg, 0.2 mmol, 2 equiv) was added and the vial was capped with a screw top cap and PTFE-lined 

silicone septum, removed from glovebox, and the reaction mixture was stirred at rt. After 20 h, the 

vial was opened and ethanol (0.2 mL) and sulfuric acid (2.7 µL, 0.05 mmol, 0.5 equiv) were added. 

The vial was capped and the reaction mixture was stirred at rt. After 2 h, sodium borohydride (18.9 

mg, 0.5 mmol, 5 equiv) was added, the vial was recapped and the reaction mixture was stirred at 

rt for an additional 16 h. The reaction mixture was then diluted with ethyl acetate (6 mL) and 

washed with distilled water (3 x 3 mL), then brine (4 mL), dried over anhydrous sodium sulfate, 

filtered, and concentrated. Purification via preparative thin-layer chromatography (50% ethyl 

acetate in hexanes) provided the product as an off-white solid (38.5 mg, 56% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.68 (s, 2H), 7.59 (s, 1H), 7.18–7.13 (m, 2H), 7.06 (d, J = 8.2 Hz, 1H), 6.98 

(dd, J = 6.6, 2.9 Hz, 1H), 6.50 (dd, J = 8.3, 2.3 Hz, 1H), 6.41 (d, J = 2.3 Hz, 1H), 5.21 (s, 2H),  

3.97 (t, J = 13.1 Hz, 2H), 3.87 (t, J = 5.7 Hz, 2H), 3.11 (br s, 4H), 2.90 (dd, J = 8.8, 5.7 Hz, 2H), 
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2.78–2.70 (m, 6H), 2.48 (t, J = 7.6 Hz, 2H), 1.76–1.62 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -

62.63 (s, 3F), -105.94 (t, J = 13.0 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 171.0, 158.5, 151.0, 

140.5, 139.4, 136.6 (t, J = 26.4 Hz), 134.2, 131.9 (q, J = 32.9 Hz), 128.8, 128.2 (t, J = 5.8 Hz), 

127.7, 127.6, 125.7 (m), 125.0, 122.3, 121.9 (m), 120.2 (t, J = 244.5 Hz), 118.8, 118.6, 108.1, 

103.6, 67.6, 65.2 (t, J = 32.5 Hz), 58.2, 53.3, 50.9, 46.0, 32.2, 27.0, 24.7, 23.1. IR (neat): 3339, 

2944, 2823, 1674, 1612, 1447, 1361, 1280, 1173, 1124, 736 cm-1. HRMS (ESI) [M+H]+ calcd. for 

[C33H34Cl2F5N3O3]+ 686.1970, 686.1960 found. Melting Point: 57-60 °C. 

	

 

 (2R,3S)-4-benzyl-2-((R)-1-(3-(difluoromethyl)-5-

(trifluoromethyl)phenyl)ethoxy)-3-(4-

fluorophenyl)morpholine (3-33). In a nitrogen-filled glovebox, to 

an oven-dried 1-dram vial charged with a Teflon-coated stir bar, 

was added (2R,3S)-4-benzyl-2-((R)-1-(3,5-bis(trifluoromethyl)phenyl)ethoxy)-3-(4-

fluorophenyl)morpholine (131.9 mg, 0.25 mmol, 1 equiv), cesium formate (8.9 mg, 0.5 mmol, 0.2 

equiv), 18-crown-6 (26.4 mg, 0.1 mmol, 0.4 equiv), and anhydrous N,N-dimethylformamide (1.0 

mL). Tris(trimethylsilyl)silane (93.2 mg, 0.375 mmol, 1.5 equiv) was then added and the vial was 

capped with a screw top cap and PTFE-lined silicone septum, removed from glovebox, and the 

reaction mixture was stirred at rt. After 20 h, the vial was opened and potassium hydroxide (125 

mg, 2.23 mmol, 8.9 equiv) and water (62.5 µL, 3.45 mmol, 13.8 equiv) were added. The vial was 

capped, placed into a preheated reaction block at 80 °C, and the reaction solution was stirred for 1 

ii) KOH (9 equiv), 

H2O (14 equiv), 80 °C, 1 h

H Si

TMS

TMS

TMS+

(1.5 equiv)

i) HCO2Cs (20 mol%)

18-crown-6 (40 mol%)

DMF (0.25 M), 80 °C, 20 h

43% yield
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h. The reaction mixture was then transferred to a separatory funnel, diluted with ethyl acetate (6 

mL), washed with water (3 x 3 mL), then brine (4 mL), dried over anhydrous sodium sulfate, 

filtered, and concentrated. Purification via silica gel chromatography (5-10% ethyl acetate gradient 

in hexanes) provided the product as a clear oil (54.6 mg, 43% yield). 1H NMR (400 MHz, CDCl3) 

δ 7.56 (s, 1H), 7.49 (br s, 2H), 7.34–7.24 (m, 5H), 7.11 (s, 1H), 7.07 (t, J = 8.5 Hz, 2H), 6.88 (s, 

1H), 6.41 (t, J = 56.0 Hz, 1H), 4.85 (q, J = 6.6 Hz, 1H), 4.33 (d, J = 3.0 Hz, 1H), 4.25 (td, J = 11.6, 

2.5 Hz, 1H), 3.83 (d, J = 13.5 Hz, 1H), 3.58 (ddd, J = 11.2, 3.7, 1.6 Hz, 1H), 3.44 (d, J = 3.0 Hz, 

1H), 2.87–2.83 (m, 2H), 2.35 (td, J = 11.9, 3.5 Hz, 1H), 1.45 (d, J = 6.6 Hz, 3H). 19F NMR (376 

MHz, CDCl3) δ -62.82 (s, 3F), -110.93 (dd, J = 377.5, 56.2 Hz, 1F),-111.73 (dd, J = 377.9, 55.8 

Hz, 1F), -114.83 (td, J = 8.9, 4.5 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 162.5 (d, J = 246.3 Hz), 

145.5, 137.9, 135.4 (t, J = 23.0 Hz), 134.1 (d, J = 3.1 Hz), 131.5 (q, J = 32.9 Hz), 131.1 (d, J = 8.0 

Hz), 129.1, 128.4, 127.2, 126.8 (t, J = 6.3 Hz), 125.4 (m), 123.5 (q, J = 272.6 Hz), 121.6 (m), 115.2 

(d, J = 21.2 Hz), 113.7 (t, J = 240.1 Hz), 95.7, 72.5, 69.4, 59.8, 59.7, 51.9, 24.7. IR (neat): 3061, 

2923, 2852, 1405, 1339, 1264, 1168, 1109, 1036, 889, 837, 773 cm-1. HRMS (DART) [M+H]+ 

calcd. for [C27H26F6NO2]+ 510.1862, 510.1921 found.  

 

 

Ethyl (E)-4-(3-((R)-1-(((2R,3S)-4-benzyl-3-(4-

fluorophenyl)morpholin-2-yl)oxy)ethyl)-5-

(trifluoromethyl)phenyl)-4,4-difluorobut-2-enoate (3-

34). In a nitrogen-filled glovebox, to an oven-dried 1-dram 

ii) H2SO4/EtOH, rt, 1 h

then aq. workup

i) TTMSS (1.5 equiv)
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59% yield
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glass vial charged with a Teflon-coated stir bar, was added (2R,3S)-4-benzyl-2-((R)-1-(3,5-

bis(trifluoromethyl)phenyl)ethoxy)-3-(4-fluorophenyl)morpholine (131.9 mg, 0.25 mmol, 1 

equiv), cesium formate (22.3 mg, 1.25 mmol, 0.5 equiv), 18-crown-6 (66.1 mg, 0.25 mmol, 1 

equiv), and anhydrous N,N-dimethylformamide (1.0 mL). Tris(trimethylsilyl)silane (93.2 mg, 

0.375 mmol, 1.5 equiv) was then added and the vial was capped with a screw top cap and PTFE-

lined silicone septum, removed from glovebox, and the reaction mixture was stirred at rt. After 20 

h, the vial was opened and ethanol (1 mL) and sulfuric acid (6.7 µL, 0.125 mmol, 0.5 equiv) were 

added and the vial was recapped and the reaction mixture was stirred at rt. After 1 h, the reaction 

mixture was diluted with ethyl acetate (6 mL) and washed with distilled water (3 x 3 mL) then 

brine (4 mL), dried with sodium sulfate, filtered, and concentrated into a 10 mL round bottom 

flask. To the resultant residue was added (carbethoxymethylene)triphenylphosphorane (95.8 mg, 

1.1 equiv, 0.275 mmol), lithium bromide (43.4 mg, 2 equiv, 0.5 mmol), tetrahydrofuran (5 mL), 

and triethylamine (69.3 µL, 2 equiv, 0.5 mmol). The reaction flask was then capped with a septum 

and a nitrogen balloon was inserted, then the reaction mixture was stirred at rt for an additional 16 

h. The reaction mixture was then transferred to a seperatory funnel and diluted with ethyl acetate 

(10 mL) and washed with water (5 mL), then brine (5 mL), dried over anhydrous sodium sulfate, 

filtered, and concentrated. Purification via silica gel chromatography (10% ethyl acetate in 

hexanes) provided the product as a yellow oil (88.9 mg, 59% yield). 1H NMR (400 MHz, CDCl3) 

δ 7.50 (br s, 3H), 7.33–7.23 (m, 5H), 7.12 (s, 1H), 7.08–7.03 (m, 3H), 6.86 (dt, J = 15.7, 10.6 Hz, 

1H), 6.22 (d, J = 15.7, 1H), 4.85 (q, J = 6.6 Hz, 1H), 4.36 (d, J = 2.9 Hz, 1H), 4.29–4.21 (m, 3H), 

3.80 (d, J = 13.4 Hz, 1H), 3.58 (d, J = 11.2, 1H), 3.44 (s, 1H), 2.84 (d, J = 12.8 Hz, 2H), 2.34 (td, 

J = 11.9, 3.5 Hz, 1H), 1.46 (d, J = 6.6 Hz, 3H), 1.33 (t, J = 7.2 Hz, 3H). 19F NMR (376 MHz, 

CDCl3) δ -62.75 (s, 3F), -94.99 (dd, J = 259.2, 10.9 Hz, 1F), -96.10 (dd, J = 259.2, 10.2 Hz, 1F), 
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-114.56 (t, J = 7.7 Hz, 1F). 13C NMR (101 MHz, CDCl3) δ 165.0, 162.6 (d, J = 246.4 Hz), 145.7, 

139.0 (t, J = 30.1 Hz), 138.0, 136.4 (t, J = 27.9 Hz), 133.8, 131.6 (q, J = 33.0 Hz), 131.0 (d, J = 

7.8 Hz), 129.1, 128.4, 127.2, 126.5, (t, J = 4.9 Hz), 125.4 (t, J = 8.1 Hz), 125.0 (m), 123.4 (q, J = 

272.7 Hz), 121.5 (m), 117.6 (t, J = 241.6 Hz), 115.2 (d, J = 21.3 Hz), 95.7, 72.4, 69.4, 61.5, 59.8, 

59.7, 51.9, 24.7, 14.3. IR (neat): 2979, 2930, 2904, 2805, 1726, 1602, 1508, 1238, 1128, 1057, 

1024, 835 cm-1. HRMS (DART) [M+H]+ calcd. for [C32H32F6NO4]+ 608.2230, 608.2262 found.  

 

 

2,2-difluoro-2-(6-(methyl(3-phenyl-3-(4-

(trifluoromethyl)phenoxy)propyl)amino)pyrimidin-4-

yl)ethan-1-ol (3-35). In a nitrogen-filled glovebox, to an 

oven-dried 1-dram glass vial charged with a Teflon-coated stir bar, was added N-methyl-N-(3-

phenyl-3-(4-(trifluoromethyl)phenoxy)propyl)-6-(trifluoromethyl)pyrimidin-4-amine (113.9 mg, 

0.25 mmol, 1 equiv), cesium formate (8.9 mg, 0.5 mmol, 0.2 equiv), 18-crown-6 (26.4 mg, 0.1 

mmol, 0.4 equiv), anhydrous N,N-dimethylformamide (1.0 mL), then tris(trimethylsilyl)silane 

(74.6 mg, 0.3 mmol, 1.2 equiv). The vial was capped with a screw top cap and PTFE-lined silicone 

septum, removed from glovebox, and placed into a preheated reaction block at 80 °C with stirring. 

After 20 h, the vial was opened and ethanol (2 mL) and sulfuric acid (6.7 µL, 0.125 mmol, 0.5 

equiv) were added. The vial was capped and the reaction mixture was stirred for an additional 2 h 

at rt. Sodium borohydride (47.3 mg, 5 equiv, 1.25 mmol) was then added to the reaction mixture 

as a solid, the vial was capped, and the reaction solution was stirred overnight at rt. The reaction 

mixture was transferred to a separatory funnel, diluted with 1 M aq. sodium hydroxide (8 mL), and 

DMF (0.25 M), 80 °C, 20 h
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extracted with ethyl acetate (3 x 10 mL). The combined organic layers were washed with brine (15 

mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via 

silica gel column chromatography (50% ethyl acetate in hexanes) provided the product as an off-

white solid (111.4 mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ 8.50 (br s, 1H), 7.45 (d, J = 8.6 

Hz, 2H), 7.38–7.28 (m, 5H), 6.91 (d, J = 8.6 Hz, 2H), 6.76 (s, 1H), 5.25 (dd, J = 8.7, 4.0 Hz, 1H), 

4.16–3.88 (m, 5H), 3.11 (br s, 3H), 2.33–2.18 (m, 2H).	19F NMR (376 MHz, CDCl3) δ -61.54 (s, 

3F), -110.07 (s, 2F). 13C NMR (101 MHz, CDCl3) δ 162.2, 160.3, 159.4 (t, J = 28.5 Hz), 157.9, 

140.4, 129.0, 128.2, 126.9 (q, J = 3.8 Hz), 125.7, 124.4 (q, J = 271.2 Hz), 123.1 (q, J = 32.8 Hz), 

117.5 (t, J = 244.5 Hz), 115.7, 99.0 (t, J = 4.4 Hz), 77.9, 64.0 (t, J = 30.7 Hz), 46.7, 36.1 IR (neat): 

3229, 3032, 2930, 1603, 1515, 1322, 1245, 1107, 1066, 834, 700 cm-1. HRMS (MMI) [M+H]+ 

calcd. for [C23H23F5N3O2]+ 468.1705, 468.1726 found. Melting Point: 42-45 °C. 

 

 

3-(4-((4-chlorophenyl)(pyridin-2-yl)methoxy)piperidin-1-yl)-

6-(difluoromethyl)pyridazine (3-36). In a nitrogen-filled 

glovebox, to an oven-dried 1-dram vial charged with a Teflon 

coated stir bar, was added 3-(4-((4-chlorophenyl)(pyridin-2-

yl)methoxy)piperidin-1-yl)-6-(trifluoromethyl)pyridazine (44.9 mg, 0.1 mmol, 1 equiv), cesium 

formate (3.5 mg, 0.02 mmol, 0.2 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and 

anhydrous 4-formylmorpholine/N-methyl-2-pyrrolidinone (1:1 ratio, 0.4 mL). 

Tris(trimethylsilyl)silane (24.9 mg, 0.1 mmol, 1 equiv) was then added and the vial was capped 

ii) KOH (9 equiv)

H2O (14 equiv), 80 °C, 1 h
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with a screw top cap and PTFE-lined silicone septum, removed from glovebox, and the reaction 

mixture was stirred at rt. After 20 h, the vial was opened and potassium hydroxide (50 mg, 8.9 

equiv, 0.89 mmol) and water (25 µL, 13.8 equiv, 1.38 mmol) were added. The vial was capped 

and placed into a preheated reaction block at 80 °C with stirring. After 1 h, the reaction mixture 

was transferred to a separatory funnel, diluted with ethyl acetate (6 mL), washed with water (3 x 

3 mL), then brine (4 mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. 

Purification via preparative thin-layer chromatography (50% ethyl acetate in hexanes) provided 

the product as a clear oil (12.0 mg, 28% yield). 1H NMR (400 MHz, CDCl3) δ 8.52 (dd, J = 5.1, 

1.6 Hz, 1H), 7.71 (td, J = 7.7, 1.7 Hz, 1H), 7.54 (d, J = 7.9 Hz, 1H), 7.47 (d, J = 9.6 Hz, 1H), 7.39 

(d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H), 7.19 (dd, J = 7.4, 4.9 Hz, 1H), 6.97 (d, J = 9.6 Hz, 

1H), 6.76 (t, J = 55.0 Hz, 1H), 5.68 (s, 1H), 4.06–4.00 (m, 2H), 3.78 (tt, J = 7.4, 3.6 Hz, 1H), 3.52 

(ddd, J = 12.8, 8.1, 3.6 Hz, 2H), 2.01–1.91 (m, 2H), 1.85–1.74 (m, 2H). 19F NMR (376 MHz, 

CDCl3) δ -113.10 (d, J = 55.2 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 161.8, 160.3, 148.9, 146.8 

(t, J = 28.0 Hz), 140.1, 137.4, 133.7, 128.8, 128.3, 124.6, 122.8, 120.8, 114.8 (t, J = 237.2 Hz), 

112.6, 81.2, 72.6, 42.4, 42.3, 30.81, 30.79. IR (neat): 3052, 2926, 2859, 1589, 1488, 1403, 1328, 

1227, 1074, 1014, 820, 767 cm-1. HRMS (DART) [M+H]+ calcd. for [C22H22ClF2N4O]+ 431.1445, 

431.1458 found.  
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8-(7-(2-(benzylamino)-1,1-difluoroethyl)quinolin-4-yl)-3-

methyl-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one (3-37). In 

a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial 

charged with a Teflon-coated stir bar, was added 3-methyl-1-

phenyl-8-(7-(trifluoromethyl)quinolin-4-yl)-1,3,8-triazaspiro[4.5]decan-4-one (44.0 mg, 0.1 

mmol, 1 equiv), cesium formate (8.9 mg, 0.05 mmol, 0.5 equiv), 18-crown-6 (26.4 mg, 0.1 mmol, 

1 equiv), and anhydrous N,N-dimethylformamide (0.4 mL). Then tris(trimethylsilyl)silane (29.8 

mg, 0.12 mmol, 1.2 equiv) was added and the vial was capped with a screw top cap and PTFE-

lined silicone septum, removed from glovebox, and the reaction mixture was stirred at rt. After 20 

h, the vial was opened and ethanol (0.2 mL) and sulfuric acid (2.7 µL, 0.05 mmol, 0.5 equiv) were 

added, the vial was recapped and the reaction mixture was stirred at rt. After 1 h, the reaction 

mixture was diluted with ethyl acetate (6 mL) and washed with distilled water (3 x 3 mL), then 

brine (4 mL), dried with sodium sulfate, and concentrated into a 10 mL round bottom flask. To the 

resulting residue was added 1,2-dichloroethane (3 mL), acetic acid (17.2 µL, 3 equiv, 0.3 mmol), 

and benzylamine (54.6 µL, 5 equiv, 0.5 mmol). The reaction flask was capped with a septum and 

the reaction mixture was stirred for 2 h. Sodium triacetoxyborohydride (106.0 mg, 5 equiv, 0.5 

mmol) was then added and the vial was capped with a septum, a nitrogen balloon was inserted, 

and the reaction mixture was stirred overnight at rt. The reaction mixture was then transfered into 

a seperatory funnel with dichloromethane (4 mL) and washed with 1 M aq. sodium hydroxide (3 

mL), then water (3 mL) and brine (4 mL), dried over anhydrous sodium sulfate, filtered, and 

concentrated. Purification via preparative thin-layer chromatography (1% triethylamine and 1% 

methanol in dichloromethane) provided the product as a pale-yellow oil (33.7 mg, 62% yield). 1H 

NMR (400 MHz, CDCl3) δ 8.75 (d, J = 5.2 Hz, 1H), 8.28 (s, 1H), 8.07 (d, J = 8.7 Hz, 1H), 7.62 
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(dd, J = 8.9, 1.8 Hz, 1H), 7.36–7.20 (m, 7H), 6.97–6.89 (m, 4H), 4.75 (s, 2H), 3.88–3.81 (m, 4H), 

3.65–3.61 (m, 2H), 3.31 (t, J = 14.2 Hz, 2H), 3.04 (s, 3H), 2.98 (td, J = 13.0, 5.0 Hz, 2H), 1.88 (d, 

J = 14.2 Hz, 2H). 19F NMR (376 MHz, CDCl3) δ -100.76 (t, J = 14.3 Hz, 2F). 13C NMR (101 

MHz, CDCl3) δ 174.3, 157.7, 151.2, 148.4, 142.8, 139.7, 137.1 (t, J = 26.4 Hz), 129.7, 128.6, 

128.2, 127.2 127.0 (t, J = 6.8 Hz), 124.4, 124.1, 122.1 (t, J = 5.6 Hz), 121.8 (t, J = 244.3 Hz), 

119.3, 115.0, 109.8, 65.4, 60.1, 54.7 (t, J = 29.1 Hz), 53.6, 49.1, 29.6, 27.8. IR (neat): 3330, 2967, 

2927, 2854, 1672, 1614, 1511, 1450, 1180, 1127, 1086, 713 cm-1. HRMS (DART) [M+H]+ calcd. 

for [C32H34F2N5O]+ 542.2726, 542.2725 found.  

 

A1.8 Mechanistic experiments 

 

a. Solvent Dependent Product Formation 

Discussion: The experiments below demonstrate that the major product of the reaction is 

dependent upon the solvent used. When the reaction solvent is NMP, the major product is the 

difluorobenzylsilane 3-38. When the reaction solvent is MeCN, the major product is the 

difluoromethylarene 3-29. The implication of these results is expanded upon in the next section. 

 

 

General Procedure 3 (GP3): In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial 

charged with a Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene 

(32.0 mg, 0.1 mmol, 1.0 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), cesium formate (3.5 

mg, 0.02 mmol, 0.2 equiv), and anhydrous solvent (0.4 mL). Tris(trimethylsilyl)silane (1.2 to 3 
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equiv) was then added, and the vial was capped with a screw top PTFE-lined cap, removed from 

glovebox, and the reaction mixture was stirred at rt. After 16 h, the reaction mixture was quenched 

with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as freshly prepared 2.0 M solution 

in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal standard and an aliquot was 

analyzed by 1H NMR spectroscopy by integration of characteristic aryl C–H protons of the benzyl 

silane (singlets at 7.08 or 7.17 ppm) or the difluoromethylarene’s characteristic ArCF2–H shift 

(triplet at 6.65 ppm). Yields and characterization data are provided below for each reaction. 

 

 

 ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (3-38). The 

General Procedure 3 (GP3) was followed using anhydrous N-methyl-2-

pyrrolidinone as solvent (0.4 mL) and tris(trimethylsilyl)silane (49.7 mg, 0.2 mmol, 2 equiv). 

Analysis of the chemical shifts for the aryl C–H protons of the benzyl silane (singlets at 7.08 and 

7.17 ppm) provided the 1H NMR yield referenced to a dibromomethane internal standard as 61%. 

Pure product was isolated for characterization by preparative thin layer chromatography (100% 

hexanes) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.45–7.33 (m, 5H), 7.23 (s, 1H), 7.17 (s, 

1H), 7.08 (s, 1H), 5.12 (s, 2H), 0.11 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -62.85 (s, 3F), -112.55 

(s, 2F). 13C NMR (101 MHz, CDCl3) δ 159.1, 141.0 (t, J = 20.9 Hz), 136.1, 132.3 (q, J = 32.7 

Hz), 128.9, 128.5, 127.7, 127.6 (t, J = 266.2 Hz), 123.8 (q, J = 272.6 Hz), 114.7 (t, J = 7.8 Hz), 

114.2 (tq, J = 8.0, 3.9 Hz), 112.5 (qt, J = 3.9, 2.0 Hz), 70.6, -4.9 (t, J = 1.7 Hz). IR (neat): 2961, 
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2903, 1331, 1253, 1218, 1128, 1047, 1002, 840, 705 cm-1. GC-MS (EI) M+ calcd. for 

[C18H19F5OSi]+ 374.11, 374.15 found. Melting Point: 70-73 ºC. 

 

Above: X-ray crystal structure of Compound 3-38. Thermal ellipsoids are at 50% probability. 
Colors of atoms are as follows: carbon (black), oxygen (red), fluorine (green), silicon (light blue), 
hydrogen (white). 

 

1-(benzyloxy)-3-(difluoromethyl)-5-(trifluoromethyl)benzene (3-29). The 

General Procedure 3 (GP3) was followed using anhydrous acetonitrile as 

solvent (0.4 mL) and tris(trimethylsilyl)silane (74.6 mg, 0.3 mmol, 3 equiv). 

Analysis of the chemical shifts for the difluoromethylarene’s characteristic ArCF2–H peak (triplet 

at 6.65 ppm) provided the 1H NMR yield referenced to a dibromomethane internal standard as 

74%. Pure product was isolated for characterization by preparative thin layer chromatography 

(100% hexanes) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.45–7.37 (m, 6H), 7.34 (s, 1H), 

7.30 (s, 1H), 6.65 (t, J = 56.1 Hz), 5.13 (s, 2H). 19F NMR (376 MHz, CDCl3) δ -62.92 (s, 3F), -

111.84 (d, J = 56.2 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.4, 136.9 (t, J = 23.0 Hz), 135.8, 

F

F F
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F F

74% 1H NMR yield(1 equiv)

H Si

TMS

TMS
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(2 equiv)

MeCN, rt, 14 h

HCO2Cs (20 mol%)
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F F
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132.8 (q, J = 33.1 Hz), 128.9, 128.6, 127.8, 123.6 (q, J = 272.8 Hz), 115.4 (t, J = 5.9 Hz), 115.1 

(td, J = 6.4, 3.5 Hz), 114.3 (dt, J = 3.6, 1.8 Hz), 113.7 (t, J = 240.4 Hz), 70.8. IR (neat): 3035, 

2919, 1608, 1455, 1340, 1240, 1169, 1126, 1026, 864, 738, 694 cm-1. GC-MS (EI) M+ calcd. for 

[C15H12F5O]+ 302.07, 302.10 found. 

 

b. Defluorosilylation is a likely intermediate to other defluorofunctionalization products 

Discussion: To test the identity of benzylsilane 3-38 as an intermediate towards hemiaminal 3-2, 

isolated benzylsilane 3-38 was subjected to catalytic base (cesium formate or cesium fluoride) in 

DMF solvent with either 0 or 1 equiv TTMSS. Under all conditions benzylsilane 3-38 was 

transformed into hemiaminal 3-2 without any starting material (3-38) remaining.  

 

 

Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar was added ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (37.4 mg, 0.1 mmol, 1.0 equiv), 18-

crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and anhydrous N,N-dimethylformamide (0.4 mL). To 

the solution was sequentially added tris(trimethylsilyl)silane (if used: 24.9 mg, 0.1 mmol, 1 equiv) 

and cesium formate (3.5 mg, 0.02 mmol, 0.2 equiv). The vial was capped with a screw top PTFE-

lined cap, removed from glovebox, and the reaction solution was stirred at rt. After 4 h, the reaction 

mixture was quenched with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as freshly 

prepared 2.0 M solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal standard 

and an aliquot was analyzed by 1H NMR spectroscopy using the diagnostic chemical shift of 

TMS

F F
F3C

OBn

(1 equiv)

DMF, rt, 4 h

F F
base (20 mol%)

18-crown-6 (40 mol%)
NMe2

OTMS

F3C

OBn

H Si

TMS

TMS

TMS+

(X equiv)

base

HCO2Cs

CsF

X = 0

>95%

82%

X = 1

>95%

>95%

1H NMR Yields
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product 2 (doublet of doublets at 4.39 ppm) referenced to the dibromomethane internal standard 

(singlet at 4.91 ppm). The obtained 1H NMR yields are shown in the scheme above.  

 

Discussion: To test the identity of benzylsilane 3-38 as an intermediate towards 

difluoromethylarene 3-39, isolated benzylsilane 3-38 was subjected to basic conditions in 

acetonitrile. The following two reactions show the protodesilylation using cesium formate and 

cesium fluoride. At rt, catalytic cesium formate did not turn over and only provided 14% 1H NMR 

yield of 3-39, but heating to 80 °C provided full conversion and 86% 1H NMR yield of 3-39. 

Conversely, catalytic cesium fluoride provided full conversion of 3-38 and 80% 1H NMR yield of 

the 3-39 at rt. 

 

 

Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar was added ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (37.4 mg, 0.1 mmol, 1.0 equiv), 18-

crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), anhydrous acetonitrile (0.4 mL) and cesium formate 

(3.5 mg, 0.02 mmol, 0.2 equiv). The vial was capped with a screw top PTFE-lined cap, removed 

from glovebox, and the reaction solution was stirred at 80 °C. After 16 h, the reaction mixture was 

quenched with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as freshly prepared 2.0 M 

solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal standard and an aliquot 

was analyzed by 1H NMR spectroscopy using the diagnostic ArCF2–H chemical shift (triplet at 

TMS

F F
F3C

OBn

37 (1 equiv)

MeCN, 80 °C, 16 h

H

F F
HCO2Cs (20 mol%)

18-crown-6 (40 mol%)
F3C

OBn

38, 86% 1H NMR Yield
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6.65 ppm) referenced to the dibromomethane internal standard (singlet at 4.91 ppm). The 1H NMR 

yield was determined to be 86%.  

 

 

Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar was added ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (37.4 mg, 0.1 mmol, 1.0 equiv), 18-

crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), anhydrous acetonitrile (0.4 mL) and cesium fluoride 

(3.0 mg, 0.02 mmol, 0.2 equiv). The vial was capped with a screw top PTFE-lined cap, removed 

from glovebox, and the reaction solution was stirred at rt. After 16 h, the reaction mixture was 

quenched with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as freshly prepared 2.0 M 

solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal standard and an aliquot 

was analyzed by 1H NMR spectroscopy using the diagnostic ArCF2–H chemical shift (triplet at 

6.65 ppm) referenced to the dibromomethane internal standard (singlet at 4.91 ppm). The 1H NMR 

yield was determined to be 80%.  

 

c. Reaction profile analysis  

Discussion: A reaction profile was conducted to verify the intermediacy of benzylsilane 3-38 

towards the production of silylated hemiaminal 3-2. Concurrent formation of 3-2 and 3-38 can be 

observed. The starting material (3-1) is completely consumed at the 75 minute timepoint and the 

remaining 3-38 is converted to 3-2 at the 90 minute timepoint. 

 

TMS

F F
F3C

OBn

3-38 (1 equiv)

MeCN, rt, 16 h

H

F F
CsF (20 mol%)

18-crown-6 (40 mol%)
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3-39, 80% 1H NMR Yield
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Procedure: In a nitrogen-filled glovebox, a stock solution was created with 1-(benzyloxy)-3,5-

bis(trifluoromethyl)benzene (320.2 mg, 1.0 mmol, 1.0 equiv), cesium formate (35.6 mg, 0.2 mmol, 

0.2 equiv), 18-crown-6 (105.6 mg, 0.4 mmol, 0.4 equiv), 4-fluorobiphenyl (81.2 mg, 0.47 mmol, 

0.47 equiv), and anhydrous N,N-dimethylformamide (4.0 mL). The solution was stirred until 

completely homogenized. In the nitrogen-filled glovebox, 400 µL of the stock solution was added 

to eight different oven-dried 1-dram vials charged with Teflon-coated stir bars. 

Tris(trimethylsilyl)silane (37.0 µL, 0.12 mmol, 1.2 equiv) was then added to each vial, the vials 

were capped with a screw top PTFE-lined cap, removed from glovebox, and reaction solutions 

were stirred at rt. After the time indicated, a reaction vial was quenched with 0.1 mL CDCl3 and 

an aliquot was analyzed by 19F NMR spectroscopy using 4-fluorobiphenyl as the internal standard 

(multiplet centered at -116.31 ppm) to provide 19F NMR yields of the starting material (ArCF3 3-

1, singlet at -63.26 ppm), deflurosilylation intermediate (3-38, singlet at -112.82 ppm), and 

hemiaminal product (3-2, doublet of doublets at -105.28 and -107.51 ppm). The data points are 

tabulated below. Vial 0 is an analysis of the stock solution before addition of 

H Si

TMS
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TMS+ Ar
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tris(trimethylsilyl)silane. Note: A 15 second relaxation delay was necessary to achieve accurate 

integration using the 4-fluorobiphenyl internal standard in 19F NMR. 

 

Vial Time (min) ArCF3 (3-1) ArCF2TMS (3-38) 3-2 

0 0 100% 0% 0% 

1 5 60% 15% 7% 

2 15 41% 20% 8% 

3 50 8% 43% 16% 

4 75 0% 7% 58% 

5 90 0% 0% 64% 

6 120 0% 0% 64% 

7 180 0% 0% 64% 

 

d. Evidence of silyl anion formation under reaction conditions 

Section Discussion: The experiments in this section were conducted to probe the identity of the 

active silyl species generated from the activation of TTMSS with 18-crown-6 ligated cesium 

formate in DMF. Replacement of the trifluoromethylarene electrophile with other electrophiles 

(1,2,3,4-tetrafluorobenzene, 3-chloropropylbenzene, and styrene oxide) resulted in substitution or 

elimination products that support the formation of two different silyl anions (the trimethylsilyl 

anion and the 1,1,1,3,3,3-hexamethyltrisilyl anion) under the reaction conditions. The 1,2,3,4-

tetrafluorobenzene electrophile undergoes substitution from a trimethylsilyl anion. The 3-

chloropropylbenzene electrophile undergoes substitution from the 1,1,1,3,3,3-hexamethyltrisilyl 

anion. The styrene oxide electrophile undergoes ring opening from a trimethylsilyl anion, followed 



 122 

by a Peterson-type elimination to generate styrene and a trimethylsilyloxy anion that is silylated 

in situ to generate hexamethyldisiloxane. 

 

 

1,1,1,3,3,3-hexamethyl-2-(3-phenylpropyl)trisilane (3-40). In a nitrogen-

filled glovebox, to an oven-dried 2-dram glass vial charged with a Teflon-

coated stir bar was added (3-chloropropyl)benzene (77.3 mg, 0.5 mmol, 1.0 equiv), 18-crown-6 

(132.2 mg, 0.5 mmol, 1 equiv), anhydrous N,N-dimethylformamide (4.0 mL) and cesium formate 

(89.0 mg, 0.5 mmol, 1 equiv). Tris(trimethylsilyl)silane (124.3 mg, 0.5 mmol, 1 equiv) was then 

added and the vial was capped with a screw top PTFE-lined cap, removed from glovebox, and the 

reaction solution was stirred at rt. After 20 h, the reaction mixture was quenched with 1.0 mL 

CDCl3, stirred for 1 min, then dibromomethane (69.5 µL, 1.0 mmol, 2 equiv) was added as an 

internal standard and an aliquot was analyzed by 1H NMR spectroscopy using the multiplet 

centered at 0.79 ppm referenced to the dibromomethane internal standard (singlet at 4.91 ppm). 

The 1H NMR yield was determined to be 50%. Pure product was isolated for characterization by 

an aqueous workup followed by preparative thin layer chromatography (100% hexanes), providing 

the product as a clear oil. 1H NMR (400 MHz, C6D6) δ 7.20–7.05 (m, 5H), 3.38 (t, J = 4.6 H, 1H), 

2.59 (t, J = 7.5 Hz, 2H), 1.83–1.75 (m, 2H), 0.86–0.81 (m, 2H), 0.19 (s, 18H). 13C NMR (101 

MHz, C6D6) δ 142.5, 128.8, 128.7, 126.1, 39.9, 31.0, 7.1, 0.4. IR (neat): 3927, 2951, 2893, 2060, 

1399, 1244, 1040, 831, 745, 695, 614 cm-1. GC-MS (EI) M+ calcd. for [C15H30Si3]+ 294.17, 294.20 

found. 

 

Ph
DMF, rt, 20 h
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H Si

TMS

TMS
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Trimethyl(2,3,6-trifluorophenyl)silane (3-39). In a nitrogen-filled glovebox, to 

an oven-dried 1-dram glass vial charged with a Teflon-coated stir bar, was added 

1,2,3,4-tetrafluorobenzene (150.1 mg, 1.0 mmol, 1.0 equiv), 18-crown-6 (132.2 mg, 0.5 mmol, 0.5 

equiv), anhydrous N,N-dimethylformamide (4.0 mL) and cesium formate (89.0 mg, 0.5 mmol, 0.5 

equiv). Tris(trimethylsilyl)silane (124.4 mg, 0.5 mmol, 0.5 equiv) was then added and the vial was 

capped with a screw top PTFE-lined cap, removed from glovebox, and the reaction solution was 

stirred at rt. After 16 h, the reaction mixture was transferred to a separatory funnel and was diluted 

with ethyl acetate (12 mL), washed with H2O (3 x 4 mL), then brine (6 mL), dried over anhydrous 

sodium sulfate and concentrated in vacuo. To the residue was added dibromomethane (69.5 µL, 

1.0 mmol, 1.0 equiv) as an internal standard and an aliquot was analyzed by 1H NMR spectroscopy 

using an aromatic peak (qd at 7.05 or dddd at 6.66 ppm) referenced to the internal standard (singlet 

at 4.90 ppm). The 1H NMR yield was determined to be 59%. 1H NMR (400 MHz, CDCl3) δ 7.05 

(qd, J = 9.2, 5.1 Hz, 1H), 6.66 (dddd, J = 9.3, 7.9, 3.1, 2.0 Hz), 0.33 (s, 9H). 19F NMR (376 MHz, 

CDCl3) δ -103.35 (dt, J = 15.3, 6.3 Hz, 1F), -122.49 (dd, J = 23.0, 9.1 Hz, 1F), -143.75 (dddd, J = 

23.1, 16.8, 9.5, 3.3 Hz, 1F); spectral data matches reported values.[5] Crude 1H and 19F NMR 

spectrum provided below. 
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Above: 1H NMR spectrum of crude reaction (after aqueous workup) of the defluorosilylation of 
1,2,3,4-tetrafluorobenzene with TTMSS activated by 18-crown-6 ligated cesium formate in DMF. 
Reference to the dibromomethane internal standard shows an 1H NMR yield of 59% of 
trimethyl(2,3,6-trifluorophenyl)silane (3-39). Residual DMF and EtOAc peaks are visible in the 
spectrum. 
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Above: 19F NMR spectrum of the crude trimethyl(2,3,6-trifluorophenyl)silane (3-39) 

 

 

Procedure: In a nitrogen-filled glovebox, to an oven-dried 2-dram glass vial charged with a 

Teflon-coated stir bar, was added styrene oxide (60.1 mg, 0.5 mmol, 1.0 equiv), 18-crown-6 (132.2 

mg, 0.5 mmol, 1.0 equiv), anhydrous N,N-dimethylformamide (2.0 mL) and cesium formate (89.0 

mg, 0.5 mmol, 1.0 equiv). Tris(trimethylsilyl)silane (124.3 mg, 0.5 mmol, 0.5 equiv) was then 

added and the vial was capped with a screw top PTFE-lined cap, removed from glovebox, and the 

reaction solution was stirred at rt. After 30 min, the reaction mixture was quenched with 1.0 mL 

CDCl3, stirred for 1 min, then biphenyl (157.3 mg, 1.02 mmol, 2.04 equiv) and dibromomethane 

(34.8 µL, 0.5 mmol, 1.0 equiv) were added as internal standards. An aliquot was analyzed by 1H 

+ H Si

TMS

TMS

TMS

(1 equiv)(1 equiv)

DMF, rt, 30 min

HCO2Cs (1 equiv)

18-crown-6 (1 equiv)

34% 1H NMR Yield

O

+ TMS2O

35% GC Yield

F

F
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NMR spectroscopy using the vinyl peaks from styrene (doublet at 5.66 ppm) referenced to the 

dibromomethane internal standard (singlet at 4.87 ppm). The 1H NMR yield was determined to be 

34%. An aliquot was also analyzed by gas chromatography using biphenyl as the internal standard 

to quantify the amount of hexamethyldisiloxane (TMS2O) produced in the reaction. A calibration 

curve of TMS2O and biphenyl provides a GC yield of 35% TMS2O. 1H NMR (400 MHz, CDCl3) 

δ 7.34–7.15 (m, 5H), 6.64 (dd, J = 17.6, 10.9 Hz, 1H), 5.67 (d, J = 17.6 Hz, 1H), 5.16 (d, J = 10.9 

Hz, 1H). Spectral data matches an authentic sample (Acros Catalog #220532500) and spiking 

authentic styrene into the crude reaction mixture verifies the formation of styrene as the product. 

The 1H NMR spectrum of the crude reaction mixture is shown below. 
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Above: 1H NMR spectrum of the crude reaction mixture showing the formation of styrene from 
styrene oxide using TTMSS activated by 18-crown-6 ligated cesium formate in DMF. The 1H 
NMR yield of styrene is 34% referenced to the dibromomethane internal standard.  
 

e. Effect of additives on reaction yield 

Discussion: To probe the reaction mechanism, the model reaction was carried out with various 

additives to gauge their effect on the reaction yield. Chlorobenzene had a negligible effect on the 

yield, whereas bromo- and iodobenzene completely shut down any reactivity. Arylbromides and 

aryliodides have been reported to undergo halophilic attack by silyl anions.[6] Phenyl triflate also 

results no reactivity, which can be attributed to preferential reduction over the 

trifluoromethylarene. The presence of radical traps (TEMPO and BHT) have a negligible effect on 

the yield as well. 

 

CH2Br2
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Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (32.0 mg, 0.1 

mmol, 1.0 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), the additive (0.1 mmol, 1.0 equiv), 

and anhydrous N,N-dimethylformamide (0.4 mL). To the solution was sequentially added 

tris(trimethylsilyl)silane (29.8 mg, 0.12 mmol, 1.2 equiv), and cesium formate (3.5 mg, 0.02 mmol, 

0.2 equiv). The vial was capped, removed from glovebox, and the reaction solution was stirred at 

rt. After 20 h, the reaction mixture was quenched with 0.1 mL CDCl3, stirred for 1 min, then 

dibromomethane (as freshly prepared 2.0 M solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was 

added as an internal standard and an aliquot was analyzed by 1H NMR spectroscopy. The 1H NMR 

yield was referenced to the dibromomethane internal standard according to the procedure 

described above in Section IIa.  

 

f. Use of other disilane reagents instead of TTMSS 

Discussion: A variety of R–Si(TMS)3 reagents were evaluated to see if they can promote the 

reductive coupling reaction. TTMSS, where R = H, provided the highest yield of the product in 

the model reaction. When R = TMS, Me, Ph, pyrrolidine, the yield was substantially lower at 

around 10% yield. When R = allyl, the hemiaminal was formed in 6% yield when the reaction was 

heated to 80 °C. These results suggest that TTMSS possesses the right balance of steric and 

electronic properties to successfully promote the reductive coupling reaction. 
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Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (32.0 mg, 0.1 

mmol, 1.0 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and anhydrous N,N-

dimethylformamide (0.4 mL). To the solution was sequentially added silane reagent (0.12 mmol, 

1.2 equiv), and cesium formate (3.5 mg, 0.02 mmol, 0.2 equiv). The vial was capped, removed 

from glovebox, and the reaction solution was stirred at rt. After 20 h, the reaction mixture was 

quenched with 0.1 mL CDCl3, stirred for 1 min, then dibromomethane (as freshly prepared 2.0 M 

solution in CDCl3, 50.0 µL, 0.1 mmol, 1 equiv) was added as an internal standard and an aliquot 

was analyzed by 1H NMR spectroscopy. The 1H NMR yield was referenced to the dibromomethane 

internal standard according to the procedure described above in Section IIa.  

 

Discussion: The use of the common disilane reagent, hexamethyldisilane, does not promote the 

reductive coupling reaction. Use of cesium formate at rt provides no reactivity, with all of the 

trifluoromethylarene remaining at the end of the reaction. Use of cesium fluoride does not provide 

appreciable amounts of product, and a low mass balance remains of the trifluoromethylarene. 

These conditions can only possibly generate the trimethylsilyl anion, suggesting that the 

trimethylsilyl anion alone cannot promote the reductive coupling reaction. 
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Procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a 

Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (32.0 mg, 0.1 

mmol, 1.0 equiv), 18-crown-6 (10.6 mg, 0.04 mmol, 0.4 equiv), and anhydrous N,N-

dimethylformamide (0.4 mL). To the solution was sequentially added hexamethyldisilane (20.5 

µL, 0.2 mmol, 2.0 equiv), and cesium formate (3.5 mg, 0.02 mmol, 0.2 equiv) or cesium fluoride 

(3.0 mg, 0.02 mmol. 0.2 equiv). The vial was capped, removed from glovebox, and the reaction 

solution was stirred at rt. After 20 h, the reaction mixture was quenched with 0.1 mL CDCl3, stirred 

for 1 min, then dibromomethane (as freshly prepared 2.0 M solution in CDCl3, 50.0 µL, 0.1 mmol, 

1 equiv) was added as an internal standard and an aliquot was analyzed by 1H NMR spectroscopy. 

The 1H NMR yield was referenced to the dibromomethane internal standard according to the 

procedure described above in Section A1.2a.  

 

g. Deuterium incorporation through use of deuterated reaction solvent  

Discussion: Deuterium is incorporated into the derivatized product using DMF-d7 as the reaction 

solvent for the reductive coupling reaction. Full deuterium incorporation from the reductive 

coupling suggests that the TTMSS hydrogen [H–Si(TMS)3] is not incorporated into the product.   
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2-(3-(benzyloxy)-5-(trifluoromethyl)phenyl)-2,2-difluoro-N,N-

bis(methyl-d3)ethan-1-amine-1-d (A1-3). In a nitrogen-filled 

glovebox, to an oven-dried 1-dram glass vial charged with a Teflon-

coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (64.0 mg, 0.2 mmol, 1.0 

equiv), cesium formate (7.0 mg, 0.04 mmol, 0.2 equiv), 18-crown-6 (21.2 mg, 0.08 mmol, 0.4 

equiv), and N,N-dimethylformamide-D7 (>99.5% D, 0.75 mL ampoule purchased from Oakwood 

Chemical: #099937-2x0.75ml). To the solution was added tris(trimethylsilyl)silane (59.7 mg, 0.24 

mmol, 1.2 equiv). The vial was then capped, removed from glovebox, and the reaction solution 

was stirred at rt. After 16 h, to the reaction mixture was directly added sodium 

triacetoxyborohydride (211.9 mg, 1.0 mmol, 5 equiv) and the mixture was then stirred at rt for 16 

h. The reaction mixture was transferred to a separatory funnel and diluted with ethyl acetate (16 

mL). The organic layer was washed with 1M aq. sodium hydroxide (2 x 5 mL), water (5 mL), then 

brine (5 mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The 

product was isolated via silica gel column chromatography (1% triethylamine and 10% ethyl 

acetate in hexanes) as a pale-yellow oil (45.8 mg, 0.13 mmol, 63% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.46–7.34 (m, 6H), 7.31 (s, 1H), 7.29 (s, 1H), 5.12 (s, 2H), 2.89 (t, J = 14.1 Hz, 1H). 19F 

NMR (376 MHz, CDCl3) δ -62.74 (s, 3F), -99.20 (t, J = 14.3 Hz, 2F). 13C NMR (101 MHz, CDCl3) 

δ 159.0, 139.1 (t, J = 26.6 Hz), 136.0, 132.3 (q, J = 32.9 Hz), 128.9, 128.5, 127.8, 123.7 (q, J = 

272.7 Hz), 121.3 (t, J = 244.9 Hz), 115.8 (t, J = 6.4 Hz), 114.9 (m), 113.2 (m), 70.7, 64.6–63.7 

(m), 45.9 (t, J = 20.9 Hz), 29.9, 26.0 (t, J = 29.5 Hz). IR (neat): 3067, 3036, 2932, 2259, 1607, 

1454, 1357, 1249, 1129, 1008, 868, 695 (cm-1). GC-MS (ESI) M+ calcd. for [C18H12D7F5NO]+ 

366.17, 366.15 found. 2H NMR (62 MHz, CHCl3) δ 2.94 (br s, 1D), 2.30 (br s, 6D). 

 

F F
F3C

OBn

N(CD3)2

D
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A1.9 Isolation and derivatization of products in Figure 3-12 

 

 

Procedure: In a nitrogen-filled glovebox, to an oven-dried 100 mL round bottom flask charged 

with a Teflon-coated stir bar, was added 1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (1.60 g, 

5.0 mmol, 1 equiv), 18-crown-6 (528.6 mg, 2.0 mmol, 0.4 equiv), cesium formate (177.9 mg, 1.0 

mmol, 0.2 equiv), and anhydrous N-methyl-2-pyrrolidinone (25 mL). Tris(trimethylsilyl)silane 

(2.3 mL, 7.5 mmol, 1.5 equiv) was then added and the flask was capped with a rubber septum, 

removed from glovebox, and a nitrogen filled balloon was inserted, and the reaction mixture was 

stirred at rt. After 4 h, the reaction mixture was extracted with hexanes (10 x 10 mL) [Note: directly 

washing the reaction solution with water results in extensive protodesilylation]. The combined 

hexanes layer was washed with brine (25 mL), dried over anhydrous sodium sulfate, filtered, and 

concentrated in vacuo. Purification via silica gel chromatography (100% hexanes) provided the 

product as a white solid (0.749 g, 2.0 mmol, 40% yield). The characterization data matched that 

provided in Section A1.8a for compound 3-38. 

 

 

General Procedure 4 for Arylation (GP4): This procedure was adapted from a previous report.[7] 

In a nitrogen-filled glovebox, to an oven-dried 1-dram glass vial charged with a Teflon-coated stir 

bar was added ((3-(benzyloxy)-5-(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 

+ H Si

TMS

TMS

TMS

(1.5 equiv)

NMP, rt, 4 h

HCO2Cs (20 mol%)

18-crown-6 (40 mol%)F

F F
F3C

OBn

40% isolated yield

TMS

F F
F3C

OBn

(1 equiv)

TMS

F F
F3C

OBn
(1 equiv) NMP, rt, 16 h

Ar

F F
CsF (1.5 equiv)

18-crown-6 (1.5 equiv)
F3C

OBn

Ar–CN

(2 equiv)

+
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mg, 0.2 mmol, 1.0 equiv), cyanoarene (2.0 equiv), 18-crown-6 (63.4 mg, 0.24 mmol, 1.2 equiv), 

and anhydrous N,N-dimethylformamide (0.8-1.2 mL). The reaction solution was stirred for 1 min, 

then cesium fluoride (36.5 mg, 0.24 mmol, 1.2 equiv) was added. The vial was capped with a 

screw top PTFE-lined cap, removed from glovebox, and the reaction solution was stirred at rt. 

After 16 h, the reaction mixture was transferred to a separatory funnel and diluted with ethyl 

acetate (8 mL), then washed with water (2 mL x3) and brine (3 mL). The organic layer was dried 

over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The product was isolated via 

silica gel column chromatography using the given eluent conditions. 

 

 

General Procedure 5 for Alkylation (GP5): In a nitrogen-filled glovebox, to an oven-dried 1-

dram glass vial charged with a Teflon-coated stir bar was added ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 mmol, 1.0 equiv), alkyl 

iodide (5.0 equiv), 18-crown-6 (79.3 mg, 0.3 mmol, 1.5 equiv), and anhydrous N-methyl-2-

pyrrolidinone (0.8 mL). The reaction solution was stirred for 1 min, then cesium fluoride (45.6 

mg, 0.3 mmol, 1.5 equiv) was added. The vial was capped with a screw top PTFE-lined cap, 

removed from glovebox, and the reaction mixture was stirred at rt. After 20 h, the reaction mixture 

was transferred to a separatory funnel and diluted with ethyl acetate (8 mL), then washed with 

water (2 mL) and brine (4 mL). The organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated in vacuo. The product was isolated via silica gel column chromatography 

using the given eluent conditions. 

 

TMS

F F
F3C

OBn
(1 equiv) NMP, rt, 20 h

R

F F
CsF (1.5 equiv)

18-crown-6 (1.5 equiv)
F3C

OBn

R–I

(5 equiv)

+
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4-((3-(benzyloxy)-5-(trifluoromethyl)phenyl)difluoromethyl)-2,5-

dimethylbenzonitrile (3-41). The General Procedure 4 (GP4) was 

followed with ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 mmol, 1.0 equiv), 2,5-

dimethylterephthalonitrile (62.5 mg, 0.4 mmol, 2.0 equiv), 18-crown-6 (63.4 mg, 0.24 mmol, 1.2 

equiv), anhydrous N,N-dimethylformamide (0.8 mL), and cesium fluoride (36.5 mg, 0.24 mmol, 

1.2 equiv). Purification via silica gel column chromatography (0-10% diethyl ether gradient in 

hexanes) provided the product as an off-white solid (65.6 mg, 0.15 mmol, 76% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.56 (s, 1H), 7.43 (s, 1H), 7.39–7.36 (m, 5H), 7.32–7.30 (m, 2H), 7.10 (s, 

1H), 5.09 (s, 2H), 2.58 (s, 3H), 2.12 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -62.78 (s, 3F), -88.20 

(s, 2F). 13C NMR (101 MHz, CDCl3) δ 159.2, 139.8, 138.8 (t, J = 28.3 Hz), 138.4 (t, J = 25.5 Hz), 

135.8, 135.6, 134.9 (t, J = 2.8 Hz), 132.8 (q, J = 32.9 Hz), 128.9, 127.7, 128.1 (t, J = 8.5 Hz), 

127.7, 123.5 (q, J = 272.8 Hz), 119.6 (t, J = 243.6 Hz), 117.4, 116.4 (t, J = 5.5 Hz), 115.2 (m), 

114.9, 113.7 (m), 70.8, 20.3, 19.6 (t, J = 2.5 Hz). IR (neat): 3092, 2921, 2229, 1608, 1451, 1362, 

1245, 1162, 1064, 1040, 894, 718, 706 cm-1. HRMS (DART) [M+H]+ calcd. for [C24H19F5NO]+ 

432.1381, 432.1345 found. Melting Point: 77-79 °C. 
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(1 equiv)
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F F
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76% yield

CN

Me

Me

+

NC

Me

CN

Me

(2 equiv)

TMS

F F
F3C

OBn

(1 equiv)

DMF, rt, 16 h

F F
CsF (1.2 equiv)

18-crown-6 (1.2 equiv)
F3C

OBn

38% yield
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4-((3-(benzyloxy)-5-(trifluoromethyl)phenyl)difluoromethyl)-2-(4-

methoxyphenyl)quinazoline (3-42). The General Procedure 4 (GP4) 

was followed with ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 mmol, 1.0 equiv), 2-(4-

methoxyphenyl)quinazoline-4-carbonitrile[7] (104.5 mg, 0.4 mmol, 2.0 equiv), 18-crown-6 (63.4 

mg, 0.24 mmol, 1.2 equiv), anhydrous N,N-dimethylformamide (1.2 mL), and cesium fluoride 

(36.5 mg, 0.24 mmol, 1.2 equiv). Purification via silica gel column chromatography (10% diethyl 

ether in hexanes) provided the product as a yellow solid (41.1 mg, 0.076 mmol, 38% yield). 1H 

NMR (400 MHz, CDCl3) δ 8.41–8.37 (m, 3H), 8.12 (d, J = 8.7 Hz, 1H), 7.90 (ddd, J = 8.4, 6.9, 

1.4 Hz, 1H), 7.62–7.58 (m, 2H), 7.46–7.29 (m, 7H), 6.98 (d, J = 8.9 Hz, 2H), 5.12 (s, 2H), 3.88 (s, 

3H). 19F NMR (376 MHz, CDCl3) δ -62.76 (s, 3F), -90.09 (s, 2F). 13C NMR (101 MHz, CDCl3) 

δ 162.3, 160.9 (t, J = 31.6 Hz), 159.1, 159.0, 153.0, 138.1 (t, J = 26.4 Hz), 135.8, 134.3, 132.2 (q, 

J = 32.9 Hz), 130.4, 129.9, 129.6, 128.9, 128.5, 127.7, 127.6, 125.5 (t, J = 5.1 Hz), 123.7 (q, J = 

272.6 Hz), 120.01 (t, J = 246.2 Hz), 119.5, 116.6 (t, J = 6.1 Hz), 116.2 (m), 114.2, 113.8 (m), 70.8, 

55.5. IR (neat): 3073, 2937, 2842, 1603, 1573, 1548, 1453, 1360, 1249, 1165, 1127, 1030, 845, 

765, 723 cm-1. HRMS (DART) [M+H]+ calcd. for [C30H22F5N2O2]+ 537.1596, 537.1603 found. 

Melting Point: 103-106 °C.  

 

 

1-(benzyloxy)-3-(1,1-difluoroethyl)-5-(trifluoromethyl)benzene (3-43). 

The General Procedure 5 (GP5) was followed with ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 mmol, 

TMS

F F
F3C

OBn

(1 equiv)

NMP, rt, 20 h

Me

F F
CsF (1.5 equiv)

18-crown-6 (1.5 equiv)
F3C

OBn

92% yield

+
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F F
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1.0 equiv), iodomethane (62.3 µL, 1.0 mmol, 5.0 equiv), 18-crown-6 (79.3 mg, 0.3 mmol, 1.5 

equiv), anhydrous N-methyl-2-pyrrolidinone (0.8 mL). and cesium fluoride (45.6 mg, 0.3 mmol, 

1.5 equiv). Purification via silica gel column chromatography (100% hexanes) provided the 

product as a clear oil (58.4 mg, 0.18 mmol, 92% yield). 1H NMR (400 MHz, CDCl3) δ 7.48–7.38 

(m, 6H), 7.32–7.29 (m, 2H), 5.13 (s, 2H), 1.94 (t, J = 18.2 Hz, 3H). 19F NMR (376 MHz, CDCl3) 

δ -62.83 (s, 3F), -88.20 (q, J = 18.2 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.3, 140.8 (t, J = 

27.4 Hz), 135.9, 132.5 (q, J = 32.8 Hz), 128.9, 128.6, 127.8, 123.7 (q, J = 272.7 Hz), 121.1 (t, J = 

240.2 Hz), 115.0 (t, J = 6.1 Hz), 114.2 (td, J = 6.3, 3.0 Hz), 113.1 (m), 70.7, 26.0 (t, J = 29.5 Hz). 

IR (neat): 3068, 3035, 3006, 2876, 1607, 1458, 1358, 1263, 1123, 1025, 695 cm-1. GC-MS (EI) 

M+ calcd. for [C16H13F5NO]+ 316.09, 316.10 found.  

 

 

1-(benzyloxy)-3-(1,1-difluoroethyl-2,2,2-d3)-5-(trifluoromethyl)benzene 

(3-44). The General Procedure 5 (GP5) was followed with ((3-(benzyloxy)-

5-(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 

mmol, 1.0 equiv), iodomethane-d3 (62.2 µL, 1.0 mmol, 5.0 equiv), 18-crown-6 (79.3 mg, 0.3 

mmol, 1.5 equiv), anhydrous N-methyl-2-pyrrolidinone (0.8 mL), and cesium fluoride (45.6 mg, 

0.3 mmol, 1.5 equiv). Purification via silica gel column chromatography (100% hexanes) provided 

the product as a clear oil (53.0 mg, 0.17 mmol, 83% yield). 1H NMR (400 MHz, CDCl3) δ 7.47–

7.38 (m, 6H), 7.31–7.29 (m, 2H), 5.13 (s, 2H). 19F NMR (376 MHz, CDCl3) δ -62.83 (s, 3F), -

88.60 (s, 2F). 13C NMR (101 MHz, CDCl3) δ 159.3, 140.8 (t, J = 27.4 Hz), 135.9, 132.5 (q, J = 

32.8 Hz), 128.9, 128.6, 127.8, 123.7 (q, J = 272.6 Hz), 121.1 (t, J = 240.2 Hz), 115.0 (t, J = 6.2 

TMS

F F
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(1 equiv)

NMP, rt, 20 h
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CsF (1.5 equiv)
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F F
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Hz), 114.2 (m), 113.1 (m), 70.7. (Note: The CD3 carbon is not clearly visible in 13C NMR, a small 

blip can be seen on the baseline at 25.0 ppm—we hypothesize that this is due to effects arising 

from the neighboring 2H and 19F atoms). IR (neat): 3067, 3036, 2877, 1607, 1454, 1359, 1259, 

1169, 1119, 1012, 868, 736 cm-1. GC-MS (EI) M+ calcd. for [C16H10D3F5O]+ 319.11, 319.10 

found. 2H NMR (62 MHz, CHCl3): δ 1.96 (br s, >2.95D). 

 

 

1-(benzyloxy)-3-(1,1-difluoroethyl-2-13C)-5-(trifluoromethyl)benzene 

(3-45). The General Procedure 5 (GP5) was followed with ((3-(benzyloxy)-

5-(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 

mmol, 1.0 equiv), iodomethane-13C (62.4 µL, 1.0 mmol, 5.0 equiv), 18-crown-6 (79.3 mg, 0.3 

mmol, 1.5 equiv), anhydrous N-methyl-2-pyrrolidinone (0.8 mL), and cesium fluoride (45.6 mg, 

0.3 mmol, 1.5 equiv). Purification via silica gel column chromatography (100% hexanes) provided 

the product as a clear oil (60.4 mg, 0.19 mmol, 95% yield). 1H NMR (400 MHz, CDCl3) δ 7.48–

7.37 (m, 6H), 7.32–7.30 (m, 2H), 5.13 (s, 2H), 1.94 (dt, J = 129.2, 18.2 Hz, 3H). 19F NMR (376 

MHz, CDCl3) δ -62.80 (s, 3F), -88.19 (dq, J = 29.4, 18.3 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 

159.3, 140.8 (td, J = 27.4, 4.1 Hz), 135.9, 132.5 (q, J = 32.8 Hz), 128.9, 128.6, 127.8, 123.7 (q, J 

= 272.6 Hz), 121.11 (td, J = 240.2, 48.2 Hz), 115.0 (t, J = 6.1 Hz), 114.2 (td, J = 6.2, 3.5 Hz), 

113.1 (m), 70.7, 26.0 (t, J = 29.4 Hz), 23.9, 15.3. IR (neat): 3068, 2995, 2936, 1607, 1457, 1357, 

1261, 1123, 1024, 880, 708 cm-1. GC-MS (EI) M+ calcd. for [C15
13CH13F5NO]+ 317.09, 317.10 

found. 
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1-(benzyloxy)-3-(1,1-difluoropropyl)-5-(trifluoromethyl)benzene (3-

46). The General Procedure 5 (GP5) was followed with ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 

mmol, 1.0 equiv), iodoethane (80.4 µL, 1.0 mmol, 5.0 equiv), 18-crown-6 (79.3 mg, 0.3 mmol, 1.5 

equiv), anhydrous N-methyl-2-pyrrolidinone (0.8 mL), and cesium fluoride (45.6 mg, 0.3 mmol, 

1.5 equiv). Analysis of the crude reaction mixture was carried out by quenching the reaction with 

CDCl3 (0.5 mL), addition of dibromomethane internal standard (100.0 µL of 2.0 M stock solution 

in CDCl3), and analysis of an aliquot of the reaction mixture via 1H NMR. Referenced to the 

dibromomethane internal standard (singlet at 4.93 ppm), the product signal (quartet at 3.47 ppm) 

provided an 1H NMR yield of 72%. Purification via silica gel column chromatography (100% 

hexanes) provided the product as a clear oil (27.6 mg, 0.084 mmol, 42% isolated yield). [Note: A 

lower isolated yield compared to the 1H NMR yield is due to coelution of protodesilylation side 

product (16% 1H NMR yield, triplet at 6.64 ppm) in some fractions, which were discarded.] 1H 

NMR (400 MHz, CDCl3) δ 7.40–7.26 (m, 6H), 7.22–7.18 (m, 2H), 5.06 (s, 2H), 2.08 (tq, J = 15.6, 

7.5 Hz, 2H), 0.93 (t, J = 7.5 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -62.82 (s, 3F), -97.89 (t, J = 

16.2 Hz, 2F). 13C NMR (101 MHz, CDCl3) δ 159.2, 140.0 (t, J = 27.6 Hz), 135.9, 132.4 (q, J = 

32.8 Hz), 128.9, 128.6, 127.8, 123.9 (q, J = 243.3) 122.4 (t, J = 272.5 Hz), 115.4 (t, J = 6.3 Hz), 

114.6 (td, J = 6.3, 3.6 Hz), 113.0 (m), 70.7, 32.3 (t, J = 27.9 Hz), 6.9 (t, J = 5.0 Hz). IR (neat): 

3035, 2984, 2939, 1606, 1454, 1346, 1246, 1168, 1125, 987, 866, 696 cm-1. GC-MS (EI) M+ 

calcd. for [C17H15F5O]+ 330.10, 330.10 found. 

(5 equiv)
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1-(benzyloxy)-3-(perfluoroethyl)-5-(trifluoromethyl)benzene (3-47). 

The General Procedure 5 (GP5) was followed with ((3-(benzyloxy)-5-

(trifluoromethyl)phenyl)difluoromethyl)trimethylsilane (74.9 mg, 0.2 

mmol, 1.0 equiv), 1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one (Togni II, 316.0 mg, 1.0 mmol, 

5.0 equiv), 18-crown-6 (79.3 mg, 0.3 mmol, 1.5 equiv), anhydrous N-methyl-2-pyrrolidinone (0.8 

mL), and cesium fluoride (45.6 mg, 0.3 mmol, 1.5 equiv). Purification via silica gel column 

chromatography (100% hexanes) provided the product as a clear oil (16.4 mg, 0.068 mmol, 31% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.47–7.38 (m, 8H), 5.15 (s, 2H). 19F NMR (376 MHz, 

CDCl3) δ -63.05 (s, 3F), -84.63 (s, 3F), -114.98 (s, 2F) 13C NMR (101 MHz, CDCl3) δ 159.4, 

135.4, 133.1 (q, J = 33.4 Hz), 131.3 (t, J = 24.7 Hz), 129.0, 128.8, 127.9, 123.3 (q, J = 272.7 Hz), 

119.0 (qt, J = 286.0, 38.8 Hz), 116.8 (t, J = 6.6 Hz), 115.8 (m), 115.4 (m), 112.8 (tq, J = 254.7, 

38.5 Hz), 71.0. IR (neat): 2918, 2850, 1609, 1456, 1362, 1259, 1174, 1112, 1607, 998, 867, 739, 

693 cm-1. GC-MS (EI) M+ calcd. for [C16H10F8O]+ 370.06, 370.10 found. 

A1.10 C–H Functionalization of a Difluoromethylarene 
 

 
 

4-(2,2-difluoro-2-(3-(trifluoromethyl)phenyl)-1-

((trimethylsilyl)oxy)ethyl)morpholine (3-49). In a nitrogen-filled 

glovebox, to an oven-dried 2-dram glass vial charged with a Teflon-

(5 equiv)
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coated stir bar, was added 1-(difluoromethyl)-3-(trifluoromethyl)benzene (196.1 mg, 1.0 mmol, 1 

equiv), 18-crown-6 (105.7 mg, 0.4 mmol, 0.4 equiv), cesium formate (35.6 mg, 0.2 mmol, 0.2 

equiv), 4-formylmorpholine/benzotrifluoride (1:1 ratio, 4.0 mL), and tris(trimethylsilyl)silane 

(746.0 mg, 3.0 mmol, 3 equiv). The vial was then capped, removed from glovebox, and placed on 

a stir plate and stirred at rt. After 20 h, the reaction mixture was diluted with ethyl acetate (12 mL) 

and washed with distilled water (3 x 6 mL) [Caution: add water slowly due to vigorous gas 

evolution] then brine (8 mL), dried over anhydrous sodium sulfate, filtered, and concentrated in 

vacuo. Purification via silica gel column chromatography (1% triethylamine and 5% ethyl acetate 

in hexanes) provided the product as a pale-yellow oil (156.4 mg, 0.43 mmol, 42% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.79 (s, 1H), 7.68 (d, J = 7.9 Hz, 2 H), 7.52 (t, J = 7.8 Hz, 2H), 4.35 (dd, J = 

10.1, 7.0 Hz, 1H), 3.58–3.55 (m, 4H), 2.60–2.57 (m, 4H), 0.10 (s, 9H). 19F NMR (376 MHz, 

CDCl3) δ -62.85 (s, 3F), -105.38 (d, J = 249.0 Hz, 1F), -108.00 (d, J = 249.1 Hz, 1F). 13C NMR 

(101 MHz, CDCl3) δ 136.3 (t, J = 26.5 Hz), 130.6 (q, J = 32.8 Hz), 129.8 (t, J = 6.3 Hz), 128.6, 

126.7–126.6 (m), 124.0 (q, J = 272.2 Hz), 123.9 (td, J = 6.6, 3.4 Hz), 120.0 (t, J = 249.9 Hz), 89.4 

(t, J = 31.8 Hz), 67.3, 49.1, 1.8, -0.1. IR (neat): 3036.18, 2958.48, 2854.29, 1607.36, 1453.55, 

1354.75, 1249.73, 1128.88, 1306.75, 841.83, 754.40, 695.80 cm-1. GC-MS (EI) M+ calcd. for 

[C16H22F5NO2Si]+ 383.13, 383.10 found. 

 

A1.11 Preparation and characterization of starting materials 

 

Discussion: All substrates that are not described below were purchased and used as received. All 

non-commercial substrates and reagents used are described below.  

 



 141 

 

1-(benzyloxy)-3,5-bis(trifluoromethyl)benzene (A1-2). To an oven-dried 

round bottom flask charged with a Teflon-coated stir bar was added 3,5-

bis(trifluoromethyl)phenol (5.8 mL, 32.6 mmol, 1.02 equiv), benzyl bromide 

(6.0 mL, 32 mmol, 1 equiv), acetone (150 mL), and potassium carbonate (13.3g, 96 mmol, 3 

equiv). A reflux condensor fitted with a rubber septum and a nitrogen-filled balloon were then 

placed onto the flask, and the reaction mixture was placed into a preheated oil bath at 70 °C and 

stirred under reflux. After 24 h, the flask was removed from the oil bath and the solution was 

allowed to cool to rt. The reaction mixture was filtered and concentrated in vacuo. Silica gel 

column chromatography (5-10% ethyl acetate in hexanes) provided the product as a white solid 

(9.99 g, 31 mmol, 97% yield). 1H NMR (400 MHz, CDCl3) δ 7.48 (br s, 1H), 7.46–7.33 (m, 7H), 

5.09 (s, 2H). Melting Point: 31-32 ºC. The spectroscopic data matches a previous report.[9] 

 

 

N-allyl-N-phenyl-3,5-bis(trifluoromethyl)aniline (A1-3). To an oven-dried 

round bottom flask charged with a Teflon-coated stir bar was added N-phenyl-

3,5-bis(trifluoromethyl)aniline (3.1 mL, 10 mmol, 1.0 equiv), allyl chloride 

(2.4 mL, 30 mmol, 3 equiv), and tetrahydrofuran (40 mL). The flask was capped with a septum 

and a nitrogen-filled balloon was inserted, then the flask was placed into a 0 °C ice-bath and stirred 

for 15 min. The septum was then removed and sodium hydride (60% in mineral oil, 0.52g, 13 

+
K2CO3 (3 equiv)

acetone, reflux, 24 h

(1 equiv) 97% yield(1.02 equiv)

BnBr

CF3F3C

OH

CF3F3C

OBn

+

NaH (1.3 equiv)

THF, 0 °C to rt, 18 h

(3 equiv) 94% yield(1 equiv)

CF3F3C

NH
Ph

CF3F3C

N
Ph

Cl

CF3F3C

OBn
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N
Ph



 142 

mmol, 1.3 equiv) was added portion-wise and the septum was placed onto the flask again. The 

reaction mixture was stirred and allowed to warm to rt overnight. After 18 h, the reaction mixture 

was diluted with ethyl acetate (100 mL), washed with water (60 mL) and brine (40 mL), then dried 

over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Silica gel column 

chromatography (5% ethyl acetate in hexanes) provided the product as a yellow oil (3.24 g, 9.4 

mmol, 94% yield). 1H NMR (400 MHz, CDCl3) δ 7.43 (t, J = 7.8 Hz, 2H), 7.27–7.23 (m, 4H), 

7.18 (s, 2H), 5.93 (ddt, J = 17.3, 10.0, 4.8 Hz, 1H), 5.32 (dd, J = 17.2, 1.9 Hz, 1H), 5.27 (dd, J = 

10.4, 1.7 Hz, 1H), 4.40 (dd, J = 4.7, 2.2 Hz, 2H). The spectroscopic data matches a previous 

report.[10] 

 

 

N,N-dimethyl-3-(trifluoromethyl)benzenesulfonamide (A1-4). To an oven-

dried round bottom flask charged with a Teflon-coated stir bar was added 3-

(trifluoromethyl)benzenesulfonyl chloride (3.2 mL, 20 mmol, 1 equiv), 

dimethylamine hydrochloride (2.4 g, 30 mmol, 1.5 equiv), and dichloromethane (40 mL). A rubber 

septum with a nitrogen-filled balloon was placed onto the flask and the flask was placed into a 0 

°C ice-bath and stirred for 15 min. Triethylamine (8.3 mL, 60 mmol, 3 equiv) was then added 

slowly through the septum via syringe. The reaction solution was stirred and allowed to warm to 

rt overnight. After 16 h, the reaction mixture was diluted with water (50 mL) and the organic layer 

was seperated. The aqueous layer was extracted with dichloromethane (3 x 15 mL). The combined 

organic layers were washed with saturated aq. ammonium chloride (40 mL), then brine (40 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Silica gel column 

+
NEt3 (3 equiv)

CH2Cl2, 0-23 °C, 16 h

(1.5 equiv) 80% yield(1 equiv)

CF3S
Me2N

O O
CF3S

Cl

O O

HNMe2·HCl

CF3S
Me2N

O O
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chromatography (10% ethyl acetate in hexanes) provided the product as clear oil (4.05 g, 16 mmol, 

80% yield). 1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.86 (d, J = 7.9 

Hz, 1H), 7.71 (t, J = 7.9 Hz, 1H), 2.73 (s, 6H). The spectroscopic data matches a previous report.[11] 

 

 

diethyl (3-(trifluoromethyl)phenyl)phosphonate (A1-5). This procedure 

was adapted from a previous report.[12] To an oven-dried round bottom flask 

charged with a Teflon-coated stir bar was added diethyl (3-

iodophenyl)phosphonate (0.72 g, 5 mmol, 1 equiv), diethyl phosphonate (1.29 mL, 10 mmol, 2 

equiv), tetrabutylammonium iodide (0.92 g, 2.5 mmol, 0.5 equiv), and sodium tert-butoxide (0.96 

g, 10 mmon, 2 equiv). A rubber septum was placed onto the flask, the flask was attached to a 

Schlenk manifold, and placed under vacuum and filled with nitrogen (this operation was repeated 

three times). Acetonitrile (50 mL) was then added through the septum via syringe and the reaction 

solution was sparged with nitrogen for 15 min. The reaction mixture was then irradiated with blue 

LEDs (Product Code: CL-FRS5050WPDD-5M-12V-BL from www.creativelightings.com) placed 

around the flask at a distance of about 4 cm with a small fan to provide air circulation while stirring. 

After 24 h, the reaction mixture was diluted with ethyl acetate (50 mL), pushed through a plug of 

celite, and concentrated in vacuo. Silica gel column chromatography (30-50% ethyl acetate in 

hexanes) provided the product as a pale-yellow oil (0.92 g, 3.3 mmol, 65% yield). 1H NMR (400 

MHz, CDCl3) δ 8.03 (d, J = 13.7 1H), 7.96 (dd, J = 13.1, 7.6 Hz, 1H), 7.76 (d, J = 7.9 Hz, 1H), 

7.61 (td, J = 7.8, 3.8, Hz, 1H), 4.19–4.02 (m, 4H), 1.30 (t, J = 7.1, 6H). The spectroscopic data 

matches a previous report.[12] 

+

NBu4I (0.5 equiv)
NaO-t-Bu (2 equiv)

MeCN, rt, 24 h
blue LED

(2 equiv) 65% yield(1 equiv)

CF3I CF3PEtO

O
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2-(benzylthio)-3-(trifluoromethyl)pyridine (A1-6). To an oven-dried round 

bottom flask charged with a Teflon-coated stir bar was added 2-bromo-3-

(trifluoromethyl)pyridine (3.39 g, 15 mmol, 1 equiv), phenylmethanethiol (2.1 mL, 18 mmol, 1.2 

equiv), and dry N,N-dimethylformamide (50 mL). The reaction mixture was cooled to 0 °C in an 

ice bath then sodium hydride (60% in mineral oil, 1.20 g, 30 mmol, 2 equiv) was added 

portionwise. A rubber septum and nitrogen-filled balloon were then placed onto the flask, and the 

reaction mixture was stirred at 0 °C for 10 min, then the flask was placed into a preheated oil bath 

at 80 °C with stirring. After 24 h, the flask was removed from the oil bath and allowed to cool to 

rt. The reaction mixture was diluted with ethyl acetate (150 mL) and washed with 1 M aq. sodium 

hydroxide (40 mL), water (3 x 40 mL), and brine (80 mL), then dried over anhydrous sodium 

sulfate, filtered, and concentrated in vacuo. Silica gel column chromatography (5-10% ethyl 

acetate in hexanes) provided the product as a yellow oil (3.16 g, 12 mmol, 78% yield). 1H NMR 

(400 MHz, CDCl3) δ 8.42 (dd, J = 5.0, 1.6 Hz, 1H), 7.63 (dd, J = 7.8, 1.7 Hz), 7.30 (d, J = 7.2 Hz, 

2H), 7.17 (t, J = 7.4 Hz, 2H), 7.12–7.07 (m, 1H), 6.90 (dd, J = 7.9, 4.9 Hz, 1H), 4.40 (s, 2H). 19F 

NMR (376 MHz, CDCl3) δ -63.22 (s, 3F). 13C NMR (101 MHz, CDCl3) δ 158.1, 151.5 (d, J = 1.6 

Hz), 137.2, 134.3 (q, J = 5.2 Hz), 129.3, 128.6, 127.6, 123.5 (q, J = 273.2 Hz), 123.4 (q, J = 32.7 

Hz), 118.5, 34.6 (d, J = 1.5 Hz). IR (neat): 3062, 3029, 1583, 1559, 1403, 1314, 1236, 1165, 1126, 

1110, 1026, 803, 715 cm-1. GC-MS (EI) M+ calcd. for [C13H10F3NS]+ 269.05, 269.10 found. 

 

+
NaH (2 equiv)

DMF, 0 to 80 °C, 24 h

(1.2 equiv) 78% yield(1 equiv)

N

CF3

N
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N-methyl-N-phenyl-5-(trifluoromethyl)pyridin-3-amine (A1-7). In a 

nitrogen-filled glovebox, to an oven-dried round bottom flask charged with a 

Teflon-coated stir bar was added 3-bromo-5-(trifluoromethyl)pyridine (3.11 

g, 13.7 mmol, 1 equiv), N-methylaniline (3.58 mL, 33.0 mmol, 2.4 equiv), palladium(II) acetate 

(185 mg, 0.83 mmol, 0.06 equiv), (±)-2,2′-bis(diphenylphosphino)-1,1′-binaphthalene (547 mg, 

0.83 mmol, 0.06 equiv), cesium carbonate (15.3 g, 46.6 mmol, 3.4 equiv), and toluene (50 mL). 

The flask was capped with a rubber septum, removed from the glovebox, placed into a preheated 

oil bath at 90 °C, and a nitrogen-filled balloon was inserted. After 21 h, the flask was removed 

from the oil bath and allowed to cool to rt. The reaction mixture was diluted with water (50 mL) 

and the organic layer was separated. The aqeuous layer was then extracted with ethyl acetate (3 x 

30 mL). The combined organic layers were washed with brine (80 mL), dried over anhydrous 

sodium sulfate, filtered, and concentrated in vacuo. Silica gel column chromatography (3-8% ethyl 

acetate in hexanes) provided the product as a yellow oil (2.07 g, 8.2 mmol, 60% yield). 1H NMR 

(400 MHz, CDCl3) δ 8.26 (d, J = 2.8 Hz, 1H), 8.20 (d, J = 1.8 Hz, 1H), 7.32 (t, J = 8.8 Hz, 2H), 

7.17–7.08 (m, 4 H), 3.27 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -62.57 (s, 3F). 13C NMR (101 

MHz, CDCl3) δ 146.8, 144.9, 141.1 (d, J = 3.8 Hz), 135.8 (q, J = 4.2 Hz), 130.2, 126.6 (q, J = 32.1 

Hz), 125.7, 125.0, 123.8 (q, J = 272.8 Hz),117.7 (q, J = 3.8 Hz), 40.1. IR (neat): 3059, 2886, 

2822, 1692, 1602, 1495, 1358, 1122, 1076, 918, 867, 698 cm-1. GC-MS (EI) M+ calcd. for 

[C13H11F3N2]+ 252.09, 252.05 found.  

 

+

Pd(OAc)2 (6 mol%)
rac-BINAP (6 mol%)

Cs2CO3 (3.4 equiv)
PhMe, 90 °C, 21 h
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 (2R,3S)-4-benzyl-2-((R)-1-(3,5-

bis(trifluoromethyl)phenyl)ethoxy)-3-(4-

fluorophenyl)morpholine (A1-8). To an oven-dried round bottom 

flask charged with a Teflon-coated stir bar was added (2R,3S)-2-((R)-1-(3,5-

bis(trifluoromethyl)phenyl)ethoxy)-3-(4-fluorophenyl)morpho-line 4-methylbenzenesulfonate 

(2.95 g, 4.8 mmol, 1.0 equiv), benzyl bromide (0.80 mL, 6.7 mmol, 1.4 equiv), dimethylsulfoxide 

(20 mL), and potassium carbonate (1.66 g, 12 mmol, 2.5 equiv). The flask was capped with a 

rubber septum, a nitrogen-filled balloon was inserted, and the reaction mixture was stirred at rt. 

After 21 h, the reaction mixture was diluted with water (30 mL), and washed with ethyl acetate (3 

x 50 mL). The combined organic layers were then washed with brine (60 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. Silica gel column chromatography 

(1% triethylamine and 10% diethyl ether in hexanes) provided the product as a clear, viscous resin-

like substance (2.14 g, 4.1 mmol, 85% yield). 1H NMR (400 MHz, CDCl3) δ 7.63 (s, 1H), 7.46 

(br s, 2H), 7.32–7.21 (m, 5H), 7.14 (s, 2H), 7.04 (t, J = 8.6 Hz, 2H), 4.85 (q, J = 6.6 Hz, 1H), 4.33 

(d, J = 2.9 Hz, 1H), 4.22 (td, J = 11.6, 2.4 Hz, 1H), 3.80 (d, J = 13.5 Hz, 1H), 3.57 (dd, J = 11.1, 

3.6, 1.6 Hz, 1H), 3.42 (d, J = 3.0 Hz, 1H), 2.83 (d, J = 13.5 Hz, 2H), 2.33 (td, J = 11.9, 3.5 Hz, 

1H), 1.44 (d, J = 6.6 Hz, 3H). The spectroscopic data matches a previous report.[11] 
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N-methyl-N-(3-phenyl-3-(4-

(trifluoromethyl)phenoxy)propyl)-6-

(trifluoromethyl)pyrimidin-4-amine (A1-9). To an oven-

dried round bottom flask charged with a Teflon-coated stir bar was added 4-chloro-6-

(trifluoromethyl)pyrimidine (0.92 g, 5.05 mmol, 1.05 equiv), fluoxetine hydrochloride (1.73 g, 5 

mmol, 1 equiv), triethylamine (2.1 mL, 15 mmol, 3 equiv), and N,N-dimethylformamide (20 mL). 

A rubber septum and a nitrogen-filled balloon were placed onto the flask, then the flask was placed 

into a preheated oil bath at 80 °C with stirring. After 22 h, the reaction mixture was cooled to rt, 

diluted with ethyl acetate (100 mL), washed with water (5 x 20 mL), then brine (40 mL), dried 

over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Silica gel column 

chromatography (10% ethyl acetate in hexanes) provided the product as slightly pink, viscous oil 

(2.1 g, 4.6 mmol, 92% yield). 1H NMR (400 MHz, CDCl3) δ 8.55 (br s, 1H), 7.39 (d, J = 8.6 Hz, 

2H), 7.32–7.22 (m, 5H), 6.84 (d, J = 8.6 Hz, 2H), 6.64 (br s, 1H), 5.18 (dd, J = 8.5, 4.1 Hz, 1H), 

3.87 (br s, 2H), 3.06 (br s, 3H), 2.28–2.13 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -61.58 (s, 3F), 

-70.64 (s, 3F). 13C NMR (101 MHz, CDCl3) δ 162.1, 160.2, 158.8, 154.2 (q, J = 34.5 Hz), 140.3, 

129.1, 128.3, 126.9 (q, J = 3.8 Hz), 125.7, 125.4, 124.4 (q, J = 271.2 Hz), 123.3, 121.1 (q, J = 

274.7 Hz), 115.7, 98.7 (q, J = 3.4 Hz), 77.9, 46.7, 36.1. IR (neat): 3030, 2927, 1604, 1513, 1319, 

1248, 1105, 1064, 833, 701 cm-1. HRMS (DART) [M+H]+ calcd. for [C22H20F6N3O]+ 456.1505, 

456.1533 found. 
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1-(3,5-bis(trifluoromethyl)benzyl)-7-(4-(4-(2,3-

dichlorophenyl)piperazin-1-yl)butoxy)-3,4-

dihydroquinolin-2(1H)-one (A1-10). To an oven-dried round 

bottom flask charged with a Teflon-coated stir bar was added 

aripriprazole (2.24 g, 5.0 mmol, 1 equiv), 1-(bromomethyl)-3,5-bis(trifluoromethyl)benzene (1.37 

mL, 7.5 mmol, 1.5 equiv), and dry N,N-dimethylformamide (50 mL). The reaction mixture was 

cooled to 0 °C in an ice bath and then sodium hydride (60% in mineral oil, 0.36 g, 9.0 mmol, 1.8 

equiv) was added portionwise. A rubber septum and nitrogen-filled balloon were then placed onto 

the flask, and the reaction mixture was stirred at 0 °C for 30 min, then the flask was allowed to 

warm slowly to rt with stirring. After 24 h, the reaction mixture was diluted with ethyl acetate (150 

mL) and washed with water (5 x 50 mL) and brine (80 mL), then dried over anhydrous sodium 

sulfate, filtered, and concentrated in vacuo. Silica gel column chromatography (5-10% ethyl 

acetate in hexanes) provided the product as a pale-yellow solid (3.16 g, 3.9 mmol 78% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.77 (s, 1H), 7.67 (s, 2H), 7.15–7.08 (m, 3H), 6.96–6.92 (m, 1H), 6.54 

(dd, J = 8.3, 2.3 Hz, 1H), 6.34 (d, J = 2.3 Hz, 1H), 5.23 (s, 2H), 3.87 (t, J = 6.3 Hz, 2H), 3.05 (br 

s, 4H), 2.92 (dd, J = 8.7, 5.7 Hz, 2H), 2.78 (dd, J = 8.8, 5.7 Hz, 2H), 2.62 (br s, 4H), 2.46–2.42 (m, 

2H), 1.79–1.60 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -62.81 (s, 6F). 13C NMR (101 MHz, 

CDCl3) δ 170.8, 158.7, 151.3, 140.3, 140.2, 134.1, 132.1 (q, J = 33.4 Hz), 128.9, 127.54, 127.52, 

126.9 (m), 124.6, 123.3 (q, J = 272.9 Hz), 121.5 (p, J = 3.9 Hz), 118.7, 118.5, 108.1, 103.1, 68.0, 

58.1, 53.3, 51.3, 45.8, 32.2, 27.2, 24.7, 23.4. IR (neat): 3060, 2942, 2815, 1678, 1616, 1512, 1446, 

1348, 1281, 1164, 1118, 968, 777 cm-1. HRMS (DART) [M+H]+ calcd. for [C32H32Cl2F6N3O2]+ 

674.1770, 674.1770 found. Melting Point: 119-123 ºC. 
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3-methyl-1-phenyl-8-(7-(trifluoromethyl)quinolin-4-yl)-1,3,8-triazaspiro[4.5]decan-4-one 

(A1-11).  

Step 1: To an oven-dried round bottom flask charged with a Teflon-

coated stir bar was added 4-chloro-7-(trifluoromethyl)quinoline (1.39 

g, 6.0 mmol, 1.2 equiv), 1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one 

(1.16 g, 5.0 mmol, 1 equiv), triethylamine (1.4 mL, 10 mmol, 2 equiv), 

and dimethylsulfoxide (10 mL). The flask was capped with a rubber septum and nitrogen-filled 

balloon, and placed into a preheated oil bath at 120 °C with stirring. After 24 h, the reaction mixture 

was cooled to rt, transferred to a separatory funnel, diluted with ethyl acetate (30 mL), and washed 

with water (5 x 10 mL) and brine (20 mL), then dried over anhydrous sodium sulfate, filtered, and 

concentrated in vacuo. Purification via silica gel column chromatography (100% ethyl acetate) 

provided 1-phenyl-8-(7-(trifluoromethyl)quinolin-4-yl)-1,3,8-triazaspiro[4.5]decan-4-one as an 

off-white solid (1.23 g, 2.9 mmol, 58% yield). 1H NMR (400 MHz, CDCl3) δ 8.81 (d, J = 5.1 Hz, 

1H), 8.40 (s, 1H), 8.15 (d, J = 8.8 Hz, 1H), 7.69 (dd, J = 8.8, 1.9 Hz, 1H), 7.35 (dd, J = 8.7, 7.3 

Hz, 2H), 7.03–6.93 (m, 4H), 6.48 (bs, 1H), 4.84 (s, 2H), 3.79 (t, J = 12.2 Hz, 2H), 3.61 (d, J = 12.2 

Hz, 2H), 2.99 (td, J = 13.2, 5.2 Hz, 2H), 1.97 (d, J = 13.8 Hz). 
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Step 2: To an oven-dried round bottom flask charged with a Teflon-

coated stir bar was added 1-phenyl-8-(7-(trifluoromethyl)quinolin-4-

yl)-1,3,8-triazaspiro[4.5]decan-4-one (600 mg, 1.4 mmol, 1 equiv), 

iodomethane (0.27 mL, 4.3 mmol, 3 equiv), and tetrahydrofuran (10 

mL). The reaction flask was capped with a rubber septum and a nitrogen-filled balloon, and placed 

into a 0 °C ice-bath with stirring. The septum was removed and sodium hydride (60% in mineral 

oil, 88.0 mg, 2.2 mmol, 1.5 equiv) was added in one portion and the septum was placed back onto 

the flask. The reaction mixture was stirred at 0 °C for 30 min, then the ice-bath was removed and 

the reaction mixture was allowed to warm to rt overnight with stirring. After 16 h, the reaction 

mixture was diluted with ethyl acetate (20 mL), washed with water (10 mL) and brine (20 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via silica gel 

column chromatography (80-100% ethyl acetate gradient in hexanes) provided the title compound 

as a pale-yellow solid (550 mg, 1.2 mmol, 89% yield). 1H NMR (400 MHz, CDCl3) δ 8.81 (d, J = 

4.9 Hz, 1H), 8.36 (s, 1H), 8.15 (d, J = 8.7 Hz, 1H), 7.67 (dd, J = 8.8, 2.1 Hz, 1H), 7.34 (t, J = 7.4 

Hz, 1H), 7.01 (d, J = 5.0 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H), 6.91 (t, J = 7.3 Hz, 1H), 4.76 (s, 2H), 

3.80 (td, J = 12.5, 3.0 Hz, 2H), 3.57 (dd, J = 12.5, 4.9 Hz, 2H), 3.05 (s, 3H), 2.99 (td, J = 13.1, 6.8 

Hz, 2H), 1.88 (d, J = 13.8 Hz, 2H). 19F NMR (376 MHz, CDCl3) δ -62.70 (s, 3F). 13C NMR (101 

MHz, CDCl3) δ 174.3, 157.4, 152.3, 148.8, 142.8, 130.9 (q, J = 32.6 Hz), 129.7, 128.0 (q, J = 4.4 

Hz), 125.5, 125.1, 124.1 (q, J = 272.4 Hz), 121.0 (q, J = 3.2 Hz), 119.3, 115.0, 110.7, 65.4, 60.1. 

49.2, 29.6, 27.7. IR (neat): 3051, 2967, 2933, 2868, 1690, 1577, 1510, 1325, 1292, 1161, 1111, 

747, 702 cm-1. HRMS (DART) [M+H]+ calcd. for [C24H24F3N4O]+ 441.1897, 441.1912 found. 

Melting Point: 185-190 ºC. 
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3-(4-((4-chlorophenyl)(pyridin-2-yl)methoxy)piperidin-1-

yl)-6-(trifluoromethyl)pyridazine (A1-12). To an oven-dried 

round bottom flask charged with a Teflon-coated stir bar was 

added 3-chloro-6-(trifluoromethyl)pyridazine (1.00 g, 5.48 

mmol, 1 equiv), dry dimethylsulfoxide (20 mL), and 2-((4-chlorophenyl)(piperidin-4-

yloxy)methyl)pyridine (2.49 g, 8.22 mmol, 1.5 equiv). The flask was fitted with a rubber septum 

and then evacuated and refilled with nitrogen three times on a Schlenk line, and a nitrogen-filled 

balloon was then inserted. Triethylamine (1.2 mL, 8.22 mL, 1.5 equiv) was added through the 

septum and the flask was placed into a preheated oil bath at 120 °C with stirring. After 24 h, the 

reaction mixture was quenched with saturated aq. sodium bicarbonate (5 mL) and diluted with 

ethyl acetate (40 mL) and water (40 mL). The aqeous layer was seperated and washed with ethyl 

acetate (3 x 30 mL). The combined organic layers were washed with brine (50 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification via silica gel column 

chromatography (50-60% ethyl acetate gradient in hexanes) provided the title compound as an off-

white solid (2.44 g, 5.4 mmol, 99% yield). 1H NMR (400 MHz, CDCl3) δ 8.46 (dd, J = 5.0, 1.7 

Hz, 1H), 7.64 (td, J = 7.7, 1.8 Hz, 1H), 7.48 (d, J = 7.9 Hz, 1H), 7.37 (d, J = 9.6 Hz, 1H), 7.34 (d, 

J = 8.3 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 7.12 (dd, J = 7.7, 4.8 Hz, 1H), 6.87 (d, J = 9.6 Hz, 1H), 

5.61 (s, 1H),  4.05–3.96 (m, 2H), 3.74 (tt, J = 7.3, 3.6 Hz, 1H), 3.52 (ddd, J = 13.4, 8.0, 3.7 Hz, 

2H), 1.95–1.85 (m, 2H), 1.81–1.70 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -66.12 (s, 3F). 13C 

NMR (101 MHz, CDCl3) δ 161.7, 160.1, 149.1, 142.4 (q, J = 34.9 Hz), 140.1, 137.1, 133.5, 128.7, 

128.2, 124.6 (q, J = 2.1 Hz), 122.7, 122.3 (q, J = 272.5 Hz), 120.7, 111.3, 81.2, 72.3, 42.2, 42.1, 

+
NEt3 (1.5 equiv)

DMSO, 120 °C, 24 h

(1.5 equiv) 99% yield(1 equiv)
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30.7. IR (neat): 3069, 2935, 2898, 1589, 1489, 1405, 1337, 1179, 1093, 1072, 1022, 839, 789 cm-

1. HRMS (DART) [M+H]+ calcd. for [C22H21ClF3N4O]+ 449.1351, 449.1350 found. Melting 

Point: 128-130 ºC. 
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A1.13 X-ray crystallography experimental procedure and data 
 

Structures were determined for the Compounds 3-6 and 3-38. Single crystals were coated with 

Paratone-N oil and mounted under a cold stream of dinitrogen gas. Single crystal X-ray diffraction 

data were acquired on a Bruker D8 QUEST diffractometer equipped with a Photon50 CMOS 

detector and curved graphite monochromator using Mo Kα radiation (λ = 0.71073 Å). Initial lattice 

parameters were obtained from a least-squares analysis of more than 100 reflections; these 

parameters were later refined against all data. None of the crystals showed significant decay during 

data collection. Data were integrated and corrected for Lorentz and polarization effects using 

Bruker APEX4 software, and semiempirical absorption corrections were applied using SCALE.[13] 

Space group assignments were based on systematic absences, E statistics, and successful 

refinement of the structures. Structures were solved using Direct Methods and were refined with 

the aid of successive Fourier difference maps against all data using the SHELXTL 6.14 software 

package.[14] Thermal parameters for all non-hydrogen atoms were refined anisotropically. All 

hydrogen atoms were assigned to ideal positions and refined using a riding model with an isotropic 

thermal parameter 1.2 times that of the attached carbon atom (1.5 times for methyl hydrogens). 

Selected bond distances and angles for crystals of Compound 3-6 are collected in Table S1-10 

below. Selected bond distances and angles for crystals of Compound 3-38 are collected in Table 

S11-19 below. All other metric parameters can be found in the cif files included with the 

Supporting Information. 

 

[13] Sheldrick, G. M. SADABS – a program for area detector absorption corrections. 

[14] Sheldrick, G, M. SHELXTL, v. 6.14; Bruker AXS: Madison, WI, 1999. 
 
Definitions of R1 and wR2. 

R1 = S ||Fo| – |Fc|| / S |Fo|; wR2 = {S[w(Fo2 – Fc2)2] / S[w(Fo2)2]}1/2 

a. Crystal Structure Report for Compound 3-6 
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A clear colourless, rod-like specimen of C17H28F2N2O4SSi, approximate dimensions 0.054 mm 

x 0.078 mm x 0.124 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured on a Fixed χ Bruker D8 QUEST system equipped with a Siemens KFF 

Mo2K-90 sealed tube (Mo Kα, λ = 0.71073 Å) and a curved graphite monochromator. 

Table S1: Data collection details for Compound 3-6. 

Axis dx/mm 2θ/° ω/° φ/° χ/° Width/° Frames Time/s Wavelength/Å Voltage/kV Current/mA Temperature/K 

Phi 34.993 20.00 -7.44 0.00 54.71 0.50 360 10.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -130.39 -40.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -131.08 120.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -130.39 -120.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -131.08 40.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 11.86 -161.08 180.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -131.08 -160.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 26.86 -146.08 0.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 62.79 50.04 0.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 11.86 -161.08 0.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 26.86 -146.08 180.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -131.08 80.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 29.11 160.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 31.71 -141.23 120.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

Omega 35.693 41.86 -131.08 -80.00 54.71 0.50 319 15.00 0.71076 50 30.0 116 

 
A total of 4826 frames were collected. The total exposure time was 19.61 hours. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a monoclinic unit cell yielded a total of 83054 reflections to a 

maximum θ angle of 26.37° (0.80 Å resolution), of which 4276 were independent (average 

redundancy 19.423, completeness = 99.9%, Rint = 14.84%, Rsig = 4.33%) and 3101 (72.52%) were 
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greater than 2σ(F2). The final cell constants 

of a = 9.5216(6) Å, b = 9.3831(6) Å, c = 23.5240(15) Å, β = 95.734(3)°, volume = 2091.2(2) Å3, 

are based upon the refinement of the XYZ-centroids of 9989 reflections above 20 σ(I) with 4.677° 

< 2θ < 52.08°. Data were corrected for absorption effects using the Multi-Scan method 

(SADABS). The ratio of minimum to maximum apparent transmission was 0.837. The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 0.9690 and 0.9860.  

 

The structure was solved and refined using the Bruker SHELXTL Software Package, using the 

space group P 1 21/n 1, with Z = 4 for the formula unit, C17H28F2N2O4SSi. The final anisotropic 

full-matrix least-squares refinement on F2 with 249 variables converged at R1 = 4.71%, for the 

observed data and wR2 = 13.69% for all data. The goodness-of-fit was 1.047. The largest peak in 

the final difference electron density synthesis was 0.600 e-/Å3 and the largest hole was -0.378 e-

/Å3 with an RMS deviation of 0.075 e-/Å3. On the basis of the final model, the calculated density 

was 1.342 g/cm3 and F(000), 896 e-.  

Table S2. Sample and crystal data for Compound 3-6. 

Identification code jb002r 

Chemical formula C17H28F2N2O4SSi 

Formula weight 422.56 g/mol 

Temperature 116(2) K 

Wavelength 0.71073 Å 

Crystal size 0.054 x 0.078 x 0.124 mm 

Crystal habit clear colourless rod 
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Crystal system monoclinic 

Space group P 1 21/n 1 

Unit cell dimensions a = 9.5216(6) Å α = 90° 

 b = 9.3831(6) Å β = 95.734(3)° 

 c = 23.5240(15) Å γ = 90° 

Volume 2091.2(2) Å3  

Z 4 

Density (calculated) 1.342 g/cm3 

Absorption coefficient 0.254 mm-1 

F(000) 896 

 

Table S3. Data collection and structure refinement for Compound 3-6. 

Diffractometer Fixed χ Bruker D8 QUEST 

Radiation source Siemens KFF Mo2K-90 sealed tube (Mo Kα, λ = 0.71073 Å) 

Theta range for data collection 2.78 to 26.37° 

Index ranges -11<=h<=11, -11<=k<=11, -29<=l<=29 

Reflections collected 83054 

Independent reflections 4276 [R(int) = 0.1484] 

Coverage of independent 

reflections 
99.9% 

Absorption correction Multi-Scan 
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Max. and min. transmission 0.9860 and 0.9690 

Structure solution technique direct methods 

Structure solution program XT, VERSION 2018/2 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2019/1 (Sheldrick, 2019) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4276 / 0 / 249 

Goodness-of-fit on F2 1.047 

Final R indices 3101 data; I>2σ(I) R1 = 0.0471, wR2 = 0.1203 

 all data R1 = 0.0776, wR2 = 0.1369 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0680P)2+2.0964P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.600 and -0.378 eÅ-3 

R.M.S. deviation from mean 0.075 eÅ-3 

 

Table S4. Atomic coordinates and equivalent isotropic atomic 

displacement parameters (Å2) for Compound 3-6. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

S1 0.68750(7) 0.33613(7) 0.44766(3) 0.01839(17) 

Si1 0.17367(8) 0.98143(9) 0.40317(3) 0.0232(2) 
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 x/a y/b z/c U(eq) 

F1 0.21320(18) 0.66055(18) 0.28846(7) 0.0300(4) 

F2 0.19192(17) 0.60405(19) 0.37683(8) 0.0318(4) 

O1 0.7645(2) 0.2105(2) 0.43597(8) 0.0252(5) 

O2 0.6007(2) 0.3366(2) 0.49410(8) 0.0234(4) 

O3 0.2495(2) 0.8928(2) 0.35350(8) 0.0218(4) 

O4 0.6902(2) 0.9757(3) 0.28511(11) 0.0396(6) 

N1 0.8033(2) 0.4643(3) 0.46047(10) 0.0209(5) 

N2 0.4808(2) 0.8172(3) 0.33605(10) 0.0211(5) 

C1 0.5801(3) 0.3813(3) 0.38456(11) 0.0179(6) 

C2 0.4763(3) 0.4839(3) 0.38731(11) 0.0180(5) 

C3 0.3956(3) 0.5246(3) 0.33733(11) 0.0180(5) 

C4 0.4167(3) 0.4591(3) 0.28587(12) 0.0216(6) 

C5 0.5201(3) 0.3557(3) 0.28414(12) 0.0239(6) 

C6 0.6038(3) 0.3169(3) 0.33340(11) 0.0210(6) 

C7 0.2893(3) 0.6429(3) 0.34037(12) 0.0214(6) 

C8 0.3543(3) 0.7851(3) 0.36202(11) 0.0188(6) 

C9 0.0413(3) 0.8679(4) 0.43369(14) 0.0328(7) 

C10 0.3070(3) 0.0426(3) 0.46078(13) 0.0306(7) 

C11 0.0864(5) 0.1338(4) 0.36408(16) 0.0496(11) 

C12 0.4590(3) 0.8647(4) 0.27639(12) 0.0286(7) 
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 x/a y/b z/c U(eq) 

C13 0.5713(3) 0.9203(3) 0.36849(12) 0.0248(6) 

C14 0.6008(4) 0.8777(4) 0.25291(15) 0.0422(9) 

C15 0.7100(3) 0.9309(4) 0.34272(15) 0.0332(7) 

C16 0.9039(3) 0.4834(4) 0.41770(14) 0.0325(7) 

C17 0.7522(3) 0.6011(3) 0.48101(13) 0.0280(7) 

 

Table S5. Bond lengths (Å) for Compound 3-6. 

S1-O1 1.429(2) S1-O2 1.4342(19) 

S1-N1 1.639(2) S1-C1 1.768(3) 

Si1-O3 1.657(2) Si1-C9 1.850(3) 

Si1-C11 1.851(3) Si1-C10 1.853(3) 

F1-C7 1.366(3) F2-C7 1.374(3) 

O3-C8 1.420(3) O4-C15 1.414(4) 

O4-C14 1.419(4) N1-C16 1.468(4) 

N1-C17 1.472(4) N2-C8 1.436(3) 

N2-C13 1.459(4) N2-C12 1.467(4) 

C1-C6 1.385(4) C1-C2 1.386(4) 

C2-C3 1.392(4) C2-H2 0.950000 

C3-C4 1.390(4) C3-C7 1.508(4) 

C4-C5 1.386(4) C4-H4 0.950000 
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C5-C6 1.388(4) C5-H5 0.950000 

C6-H6 0.950000 C7-C8 1.536(4) 

C8-H8 1.000000 C9-H9A 0.980000 

C9-H9B 0.980000 C9-H9C 0.980000 

C10-H10A 0.980000 C10-H10B 0.980000 

C10-H10C 0.980000 C11-H11A 0.980000 

C11-H11B 0.980000 C11-H11C 0.980000 

C12-C14 1.514(4) C12-H12A 0.990000 

C12-H12B 0.990000 C13-C15 1.511(4) 

C13-H13A 0.990000 C13-H13B 0.990000 

C14-H14A 0.990000 C14-H14B 0.990000 

C15-H15A 0.990000 C15-H15B 0.990000 

C16-H16A 0.980000 C16-H16B 0.980000 

C16-H16C 0.980000 C17-H17A 0.980000 

C17-H17B 0.980000 C17-H17C 0.980000 

 

Table S6. Bond angles (°) for Compound 3-6. 

O1-S1-O2 119.65(12) O1-S1-N1 106.99(12) 

O2-S1-N1 106.60(12) O1-S1-C1 107.52(12) 

O2-S1-C1 108.05(12) N1-S1-C1 107.49(12) 
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O3-Si1-C9 110.25(13) O3-Si1-C11 104.05(13) 

C9-Si1-C11 110.38(18) O3-Si1-C10 110.87(13) 

C9-Si1-C10 109.77(15) C11-Si1-C10 111.40(18) 

C8-O3-Si1 127.37(16) C15-O4-C14 109.6(3) 

C16-N1-C17 112.2(2) C16-N1-S1 115.91(19) 

C17-N1-S1 117.55(19) C8-N2-C13 113.1(2) 

C8-N2-C12 115.2(2) C13-N2-C12 108.6(2) 

C6-C1-C2 121.5(2) C6-C1-S1 119.6(2) 

C2-C1-S1 118.9(2) C1-C2-C3 119.2(2) 

C1-C2-H2 120.400000 C3-C2-H2 120.400000 

C4-C3-C2 119.9(2) C4-C3-C7 121.5(2) 

C2-C3-C7 118.6(2) C5-C4-C3 120.0(3) 

C5-C4-H4 120.000000 C3-C4-H4 120.000000 

C4-C5-C6 120.6(3) C4-C5-H5 119.700000 

C6-C5-H5 119.700000 C1-C6-C5 118.8(3) 

C1-C6-H6 120.600000 C5-C6-H6 120.600000 

F1-C7-F2 105.1(2) F1-C7-C3 110.2(2) 

F2-C7-C3 109.4(2) F1-C7-C8 110.5(2) 

F2-C7-C8 107.3(2) C3-C7-C8 113.9(2) 

O3-C8-N2 113.5(2) O3-C8-C7 108.5(2) 

N2-C8-C7 111.6(2) O3-C8-H8 107.700000 
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N2-C8-H8 107.700000 C7-C8-H8 107.700000 

Si1-C9-H9A 109.500000 Si1-C9-H9B 109.500000 

H9A-C9-H9B 109.500000 Si1-C9-H9C 109.500000 

H9A-C9-H9C 109.500000 H9B-C9-H9C 109.500000 

Si1-C10-H10A 109.500000 Si1-C10-H10B 109.500000 

H10A-C10-H10B 109.500000 Si1-C10-H10C 109.500000 

H10A-C10-H10C 109.500000 H10B-C10-H10C 109.500000 

Si1-C11-H11A 109.500000 Si1-C11-H11B 109.500000 

H11A-C11-H11B 109.500000 Si1-C11-H11C 109.500000 

H11A-C11-H11C 109.500000 H11B-C11-H11C 109.500000 

N2-C12-C14 109.1(3) N2-C12-H12A 109.900000 

C14-C12-H12A 109.900000 N2-C12-H12B 109.900000 

C14-C12-H12B 109.900000 H12A-C12-H12B 108.300000 

N2-C13-C15 109.1(2) N2-C13-H13A 109.900000 

C15-C13-H13A 109.900000 N2-C13-H13B 109.900000 

C15-C13-H13B 109.900000 H13A-C13-H13B 108.300000 

O4-C14-C12 111.5(3) O4-C14-H14A 109.300000 

C12-C14-H14A 109.300000 O4-C14-H14B 109.300000 

C12-C14-H14B 109.300000 H14A-C14-H14B 108.000000 

O4-C15-C13 111.5(2) O4-C15-H15A 109.300000 

C13-C15-H15A 109.300000 O4-C15-H15B 109.300000 
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C13-C15-H15B 109.300000 H15A-C15-H15B 108.000000 

N1-C16-H16A 109.500000 N1-C16-H16B 109.500000 

H16A-C16-H16B 109.500000 N1-C16-H16C 109.500000 

H16A-C16-H16C 109.500000 H16B-C16-H16C 109.500000 

N1-C17-H17A 109.500000 N1-C17-H17B 109.500000 

H17A-C17-H17B 109.500000 N1-C17-H17C 109.500000 

H17A-C17-H17C 109.500000 H17B-C17-H17C 109.500000 

 

Table S7. Torsion angles (°) for Compound 3-6. 

C9-Si1-O3-C8 -76.2(2) C11-Si1-O3-C8 165.5(2) 

C10-Si1-O3-C8 45.6(3) O1-S1-N1-C16 51.0(2) 

O2-S1-N1-C16 -179.8(2) C1-S1-N1-C16 -64.2(2) 

O1-S1-N1-C17 -172.3(2) O2-S1-N1-C17 -43.2(2) 

C1-S1-N1-C17 72.4(2) O1-S1-C1-C6 -13.3(3) 

O2-S1-C1-C6 -143.7(2) N1-S1-C1-C6 101.6(2) 

O1-S1-C1-C2 168.5(2) O2-S1-C1-C2 38.1(3) 

N1-S1-C1-C2 -76.6(2) C6-C1-C2-C3 -1.1(4) 

S1-C1-C2-C3 177.1(2) C1-C2-C3-C4 2.1(4) 

C1-C2-C3-C7 -176.2(2) C2-C3-C4-C5 -1.4(4) 

C7-C3-C4-C5 176.8(3) C3-C4-C5-C6 -0.3(4) 
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C2-C1-C6-C5 -0.6(4) S1-C1-C6-C5 -178.8(2) 

C4-C5-C6-C1 1.3(4) C4-C3-C7-F1 6.3(4) 

C2-C3-C7-F1 -175.4(2) C4-C3-C7-F2 121.3(3) 

C2-C3-C7-F2 -60.4(3) C4-C3-C7-C8 -118.6(3) 

C2-C3-C7-C8 59.7(3) Si1-O3-C8-N2 -122.9(2) 

Si1-O3-C8-C7 112.5(2) C13-N2-C8-O3 77.3(3) 

C12-N2-C8-O3 -48.4(3) C13-N2-C8-C7 -159.7(2) 

C12-N2-C8-C7 74.5(3) F1-C7-C8-O3 45.2(3) 

F2-C7-C8-O3 -68.9(3) C3-C7-C8-O3 169.8(2) 

F1-C7-C8-N2 -80.6(3) F2-C7-C8-N2 165.4(2) 

C3-C7-C8-N2 44.1(3) C8-N2-C12-C14 -173.5(3) 

C13-N2-C12-C14 58.5(3) C8-N2-C13-C15 171.8(2) 

C12-N2-C13-C15 -58.9(3) C15-O4-C14-C12 58.5(4) 

N2-C12-C14-O4 -58.9(4) C14-O4-C15-C13 -58.9(3) 

N2-C13-C15-O4 60.0(3)   

 

Table S8. Anisotropic atomic displacement parameters (Å2) for Compound 3-6. 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

S1 0.0212(3) 0.0175(3) 0.0168(3) 0.0010(3) 0.0033(2) 0.0036(3) 
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 U11 U22 U33 U23 U13 U12 

Si1 0.0243(4) 0.0243(4) 0.0213(4) -0.0004(3) 0.0041(3) 0.0079(3) 

F1 0.0244(9) 0.0299(9) 0.0325(9) -0.0054(8) -0.0121(7) 0.0041(7) 

F2 0.0194(9) 0.0295(10) 0.0489(11) 0.0010(8) 0.0147(8) -0.0009(7) 

O1 0.0304(11) 0.0202(10) 0.0250(10) 0.0000(8) 0.0025(9) 0.0090(9) 

O2 0.0280(11) 0.0246(10) 0.0187(9) 0.0036(8) 0.0069(8) 0.0012(9) 

O3 0.0214(10) 0.0224(10) 0.0218(10) 0.0004(8) 0.0025(8) 0.0061(8) 

O4 0.0282(12) 0.0409(13) 0.0524(15) -0.0013(12) 0.0172(11) -0.0060(11) 

N1 0.0177(11) 0.0228(12) 0.0221(12) -0.0022(10) 0.0023(9) 0.0024(10) 

N2 0.0166(12) 0.0241(13) 0.0225(12) -0.0020(10) 0.0014(9) 0.0015(10) 

C1 0.0214(14) 0.0162(13) 0.0162(13) 0.0015(10) 0.0025(10) -0.0031(11) 

C2 0.0208(13) 0.0176(13) 0.0162(12) -0.0024(10) 0.0050(10) 0.0011(11) 

C3 0.0136(12) 0.0170(13) 0.0234(13) -0.0004(11) 0.0028(10) -0.0031(10) 

C4 0.0180(14) 0.0272(15) 0.0188(13) -0.0008(11) -0.0018(11) -0.0018(11) 

C5 0.0254(15) 0.0269(16) 0.0202(14) -0.0069(12) 0.0059(11) -0.0007(12) 

C6 0.0204(14) 0.0192(14) 0.0237(14) -0.0016(11) 0.0033(11) 0.0017(11) 

C7 0.0172(14) 0.0254(15) 0.0212(13) -0.0011(11) -0.0002(11) 0.0010(12) 

C8 0.0166(13) 0.0197(14) 0.0203(13) -0.0012(11) 0.0023(11) 0.0043(11) 

C9 0.0215(15) 0.047(2) 0.0306(16) -0.0055(14) 0.0042(13) -0.0007(14) 

C10 0.0349(17) 0.0301(17) 0.0279(16) -0.0052(13) 0.0077(13) -0.0025(14) 

C11 0.067(3) 0.044(2) 0.039(2) 0.0056(16) 0.0133(19) 0.035(2) 
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 U11 U22 U33 U23 U13 U12 

C12 0.0212(15) 0.0433(19) 0.0215(14) 0.0007(13) 0.0031(12) -0.0010(13) 

C13 0.0220(15) 0.0248(15) 0.0265(15) -0.0024(12) -0.0034(12) 0.0011(12) 

C14 0.0346(19) 0.060(2) 0.0344(18) -0.0079(17) 0.0139(15) -0.0078(17) 

C15 0.0194(15) 0.0301(17) 0.050(2) -0.0077(15) 0.0000(14) -0.0006(13) 

C16 0.0247(15) 0.0360(18) 0.0389(18) -0.0056(15) 0.0146(13) -0.0017(14) 

C17 0.0275(16) 0.0222(15) 0.0349(17) -0.0059(13) 0.0070(13) 0.0013(13) 

 

Table S9. Hydrogen atomic coordinates and isotropic 

atomic displacement parameters (Å2) for Compound 3-6. 

 x/a y/b z/c U(eq) 

H2 0.4604 0.5260 0.4228 0.022000 

H4 0.3602 0.4853 0.2519 0.026000 

H5 0.5338 0.3109 0.2489 0.029000 

H6 0.6759 0.2474 0.3321 0.025000 

H8 0.3803 0.7757 0.4041 0.023000 

H9A -0.0190 0.9272 0.4555 0.049000 

H9B 0.0895 0.7965 0.4590 0.049000 

H9C -0.0169 0.8197 0.4027 0.049000 

H10A 0.2595 1.0898 0.4907 0.046000 
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 x/a y/b z/c U(eq) 

H10B 0.3717 1.1098 0.4450 0.046000 

H10C 0.3604 0.9604 0.4771 0.046000 

H11A 0.0328 1.1888 0.3900 0.074000 

H11B 0.0222 1.0982 0.3321 0.074000 

H11C 0.1581 1.1950 0.3495 0.074000 

H12A 0.4103 0.9580 0.2742 0.034000 

H12B 0.3992 0.7951 0.2534 0.034000 

H13A 0.5881 0.8896 0.4089 0.030000 

H13B 0.5246 1.0147 0.3674 0.030000 

H14A 0.6469 0.7831 0.2536 0.051000 

H14B 0.5865 0.9099 0.2127 0.051000 

H15A 0.7722 0.9995 0.3651 0.040000 

H15B 0.7571 0.8367 0.3449 0.040000 

H16A 0.9847 0.5394 0.4343 0.049000 

H16B 0.8576 0.5336 0.3844 0.049000 

H16C 0.9367 0.3900 0.4059 0.049000 

H17A 0.8320 0.6555 0.4995 0.042000 

H17B 0.6835 0.5834 0.5086 0.042000 

H17C 0.7071 0.6556 0.4486 0.042000 
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Table S10. Hydrogen bond distances (Å) and angles (°) for Compound 3-6. 

 Donor-H Acceptor-H Donor-Acceptor Angle 

C2-H2...O2#4 0.95 2.46 3.400(3) 171.1 

C8-H8...O2#4 1.00 2.61 3.557(3) 158.9 

C12-H12A...F1#3 0.99 2.61 3.496(4) 148.8 

C12-H12B...F1 0.99 2.39 3.059(4) 124.5 

C15-H15A...O1#1 0.99 2.59 3.426(4) 141.6 

C16-H16A...F2#2 0.98 2.57 3.202(3) 122.0 

 

Symmetry transformations used to generate equivalent atoms: 

#1 x, y+1, z 

#2 x+1, y, z 

#3 -x+1/2, y+1/2, -z+1/2 

#4 -x+1, -y+1, -z+1 

 

b. Crystal Structure Report for Compound 3-38 

A clear colourless, rod-like specimen of C18H19F5OSi, approximate dimensions 0.043 mm 

x 0.107 mm x 0.234 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured on a Fixed χ Bruker D8 QUEST system equipped with a Siemans KFF 

Mo2K-90 sealed tube (Mo Kα, λ = 0.71073 Å) and a curved graphite monochromator. 
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Table S11: Data collection details for Compound 3-38. 

Axis dx/mm 2θ/° ω/° φ/° χ/° Width/° Frames Time/s Wavelength/Å Voltage/kV Current/mA Temperature/K 

Phi 34.886 20.00 -7.50 0.00 54.71 0.50 360 1.00 0.71076 50 30.0 250 

Omega 35.686 35.34 -137.60 160.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 35.34 -137.60 -40.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 35.34 22.59 80.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 35.34 -137.60 -120.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 54.80 42.05 36.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 16.71 -156.23 270.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 16.71 -156.23 90.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 53.01 40.26 0.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 16.71 -156.23 0.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 20.34 -152.60 180.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 35.34 22.59 -160.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

Omega 35.686 35.34 22.59 120.00 54.71 0.50 319 15.00 0.71076 50 30.0 250 

 

A total of 4188 frames were collected. The total exposure time was 16.05 hours. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a monoclinic unit cell yielded a total of 64335 reflections to a 

maximum θ angle of 25.68° (0.82 Å resolution), of which 3486 were independent (average 

redundancy 18.455, completeness = 99.9%, Rint = 4.83%, Rsig = 1.63%) and 2963 (85.00%) were 

greater than 2σ(F2). The final cell constants 

of a = 5.7614(2) Å, b = 26.3432(7) Å, c = 12.1590(3) Å, β = 91.8200(10)°, volume 

= 1844.49(9) Å3, are based upon the refinement of the XYZ-centroids of 9085 reflections above 

20 σ(I) with 4.560° < 2θ < 55.39°. Data were corrected for absorption effects using the Multi-Scan 

method (SADABS). The ratio of minimum to maximum apparent transmission was 0.883. The 
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calculated minimum and maximum transmission coefficients (based on crystal size) 

are 0.9600 and 0.9920.  

 

The structure was solved and refined using the Bruker SHELXTL Software Package, using the 

space group P 1 21/n 1, with Z = 4 for the formula unit, C18H19F5OSi. The final anisotropic full-

matrix least-squares refinement on F2 with 287 variables converged at R1 = 3.93%, for the 

observed data and wR2 = 10.29% for all data. The goodness-of-fit was 1.047. The largest peak in 

the final difference electron density synthesis was 0.242 e-/Å3 and the largest hole was -0.225 e-

/Å3 with an RMS deviation of 0.035 e-/Å3. On the basis of the final model, the calculated density 

was 1.348 g/cm3 and F(000), 776 e-.  

Table S12. Sample and crystal data for Compound 3-38. 

Identification code jb001 

Chemical formula C18H19F5OSi 

Formula weight 374.42 g/mol 

Temperature 250(2) K 

Wavelength 0.71073 Å 

Crystal size 0.043 x 0.107 x 0.234 mm 

Crystal habit clear colourless rod 

Crystal system monoclinic 

Space group P 1 21/n 1 

Unit cell dimensions a = 5.7614(2) Å α = 90° 
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 b = 26.3432(7) Å β = 91.8200(10)° 

 c = 12.1590(3) Å γ = 90° 

Volume 1844.49(9) Å3  

Z 4 

Density (calculated) 1.348 g/cm3 

Absorption coefficient 0.178 mm-1 

F(000) 776 

 

Table S13. Data collection and structure refinement for Compound 3-38. 

Diffractometer Fixed χ Bruker D8 QUEST 

Radiation source Siemans KFF Mo2K-90 sealed tube (Mo Kα, λ = 0.71073 Å) 

Theta range for data collection 2.28 to 25.68° 

Index ranges -7<=h<=7, -32<=k<=32, -14<=l<=14 

Reflections collected 64335 

Independent reflections 3486 [R(int) = 0.0483] 

Coverage of independent 

reflections 
99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9920 and 0.9600 

Structure solution technique direct methods 
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Structure solution program SHELXT 2018/2 (Sheldrick, 2018) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 3486 / 361 / 287 

Goodness-of-fit on F2 1.047 

Δ/σmax 0.011 

Final R indices 
2963 data; 

I>2σ(I) 
R1 = 0.0393, wR2 = 0.0972 

 all data R1 = 0.0476, wR2 = 0.1029 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0477P)2+0.7139P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.242 and -0.225 eÅ-3 

R.M.S. deviation from mean 0.035 eÅ-3 

 

Table S14. Atomic coordinates and equivalent isotropic 

atomic displacement parameters (Å2) for Compound 3-38. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

Si1 0.29349(8) 0.77875(2) 0.22018(4) 0.03983(14) 

F1 0.0127(2) 0.71179(5) 0.32333(10) 0.0625(3) 
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 x/a y/b z/c U(eq) 

F2 0.9921(2) 0.70650(5) 0.14358(10) 0.0614(3) 

O1 0.6584(2) 0.60206(5) 0.44197(10) 0.0513(3) 

C1 0.5783(3) 0.61551(6) 0.33923(13) 0.0405(4) 

C2 0.4074(3) 0.65269(6) 0.33564(14) 0.0410(4) 

C3 0.3126(3) 0.66898(6) 0.23585(14) 0.0396(4) 

C4 0.3877(3) 0.64768(7) 0.13853(14) 0.0444(4) 

C5 0.5583(3) 0.61118(6) 0.14299(14) 0.0444(4) 

C6 0.6558(3) 0.59465(6) 0.24228(14) 0.0427(4) 

C7 0.6434(5) 0.58866(8) 0.03839(16) 0.0630(6) 

F1A 0.617(2) 0.5396(3) 0.0367(10) 0.082(3) 

F2A 0.8814(12) 0.5940(5) 0.0313(8) 0.086(3) 

F3A 0.553(3) 0.6093(6) 0.9511(8) 0.101(5) 

F4A 0.730(3) 0.5434(4) 0.0486(7) 0.070(3) 

F5A 0.782(3) 0.6179(4) 0.9861(11) 0.096(4) 

F6A 0.4597(17) 0.5797(6) 0.9650(8) 0.093(3) 

F7A 0.851(3) 0.5677(8) 0.0507(8) 0.108(5) 

F8A 0.652(3) 0.6213(6) 0.9583(13) 0.092(5) 

F9A 0.492(3) 0.5533(6) 0.0028(11) 0.122(4) 

C8 0.1480(3) 0.71312(7) 0.23163(14) 0.0428(4) 

C9 0.4806(4) 0.78692(9) 0.34570(17) 0.0597(5) 
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 x/a y/b z/c U(eq) 

C10 0.0614(4) 0.82710(8) 0.2112(2) 0.0636(6) 

C11 0.4594(4) 0.77774(8) 0.09241(17) 0.0572(5) 

C12 0.8485(3) 0.56712(7) 0.44895(15) 0.0461(4) 

C13 0.8999(3) 0.55639(6) 0.56800(14) 0.0380(4) 

C14 0.7471(3) 0.52829(8) 0.62865(16) 0.0503(5) 

C15 0.1027(3) 0.57329(7) 0.61892(16) 0.0468(4) 

C16 0.7948(4) 0.51808(9) 0.73828(17) 0.0585(5) 

C17 0.1504(4) 0.56296(8) 0.72827(17) 0.0552(5) 

C18 0.9965(4) 0.53556(8) 0.78803(15) 0.0550(5) 

 

 

 

Table S15. Bond lengths (Å) for Compound 3-38. 

Si1-C10 1.848(2) Si1-C11 1.850(2) 

Si1-C9 1.853(2) Si1-C8 1.9282(19) 

F1-C8 1.381(2) F2-C8 1.387(2) 

O1-C1 1.365(2) O1-C12 1.431(2) 

C1-C6 1.387(2) C1-C2 1.389(2) 

C2-C3 1.383(2) C2-H2 0.940000 
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C3-C4 1.391(2) C3-C8 1.500(2) 

C4-C5 1.375(3) C4-H4 0.940000 

C5-C6 1.386(2) C5-C7 1.500(3) 

C6-H6 0.940000 C7-F3A 1.287(8) 

C7-F5A 1.292(8) C7-F4A 1.297(8) 

C7-F1A 1.301(7) C7-F8A 1.302(9) 

C7-F7A 1.323(9) C7-F9A 1.339(9) 

C7-F6A 1.383(7) C7-F2A 1.383(6) 

C9-H9A 0.970000 C9-H9B 0.970000 

C9-H9C 0.970000 C10-H10A 0.970000 

C10-H10B 0.970000 C10-H10C 0.970000 

C11-H11A 0.970000 C11-H11B 0.970000 

C11-H11C 0.970000 C12-C13 1.495(2) 

C12-H12A 0.980000 C12-H12B 0.980000 

C13-C15 1.378(3) C13-C14 1.381(3) 

C14-C16 1.379(3) C14-H14 0.940000 

C15-C17 1.376(3) C15-H15 0.940000 

C16-C18 1.373(3) C16-H16 0.940000 

C17-C18 1.370(3) C17-H17 0.940000 

C18-H18 0.940000   
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Table S16. Bond angles (°) for Compound 3-38. 

C10-Si1-C11 110.66(11) C10-Si1-C9 111.69(11) 

C11-Si1-C9 113.00(10) C10-Si1-C8 107.87(9) 

C11-Si1-C8 106.57(9) C9-Si1-C8 106.71(9) 

C1-O1-C12 117.20(13) O1-C1-C6 124.51(15) 

O1-C1-C2 115.51(15) C6-C1-C2 119.99(16) 

C3-C2-C1 120.42(16) C3-C2-H2 119.800000 

C1-C2-H2 119.800000 C2-C3-C4 119.75(16) 

C2-C3-C8 120.14(15) C4-C3-C8 119.80(15) 

C5-C4-C3 119.34(16) C5-C4-H4 120.300000 

C3-C4-H4 120.300000 C4-C5-C6 121.59(16) 

C4-C5-C7 119.72(17) C6-C5-C7 118.69(17) 

C5-C6-C1 118.91(16) C5-C6-H6 120.500000 

C1-C6-H6 120.500000 F5A-C7-F4A 110.6(6) 

F3A-C7-F1A 111.3(7) F8A-C7-F7A 107.9(7) 

F8A-C7-F9A 104.9(8) F7A-C7-F9A 108.8(7) 

F5A-C7-F6A 104.9(6) F4A-C7-F6A 101.0(5) 

F3A-C7-F2A 106.3(6) F1A-C7-F2A 102.3(5) 

F3A-C7-C5 113.4(6) F5A-C7-C5 113.9(4) 

F4A-C7-C5 114.7(4) F1A-C7-C5 111.5(5) 

F8A-C7-C5 113.1(9) F7A-C7-C5 112.9(5) 
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F9A-C7-C5 108.8(5) F6A-C7-C5 110.5(4) 

F2A-C7-C5 111.3(3) F1-C8-F2 104.58(14) 

F1-C8-C3 108.97(14) F2-C8-C3 108.80(15) 

F1-C8-Si1 109.80(12) F2-C8-Si1 109.24(11) 

C3-C8-Si1 114.94(12) Si1-C9-H9A 109.500000 

Si1-C9-H9B 109.500000 H9A-C9-H9B 109.500000 

Si1-C9-H9C 109.500000 H9A-C9-H9C 109.500000 

H9B-C9-H9C 109.500000 Si1-C10-H10A 109.500000 

Si1-C10-H10B 109.500000 H10A-C10-H10B 109.500000 

Si1-C10-H10C 109.500000 H10A-C10-H10C 109.500000 

H10B-C10-H10C 109.500000 Si1-C11-H11A 109.500000 

Si1-C11-H11B 109.500000 H11A-C11-H11B 109.500000 

Si1-C11-H11C 109.500000 H11A-C11-H11C 109.500000 

H11B-C11-H11C 109.500000 O1-C12-C13 107.86(14) 

O1-C12-H12A 110.100000 C13-C12-H12A 110.100000 

O1-C12-H12B 110.100000 C13-C12-H12B 110.100000 

H12A-C12-H12B 108.400000 C15-C13-C14 118.59(17) 

C15-C13-C12 120.85(17) C14-C13-C12 120.54(17) 

C16-C14-C13 120.65(18) C16-C14-H14 119.700000 

C13-C14-H14 119.700000 C17-C15-C13 120.71(18) 

C17-C15-H15 119.600000 C13-C15-H15 119.600000 
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C18-C16-C14 120.03(19) C18-C16-H16 120.000000 

C14-C16-H16 120.000000 C18-C17-C15 120.25(19) 

C18-C17-H17 119.900000 C15-C17-H17 119.900000 

C17-C18-C16 119.75(18) C17-C18-H18 120.100000 

C16-C18-H18 120.100000   

 

Table S17. Torsion angles (°) for Compound 3-38. 

C12-O1-C1-C6 5.4(3) C12-O1-C1-C2 -174.70(16) 

O1-C1-C2-C3 -179.56(16) C6-C1-C2-C3 0.3(3) 

C1-C2-C3-C4 0.5(3) C1-C2-C3-C8 -173.10(16) 

C2-C3-C4-C5 -1.0(3) C8-C3-C4-C5 172.62(17) 

C3-C4-C5-C6 0.7(3) C3-C4-C5-C7 -178.90(18) 

C4-C5-C6-C1 0.1(3) C7-C5-C6-C1 179.75(18) 

O1-C1-C6-C5 179.22(17) C2-C1-C6-C5 -0.7(3) 

C4-C5-C7-F3A 4.4(10) C6-C5-C7-F3A -175.3(10) 

C4-C5-C7-F5A 76.6(11) C6-C5-C7-F5A -103.0(11) 

C4-C5-C7-F4A -154.5(9) C6-C5-C7-F4A 25.8(9) 

C4-C5-C7-F1A -122.2(7) C6-C5-C7-F1A 58.2(7) 

C4-C5-C7-F8A 36.2(10) C6-C5-C7-F8A -143.4(10) 

C4-C5-C7-F7A 159.1(11) C6-C5-C7-F7A -20.5(11) 
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C4-C5-C7-F9A -80.0(11) C6-C5-C7-F9A 100.4(11) 

C4-C5-C7-F6A -41.2(9) C6-C5-C7-F6A 139.2(9) 

C4-C5-C7-F2A 124.2(7) C6-C5-C7-F2A -55.4(7) 

C2-C3-C8-F1 -35.9(2) C4-C3-C8-F1 150.44(16) 

C2-C3-C8-F2 -149.40(16) C4-C3-C8-F2 37.0(2) 

C2-C3-C8-Si1 87.76(18) C4-C3-C8-Si1 -85.86(18) 

C1-O1-C12-C13 -177.75(15) O1-C12-C13-C15 -111.37(18) 

O1-C12-C13-C14 70.1(2) C15-C13-C14-C16 1.0(3) 

C12-C13-C14-C16 179.60(18) C14-C13-C15-C17 -0.9(3) 

C12-C13-C15-C17 -179.42(17) C13-C14-C16-C18 -0.5(3) 

C13-C15-C17-C18 0.1(3) C15-C17-C18-C16 0.4(3) 

C14-C16-C18-C17 -0.3(3)   

 

Table S18. Anisotropic atomic displacement parameters (Å2) for Compound 3-38. 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

Si1 0.0377(3) 0.0400(3) 0.0417(3) 0.0026(2) -0.00023(19) 0.0082(2) 

F1 0.0535(7) 0.0676(7) 0.0678(8) 0.0192(6) 0.0227(6) 0.0173(6) 

F2 0.0515(6) 0.0601(7) 0.0711(8) 0.0037(6) -0.0215(6) 0.0037(5) 

O1 0.0687(8) 0.0512(8) 0.0339(6) 0.0021(5) -0.0005(6) 0.0288(7) 
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 U11 U22 U33 U23 U13 U12 

C1 0.0514(10) 0.0356(9) 0.0346(9) 0.0038(7) 0.0012(7) 0.0063(7) 

C2 0.0485(10) 0.0381(9) 0.0366(9) 0.0027(7) 0.0058(7) 0.0076(7) 

C3 0.0431(9) 0.0353(9) 0.0404(9) 0.0055(7) 0.0011(7) 0.0015(7) 

C4 0.0583(11) 0.0384(9) 0.0361(9) 0.0040(7) -0.0054(8) 0.0010(8) 

C5 0.0631(11) 0.0336(9) 0.0365(9) -0.0008(7) 0.0030(8) 0.0018(8) 

C6 0.0551(10) 0.0318(9) 0.0413(9) 0.0008(7) 0.0039(8) 0.0093(7) 

C7 0.1024(18) 0.0463(11) 0.0407(11) -0.0017(9) 0.0068(11) 0.0136(11) 

F1A 0.118(8) 0.049(3) 0.081(6) -0.031(3) 0.014(5) -0.008(4) 

F2A 0.091(3) 0.104(8) 0.064(6) -0.024(5) 0.034(3) -0.010(4) 

F3A 0.159(12) 0.112(9) 0.031(3) 0.001(5) 0.005(6) 0.052(8) 

F4A 0.111(9) 0.060(5) 0.041(3) 0.001(4) 0.013(6) 0.038(5) 

F5A 0.151(10) 0.076(6) 0.063(7) -0.011(4) 0.054(7) -0.013(7) 

F6A 0.127(6) 0.103(8) 0.046(5) -0.026(5) -0.031(4) 0.027(5) 

F7A 0.141(8) 0.128(12) 0.057(4) 0.022(8) 0.046(6) 0.073(7) 

F8A 0.135(13) 0.087(6) 0.059(8) 0.028(6) 0.045(8) 0.035(8) 

F9A 0.207(12) 0.078(7) 0.080(8) -0.035(5) 0.001(7) -0.022(7) 

C8 0.0397(9) 0.0479(10) 0.0406(9) 0.0072(7) -0.0001(7) 0.0070(8) 

C9 0.0590(12) 0.0670(13) 0.0524(12) -0.0083(10) -0.0080(10) 0.0052(10) 

C10 0.0507(11) 0.0477(11) 0.0923(17) 0.0084(11) 0.0011(11) 0.0145(9) 

C11 0.0614(12) 0.0604(12) 0.0502(11) 0.0050(9) 0.0093(9) -0.0032(10) 
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 U11 U22 U33 U23 U13 U12 

C12 0.0518(10) 0.0441(10) 0.0422(10) 0.0003(8) -0.0003(8) 0.0160(8) 

C13 0.0425(9) 0.0323(8) 0.0391(9) -0.0006(7) -0.0002(7) 0.0105(7) 

C14 0.0408(10) 0.0591(12) 0.0509(11) 0.0000(9) -0.0009(8) -0.0025(8) 

C15 0.0498(10) 0.0366(9) 0.0541(11) 0.0006(8) 0.0005(8) -0.0028(8) 

C16 0.0590(12) 0.0670(13) 0.0502(11) 0.0115(10) 0.0134(10) 0.0013(10) 

C17 0.0563(12) 0.0532(12) 0.0551(12) -0.0081(9) -0.0144(9) 0.0015(9) 

C18 0.0710(13) 0.0569(12) 0.0366(10) -0.0017(8) -0.0050(9) 0.0199(10) 

 

Table S19. Hydrogen atomic coordinates and isotropic atomic displacement parameters 

(Å2) for Compound 3-38. 

 x/a y/b z/c U(eq) 

H2 0.3558 0.6669 0.4015 0.049000 

H4 0.3225 0.6581 0.0704 0.053000 

H6 0.7726 0.5697 0.2439 0.051000 

H9A 0.6065 0.7625 0.3452 0.089000 

H9B 0.3892 0.7815 0.4103 0.089000 

H9C 0.5440 0.8210 0.3473 0.089000 

H10A -0.0347 0.8213 0.1454 0.095000 

H10B 0.1304 0.8606 0.2080 0.095000 
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 x/a y/b z/c U(eq) 

H10C -0.0335 0.8247 0.2755 0.095000 

H11A 0.3573 0.7681 0.0310 0.086000 

H11B 0.5851 0.7534 0.1000 0.086000 

H11C 0.5229 0.8112 0.0792 0.086000 

H12A 0.9852 0.5818 0.4151 0.055000 

H12B 0.8077 0.5356 0.4101 0.055000 

H14 0.6092 0.5160 0.5949 0.060000 

H15 1.2095 0.5921 0.5785 0.056000 

H16 0.6891 0.4991 0.7790 0.070000 

H17 1.2892 0.5748 0.7621 0.066000 

H18 1.0290 0.5287 0.8628 0.066000 
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A1.14 NMR Spectra 

 
1H NMR of Compound 3-2 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-2 (101 MHz, CDCl3)  
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19F NMR of Compound 3-2 (376 MHz, CDCl3) 
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13C NMR of Compound 3-3 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-3 (376 MHz, CDCl3) 
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1H NMR of Compound 3-4 (400 MHz, CDCl3)  
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19F NMR of Compound 3-4 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-5 (400 MHz, CDCl3)  
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13C NMR of Compound 3-5 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-5 (376 MHz, CDCl3) 
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1H NMR of Compound 3-6 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-6 (101 MHz, CDCl3) 
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19F NMR of Compound 3-6 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-7 (400 MHz, CDCl3)  
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13C NMR of Compound 3-7 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-7 (376 MHz, CDCl3) 
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1H NMR of Compound 3-8 (400 MHz, CDCl3)  
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19F NMR of Compound 3-8 (376 MHz, CDCl3) 
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13C NMR of Compound 3-9 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-9 (376 MHz, CDCl3) 
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1H NMR of Compound 10 (400 MHz, CDCl3)  
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19F NMR of Compound 3-10 (376 MHz, CDCl3) 
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13C NMR of Compound 3-11 (101 MHz, CDCl3) 
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1H NMR of Compound 3-12 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-12 (101 MHz, CDCl3) 
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19F NMR of Compound 3-12 (376 MHz, CDCl3)  

 

 
1H NMR of Compound 3-13 (400 MHz, CDCl3)  
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13C NMR of Compound 3-13 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-13 (376 MHz, CDCl3) 
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1H NMR of Compound 3-14 (400 MHz, CDCl3)  
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19F NMR of Compound 3-14 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-15 (400 MHz, CDCl3)  
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13C NMR of Compound 3-15 (101 MHz, CDCl3) 
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1H NMR of Compound 3-16 (400 MHz, CDCl3)  
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19F NMR of Compound 3-16 (376 MHz, CDCl3) 
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13C NMR of Compound 3-17 (101 MHz, CDCl3) 
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1H NMR of Compound 3-18 (400 MHz, CDCl3)  
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19F NMR of Compound 3-18 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-19 (400 MHz, CDCl3)  
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13C NMR of Compound 3-19 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-19 (376 MHz, CDCl3) 
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1H NMR of Compound 3-20 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-20 (101 MHz, CDCl3) 
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19F NMR of Compound 3-20 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-21 (400 MHz, CDCl3)  
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13C NMR of Compound 3-21 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-21 (376 MHz, CDCl3) 
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1H NMR of Compound 3-22 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-22 (101 MHz, CDCl3) 
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19F NMR of Compound 3-22 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-23 (400 MHz, CDCl3)  
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13C NMR of Compound 3-23 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-23 (376 MHz, CDCl3) 
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1H NMR of Compound 3-24 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-24 (101 MHz, CDCl3) 
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19F NMR of Compound 3-24 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-25 (400 MHz, CDCl3)  
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13C NMR of Compound 3-25 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-25 (376 MHz, CDCl3) 
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1H NMR of Compound 3-26 (400 MHz, CDCl3)  
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19F NMR of Compound 3-26 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-27 (400 MHz, CDCl3)  
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13C NMR of Compound 3-27 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-27 (376 MHz, CDCl3) 
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1H NMR of Compound 3-28 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-28 (101 MHz, CDCl3) 
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19F NMR of Compound 3-28 (376 MHz, CDCl3)  
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13C NMR of Compound 3-29 (101 MHz, CDCl3) 

  

 
19F NMR of Compound 3-29 (376 MHz, CDCl3) 
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1H NMR of Compound 3-30 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-30 (101 MHz, CDCl3) 
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19F NMR of Compound 3-30 (376 MHz, CDCl3) 

 

 
2H NMR of Compound 3-30 (62 MHz, CH3CN) 
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1H NMR of Compound 3-31 (400 MHz, CDCl3)  
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19F NMR of Compound 3-31 (376 MHz, CDCl3) 
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13C NMR of Compound 3-32 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-32 (376 MHz, CDCl3) 
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1H NMR of Compound 3-33 (400 MHz, CDCl3)  
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19F NMR of Compound 3-33 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-34 (400 MHz, CDCl3)  
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13C NMR of Compound 3-34 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-34 (376 MHz, CDCl3) 
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1H NMR of Compound 3-35 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-35 (101 MHz, CDCl3) 
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19F NMR of Compound 3-35 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-36 (400 MHz, CDCl3)  
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13C NMR of Compound 3-36 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-36 (376 MHz, CDCl3) 
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1H NMR of Compound 3-37 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-37 (101 MHz, CDCl3) 
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19F NMR of Compound 3-37 (376 MHz, CDCl3) 

 

1H NMR of Compound 3-38 (400 MHz, CDCl3)  
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13C NMR of Compound 3-38 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-38 (376 MHz, CDCl3) 
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1H NMR of Compound 3-40 (400 MHz, C6D6)  

 

 
13C NMR of Compound 3-40 (101 MHz, C6D6) 
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1H NMR of Compound 3-41 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-41 (101 MHz, CDCl3) 
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19F NMR of Compound 3-41 (376 MHz, CDCl3) 

 
1H NMR of Compound 3-42 (400 MHz, CDCl3)  
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13C NMR of Compound 3-42 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-42 (376 MHz, CDCl3) 

 

F F

F3C

OBn

N

N PMP

F F

F3C

OBn

N

N PMP



 243 

 

 
1H NMR of Compound 3-43 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-43 (101 MHz, CDCl3) 
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19F NMR of Compound 3-43 (376 MHz, CDCl3) 
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13C NMR of Compound 3-44 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-44 (376 MHz, CDCl3) 
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2H NMR of Compound 3-44 (62 MHz, CHCl3) 

 

 
1H NMR of Compound 3-45 (400 MHz, CDCl3)  
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13C NMR (Full Spectrum) of Compound 3-45 (101 MHz, CDCl3) 

 

 
13C NMR (Zoomed in 170-60ppm) of Compound 3-45 (101 MHz, CDCl3) 
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19F NMR of Compound 3-45 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-46 (400 MHz, CDCl3)  
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13C NMR of Compound 3-46 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-46 (376 MHz, CDCl3) 
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1H NMR of Compound 3-47 (400 MHz, CDCl3)  

 

 
13C NMR of Compound 3-47 (101 MHz, CDCl3) 
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19F NMR of Compound 3-47 (376 MHz, CDCl3) 

 

 
1H NMR of Compound 3-49 (400 MHz, CDCl3)  
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13C NMR of Compound 3-49 (101 MHz, CDCl3) 

 

 
19F NMR of Compound 3-49 (376 MHz, CDCl3) 
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1H NMR of Compound A1-1 (400 MHz, CDCl3)  

 

 
13C NMR of Compound A1-1 (101 MHz, CDCl3) 
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19F NMR of Compound A1-1 (376 MHz, CDCl3) 

 

 
2H NMR of Compound SI-3 (62 MHz, CHCl3) 
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1H NMR of Compound A1-6 (400 MHz, CDCl3)  
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19F NMR of Compound A1-6 (376 MHz, CDCl3) 

 

 
1H NMR of Compound A1-7 (400 MHz, CDCl3)  
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13C NMR of Compound A1-7 (101 MHz, CDCl3) 
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1H NMR of Compound A1-9 (400 MHz, CDCl3)  
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19F NMR of Compound A1-9 (376 MHz, CDCl3) 
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13C NMR of Compound A1-10 (101 MHz, CDCl3) 

 

 
19F NMR of Compound A1-10 (376 MHz, CDCl3) 
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1H NMR of Compound A1-11 (400 MHz, CDCl3)  

 

 
13C NMR of Compound A1-11 (101 MHz, CDCl3) 
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19F NMR of Compound A1-11 (376 MHz, CDCl3) 

 

 
1H NMR of Compound A1-12 (400 MHz, CDCl3)  
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13C NMR of Compound A1-12 (101 MHz, CDCl3) 

 

 
19F NMR of Compound A1-12 (376 MHz, CDCl3) 
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