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Abstract 

  Due to the pervasiveness of carbon-nitrogen and carbon-hydrogen bonds in 

molecules possessing biological activity, the development of new technologies to 

manipulate these functional groups at any stage of a synthesis has been a long-standing 

interest of organic chemists. However, catalytic methods for functional group 

interconversion have been largely hampered due to their inherently high C–N and C–H 

bond strength, and the presence of multiple, similarly reactive sites within close proximity. 

The work described herein focuses on efforts to develop two distinct methodologies to 

functionalize typically inert C–N and C–H bonds using nickel catalysts, as well as 

mechanistic investigations into the latter process. 

 Anilines and their derivatives are synthetically valuable groups that can be 

transformed into a plethora of useful functionality. By utilizing solvent polarity and ligand 

size, N-heterocyclic carbene-nickel catalysts (NHC-Ni) were shown to convert aryl 

trialkylammonium salts into either aryl silanes or the parent arene. This method was shown 

to be chemoselective for aryl trialkylammonium salts over functionalities that are otherwise 

reactive under NHC-Ni conditions. Further, by varying the silane source, four different aryl 

silanes were found to be accessible. 

 Amide bond couplings are among the most prevalent reactions utilized in medicinal 

chemistry. Although this important motif can be used as a strong directing group in the C–

H functionalization of arenes, decorating the C–H bonds of N-alkyl benzamides remains 
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an underexplored area. Thus, a new method was developed, using metallaphotoredox 

catalysis, to functionalize -C–H bonds of N-alkyl benzamides to furnish -aryl N-alkyl 

benzamides. This transformation was extended to variety of aryl bromides and benzamides, 

and an enantioselective variant was developed by employing a chiral bisoxazoline (BiOx) 

ligand. Furthermore, mechanistic studies were undertaken to better understand the rational 

for -functionalization over -functionalization. 
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Chapter 1 

Catalytic Reduction of Aryl Trialkylammonium Salts to Aryl Silanes and Arenes 

 

1.1 Introduction 

Simple alkyl and aryl amines are readily available from commercial feedstocks. 

Typically, these chemicals are produced via “second functionalizations” from olefins and 

aromatic hydrocarbons on industrial scale.1 In this process, alkyl amines are usually 

synthesized through the dehydration of alcohols derived from fermentation or olefin 

hydration. Anilines, on the other hand, are largely produced from the nitration of benzene 

and other aromatics, followed by metal-catalyzed reduction. The incorporation of nitrogen 

into hydrocarbon-based scaffolds is frequently viewed as the first step in the synthesis of 

more complex molecules, and often the aniline or amine functionality is retained in the 

target molecule. Further, protecting group strategies for these functional groups have been 

extensively developed to enable compatibility through dozens of steps, making them ideal 

handles for downstream derivatization. Regardless, because of their intrinsic value, 

stability, and requisite harsh conditions for installation  (i.e. high temperatures and acidic 

conditions) these functional groups are less often thought of as ideal for functional group 

interconversion, and thus methods for their removal have been less explored.2-3 

Methods to functionalize C–N bonds can be broken up, into five basic categories. 

These categories are as follows: amide bond activation, pyridinium salt functionalization 

through one- and two-electron pathways, direct aniline cleavage, diazonium salt 
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functionalization, and trialkylammonium salt functionalization. For the purpose of this 

thesis, a strong emphasis on C(sp2)–N activation will be discussed, with C(sp3)–N 

activation mentioned when necessary to explain the progress of the field. 

1.2 Catalytic C–N Functionalization 

1.2.1 Amide Bond Activation 

 

With their exceptional bond strength, amides have been a challenging, yet 

rewarding focal point of many C–N bond cleavage methods. Traditional methods for 

esterification and organometallic addition into amides require forcing conditions or 

specialized reagents, such as Weinreb amides, to avoid over addition. However, recent 

advances in transition metal catalysis have opened the door to mild approaches for new C–

O, C–N, and C–C bond forming reaction from amides.  Beginning in 2015, the Garg lab 

successfully showed that nickel(0) complexes could be used to cleave unactivated amides 

under exceedingly mild conditions (Figure 1-1).4 Since then, numerous reports from Garg,5 

Szostak,6 and others, have extended this method to use amides in Suzuki-Miyaura,7-11 

Negishi,12 Mizoroki-Heck,13-14 esterification,15 transamination,16-17 amination,18 and 

decarbonylation/ reduction.19-23 The resilience of amides to C–N bond cleavage in many 

transformations has enabled a paradigm shift in how synthetic chemists make strategic 

disconnections. 

Figure 1-1 Nickel-catalyzed esterification of amides. 
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1.2.2 Katritzky Salts For C–N Bond Activation 

Since their discovery more than 40 years ago, pyridinium salts have been used as a 

convenient method to activate C–N bonds.24-25 Their ease of preparation and the ability to 

modulate their steric and electronic properties have led to the synthesis of countless 

derivatives to promote productive bond cleavage while inhibiting undesired pathways 

(Figure 1-2).  Recently, with the resurgence of single-electron transformations, especially 

those mediated by photocatalysts and first-row transition metals, a surfeit of new methods 

have emerged which use these powerful reagents to address unmet synthetic challenges.26-

27 Among these transformations include the activation of primary, secondary, tertiary, and 

aryl C–N bonds. These reagents have been used in Suzuki-Miyaura,28-32 Negishi,33 

Mizoroki-Heck, Minisci,34 borylations,35 carbonylations,36-37 reductive couplings,38-42 and 

transaminations.43 Overall, the use of Katritzky salts for C–N bond functionalization have 

added numerous methods for constructing C(sp2)–C(sp2), C(sp2)–C(sp3), and C(sp2)–

heteroatom bonds, paving the way for future opportunities in late-stage functionalization. 

Figure 1-2 Synthesis of Katritzky salts and reduction to give radicals. 
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1.2.3 Aniline Bond Activation 

Anilines and their derivatives, are commonly found in materials or medicines, 

ranging from dyes for clothing to active pharmaceuticals.44-46 Their strong donicity in 

electrophilic aromatic substitution (SEAr) allows for predictable reactivity, and their 

available lone pair of electrons is useful in directing C–H functionalizations of arenes.47-52 

Similarly, they provide a platform to build the carbocyclic core for a number of 

heterocycles, such as indoles and triazoles, through reactions like the Larock indole 

synthesis or click chemistry.53 While a versatile functional handle, methods to convert 

anilines to other groups remains under explored. 

 With the discovery of the Sandmeyer reaction in 1884, the view of anilines 

changed from being a terminal functional group to a handle from which to build molecular 

complexity (Figure 1-3).54 Aryl halides, phenols, and nitriles could all be accessed in a 

short synthetic sequence beginning from the same starting material.55 With the advent of 

cross-couplings in the late twentieth century, interest was revived in the use of anilines for 

C–C bond formation through their conversion to diazonium salts.56-57 Despite these large 

advances in the field of aryl diazonium salt functionalization, the need for unsubstituted 

anilines greatly restricts the accessible starting materials. Additionally, the instability of 

diazonium salts, manifested in their propensity for explosions and run-away reactions 

caused by highly exothermic release of N2 gas, often hinder their use beyond small 

laboratory settings or necessitate specialized flow setups.58 

Figure 1-3 Sandmeyer reaction the functionalization of anilines. 
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 Ideally, no pre-activation would be necessary to cleave C(sp2)–N bonds, and 

reactions would be run with low catalyst loadings of earth abundant metals and inexpensive 

ligands, to give only ammonia as a byproduct. This idea has been very challenging to 

implement due to several factors including the high strength of C(sp2)–N bonds, which is 

accentuated by their ability to delocalize electrons into -systems. Further anilines and 

ammonia tend to bind strongly to metals, thus inhibiting catalysis. Despite these challenges, 

several groups have directly used anilines and dialkyl anilines (Figure 1-4), without pre-

activation, to transform C–N bond to C(sp2) –C(sp2) bonds,59-62 C(sp2) –C(sp3),59 C(sp2) –

B(OR)2,
63 and C(sp2)–H bonds.64-65  

Of these aforementioned methods, several drawbacks include high loadings of 

catalyst (10-20 mol%), the use of expensive precious metals (i.e. ruthenium), the need for 

directing groups to promote C–N bond activation, highly reactive organometallic reagents 

(i.e. Grignards) which limit functional group compatibility, and lastly, high temperatures 

or harsh UV light. While each of these methods have major drawbacks, they have all 

advanced our understanding of C–N functionalization and have highlighted the challenges 

associated with activating such a robust functional group. Building upon these impressive 

methods, current efforts aim to strive for more ideal reactions that use low loadings of non-

Figure 1-4 Ruthenium-catalyzed ketone-directed cleavage of C–N bonds. 
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precious metals, are tolerant of sensitive functional groups, and do not generate excessive 

waste. 

1.2.4 Aryl Trialkylammonium Salt Activation 

1.2.4.1 C–C Bond Forming Reactions 

 

 In a seminal report published in 1988,66 Wenkert demonstrated the use of aryl 

trialkylammonium salts as suitable substrates in Kumada couplings using a phosphine-

supported nickel catalyst (Figure 1-5). This major advancement C–N functionalization 

marked a significant change from previous methods of activating aniline derivatives, such 

as diazonium salts, in that alkylated anilines could be used in these reactions. As 

dealkylation methods to access unsubstituted anilines often require harsh conditions and 

give low yields of the desired product,67 this strategy of exhaustive alkylation circumvents 

these issues. The byproducts of these reactions are simple tertiary alkylamines, such as 

trimethylamine, which are generally benign and easily removed upon work-up. 

Additionally, aryl trialkylammonium salts can be accessed under mild conditions, in high 

yields, and produce convenient, easy to handle solids that are bench-stable for extended 

periods of time. 

Figure 1-5 Kumada coupling of aryl trialkylammonium salts. 
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Building upon the work of Wenkert, several methods have emerged that use either 

iron or palladium to perform the Kumada couplings of aryl trialkylammonium salts with 

both alkyl and aryl Grignard reagents. An iron-catalyzed method described by Wang et al 

first highlighted the ability to use alkyl Grignards, in combination with an earth-abundant, 

ligand-free iron catalyst.68 While several electron-deficient aryl trialkylammonium salts 

could be used, no examples of isolated -systems bearing electron-neutral or -rich 

substituents are mentioned. This suggests that these systems either did not work or were 

low yielding, which was in line with the reactivity observed by Wenkert when using 

electron-rich aryl trialkylammonium salts.66 Additionally, the lack of examples using aryl 

Grignards and the need for excess coupling partner (2 equivalents of Grignard) leaves room 

for further development of this methodology.  

Figure 1-6 Palladium-catalyzed Kumada coupling and chemeoselectivity of aryl trialkylammonium salts. 
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A complimentary method to the iron- or nickel-catalyzed Kumada cross-coupling 

of aryl trialkylammonium salts, developed by Reeves and co-workers,69 allows for a greater 

scope of aryl Grignards and ammonium salts (Figure 1-6a). Using an air-stable palladium 

catalyst, PdCl2(PPh3)2, these reactions can be conducted with only 1.1 equivalent of aryl 

Grignard at room temperature. A unique counterion effect was elucidated, which lead to 

greater reactivity of ammonium triflate salts compared to previous systems that employed 

iodide salts. Although this method focused on couplings using palladium salts, cross-

couplings could also be achieved with low loadings of NiCl2(dppp) (1 mol%) when non-

coordinating counterions were used.  In competition experiments, aryl Grignards were 

found to react preferentially with trialkylammonium salts over aryl chlorides and bromides, 

highlighting the chemoselectivity of this method (Figure 1-6b). 

Shortly after the first report of Kumada couplings with aryl trimethylammonium 

salts, the MacMillan group reported a nickel-catalyzed method to access biaryls and 

Figure 1-7 NHC-Ni catalyzed Suzuki-Miyaura coupling with aryl trialkylammonium salts. 
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styrenes using aryl boronic acids, esters, or alkyl boranes as the coupling partner (Figure 

1-7).70 This represents one of the first reports of ammonium salt functionalization using 

NHC-Ni(0) catalysts. Their method provides high yields of biaryls with exceptional 

electronic and steric variation, both on the aryl trimethylammonium salt and the aryl boron 

species. While the functional group tolerance in this report is limited, it is expected that the 

mild reaction conditions and lack of stoichiometric organometallic reagents would allow 

for this method to be extended to numerous other arenes. 

Organozinc reagents are widely available and often tolerate a number of functional 

groups compared to organolithium and organomagnesium reagents du to their lower 

nucleophilicity and basicity. Work by the Wang group has showcased the ability of nickel-

phosphine catalysts to cross-couple alkyl- and aryl-zinc reagents with aryl 

trialkylammonium salts (Figure 1-8).71-73 While functional group tolerance is greater than 

initial Kumada reports, (substrates bearing esters, nitriles, and ketones can be successfully 

Figure 1-8 Nickel-catalyzed Negishi coupling with aryl trialkylammonium salts. 
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used in this procedure) this reaction is still limited in scope, especially for organozinc 

reagents bearing -hydrogens, which were not mentioned presumably due to their 

propensity to undergo detrimental side-reactions such as -hydrogen elimination. Overall, 

this method has advantages in the ability to convert ammonium salts into methyl or benzyl 

groups using low loadings of a nickel catalyst, something that had not be previously 

demonstrated in related systems of ammonium salt functionalization. 

In a recent report by the Cao group,74 aryl trialkylammonium salts were utilized as 

coupling partners in a palladium-catalyzed Sonogashira reactions (Figure 1-9). Their 

findings highlight the need for bulky NHC ligands and alkoxide bases in aryl 

trialkylammonium salt functionalization. This method allows for the synthesis of non-

symmetrical alkyl and aryl alkynes under relatively mild conditions. Both electron-rich and 

electron-poor ammonium salts and alkynes were tolerated, though electron-poor systems 

often required extended reaction times and gave substantially lower yields. While the good 

chemoselectivity of this method was demonstrated with substrates bearing alkyl and aryl 

halides, as well as olefins capable of engaging in Heck-type reactions, the need for high 

loadings of palladium remains the largest detriment of this reaction. 

Figure 1-9 Sonogashira coupling using aryl trialkylammonium salts. 
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Previously missing from the list of C–C bond forming reaction for ammonium salts, 

a Stille variant of this reaction was explored by Uchiyama (Figure 1-10).75 As Stille 

reactions are typically tolerant of a number of sensitive functional groups, this reaction 

scope compares to that of the Suzuki and Negishi reactions for aryl trialkylammonium 

salts. However, additional insights were gained in stoichiometric studies through the 

isolation of a (NHC)2Ni(II)ArF species. Despite using an excess of CsF in this reaction, it 

was determined that CsF was not necessary for oxidative addition to aryl 

trialkylammonium salts, and that the trans-(NHC)2Ni(II)ArF complex was resilient to 

transmetallation with PhSnMe3. Overall, this method shed crucial insights into the 

activation of ammonium salts using NHC-Ni complexes and the difficulties in 

transmetallation. 

1.2.4.2 C–Heteroatom Bond Forming Reactions 

 

With the advent of the Suzuki cross-coupling, the synthetic community has had a 

resurgence in methods to install boronic acids and esters. In a seminal report by the Itami 

lab,48 both benzylic and aryl trialkylammonium salts were shown to be competent in the 

nickel-catalyzed borylation of ammonium salts using B2Pin2 (Figure 1-11). Tri-n-butyl 

phosphine with either Ni(COD)2 or Ni(NO3)2•6H2O provided the best yields for aryl 

ammonium and benzylic salts, respectively. This method tolerated substitution at the ortho-

Figure 1-10 Stoichiometric studies with using NHC-Ni-Ar complexes generated from trialkylammonium salts. 
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, meta-, and para-position for the borylation of aryl ammonium salts, and tolerated several 

functional groups such as methyl ethers and benzophenones. Unfortunately, this method 

fails to give appreciable yields with isolated aromatics bearing strongly electron-

withdrawing substituents such as trifluoromethyl groups or ketones. Despite its limitations, 

this method provides a convenient method to access aryl boronic esters and was influential 

in further developments in C–N borylation. 

A powerful method developed in the Watson lab highlighted the utility of using 

benzylic ammonium salts to access enantioenriched benzylic boronates.76 This method 

employs a nickel(0) or nickel(II) salt in conjunction with inexpensive PPh3 as a ligand to 

enable the enantiospecific transformation of a number of secondary benzylic ammonium 

salts to pinacol boranes through an SN2 type process. The advantages of this transformation 

lie in the simplicity of the catalyst system, the ability to conduct the reaction at room 

temperature, and the availability (or facile accessibility) of enantiopure benzylic amines 

for this reaction. Drawbacks acknowledged by the authors include the need for extended 

-systems and the limitations of substitution pattern on the aromatic rings, though the 

Figure 1-11 Nickel-catalyzed borylation of aryl trialkylammonium salts. 
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former could be partially addressed by increasing the temperature and alterating to the 

catalyst system. 

Building upon the work of Itami and Watson, the Shi group improved upon 

ammonium salt borylation (Figure 1-12).44 Key findings include the use of NHCs such as 

ICy•HCl as ligands and KO-t-Bu as the base, which allowed them to lower the nickel 

loading from 10 mol% to 5 mol%, while still providing good yield of boronic esters. Their 

greater functional group tolerance is highlighted in the numerous examples of primary, 

secondary, and tertiary benzylic ammonium salts. Arguably, the greatest advancement of 

this method is the ability to efficiently convert aryl trialkylammonium salts containing 

isolated -systems to aryl boronic esters. Numerous functional groups such as amides, free 

amines, carboxylic acids, phenols, and azobenzene were well tolerated, including 

Figure 1-12 Nickel-catalyzed borylation of benzyl and aryl trialkylammonium salts. 
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substrates with steric hindrance flanking the ammonium salt, giving high yields of 

sterically congested aryl boronic esters. 

While traditional cross-couplings typically engage in two electron processes in 

elementary steps such as oxidation, transmetallation, and reductive elimination, there has 

been a revived interest in exploring odd-electron chemistry to enable new transformations. 

Prior to the report by Silbestri and coworkers,77 mechanisms involving aryl 

trialkylammonium salts only evoked two electron processes. In their report, aryl 

trialkylammonium salts are converted to aryl stannanes using sodium trimethylstannide in 

liquid ammonium (Figure 1-13). Under these conditions the Silbestri group was able to 

show that light was beneficial to the reaction, with most substrates giving yields between 

0 and 12% yield in the dark, while the analogous reactions run under irradiation using 

250W UV lamps (350nm) gave yields in 50-100% range. The substrates reported to 

undergo this transformation were very simple arenes, most with functionality in the para-

position, though one example of a pyridine was demonstrated, albeit in moderate yield. 

Based on the requirement for constant light irradiation and the observation that p-

dinitrobenzene inhibited the reaction, the authors propose a chain process stemming from 

an SRN1 (unimolecular radical nucleophilic substitution) reaction. Additionally, they were 

able to show that arenes bearing both ammonium salts and bromides reacted to give 

mixtures of distannalyated and dehalogentated products. Despite the observed novel 

Figure 1-13 Stannylation of aryl trialkylammonium salts under light irradiation. 
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reactivity of aryl trialkylammonium salts in this report, the requirement for cryogenic 

temperatures and liquid ammonia, as well as the limited substrate scope leave room for 

further advances in ammonium salt functionalization. 

Building upon the wealth of knowledge for nickel-catalyzed aryl 

trialkylammonium salt functionalization, the Wang lab developed an efficient method to 

construct C(sp2)–P bonds (Figure 1-14).78 Using NiCl2(dppf) as a catalyst, ammonium salts 

can be serve as aryl electrophiles for the coupling with a number of diarylphosphine oxides, 

dialkoxyphosphine oxides, and arylalkoxyphosphine oxides. While the scope of this 

reaction was rather broad for the phosphonate coupling partner, the reaction was restricted 

to extended -systems, though 2-pyridyl, benzyl, and allyl ammonium salts could be used, 

suggesting that a stabilized -allyl is necessary for oxidative addition take place, a not 

uncommon observation in pseudohalide functionalizations. 

In a recent report by Uchiyama, etherification was achieved using aryl 

trialkylammonium salts and alkoxides or phenoxides under metal-free conditions (Figure 

1-15).79 This method efficiently couples a wide variety of simple, as well as, sterically 

encumbered alcohols bearing diverse functional groups. A number of aryl 

Figure 1-14 Nickel-catalyzed phophorylation of aryl trialkylammonium salts. 
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trialkylammonium salts were compatible, though this method was limited to electron-

neutral or electron-deficient systems, presumably due to the SNAr-type nature of this 

reaction. Because of the efficiency and simplicity of this reaction (conducted at room 

temperature, using bases commonly found in synthetic labs, and the absence of transition 

metal catalyst), this method remains the state-of-the-art method for converting ammonium 

salts to ethers. 

Although there are numerous methods to for alkylating C–N bonds, changing the 

identity of the alkyl group on N–alkyl aniline is challenging. Owing to the lack of mild 

methods and low yields for C(sp3)–N dealkylation,67 there are few ways to circumvent 

these issues using existing methods. One alternative to C(sp3)–N dealkylation is to cleave 

the C(sp2) –N bond and replace it with a different amino group. Drawing inspiration from 

aryl trialkylammonium salt functionalization to give C–C bonds, the Wang group 

approached this problem by exhaustively alkylating amines, followed by treatment with a 

Figure 1-15 Etherification of aryl trialkylammonium salts. 
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catalytic amount of nickel in the presence of the desired amino group (Figure 1-16).80 

Gratifyingly, using low loadings of Ni(COD)2 with an NHC and alkoxide base, they were 

able to install primary, and secondary (both cyclic and acyclic) amines in high yields. This 

method is quite robust and allows for differing electronics around extended and isolated -

systems. Steric hindrance slightly effects the reaction, but to a lesser degree than other 

ammonium salt activation methods. The authors noted a strong counterion effect that they 

attribute to a base-nickel interaction, which stabilizes the active catalyst as well as facilitate 

the deprotonation of the incoming amine. This counterion effect is a common theme 

throughout ammonium salt literature. 

Figure 1-16 Nickel-catalyzed transamination of aryl trialkylammonium salts. 
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1.2.4.3 C–H Bond Forming Reactions 

 

Methods for the removal of dialkylamines to give reduced arenes are a useful, yet 

under explored area of C–N functionalization. Reported in 1986 by Scholl and coworkers,64 

photosolvolysis of aryl trialkylammonium salts using UV light leads to low yields of 

Figure 1-17 Methods for the reduction of aryl trialkylammonium salts to arenes. 
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deaminated arenes (Figure 1-17a). These reactions are thought to take place via a photo-

Emde degradation upon excitation with high-energy light. This mechanism was probed 

using radical traps, wherein the 1,5-cyclization could be isolated when using ortho-allyl 

benzene derivatives. While mechanistically interesting, these reactions are often low 

yielding and have low functional group tolerance, making this non-ideal for a general 

ammonium salt reduction. 

In a seminal report by the MacMillan lab,81 Birch reduction conditions (sodium in 

liquid ammonia), following quanternization with methyl iodide or methyl triflate, provided 

clean deamination of dialkylarylamines (Figure 1-17b). Whereas this method tolerates a 

number of different electron-rich aromatics and heterocycles for ipso reduction, dissolving 

metal conditions can be problematic for a number of functional groups and could 

potentially lead to over reduction of substrates. Still, the authors were able to demonstrate 

the power of dimethylanilines in directing Friedel-Crafts reactions through the 

enantioselective synthesis of (R)-tolterodine. 

Complementary to the Birch reduction developed by MacMillan, Guan and co-

workers developed a mild method to reduce benzyl and aryl trialkylammonium salts to 

toluenes and arenes (Figure 1-17c).82 This method leverages the mechanistic understanding 

gathered from similar ammonium salt activations to develop a Ni-NHC system, using NaO-

i-Pr as a reducing agent, to furnish the desired arenes in high yield. This reaction is tolerant 

of a number of functional groups including esters, amides, ketones, and styrenes that might 

otherwise not be compatible under dissolving metal conditions. Both extended -systems 

and isolated aromatics could be used in this reaction with no loss in fidelity. Despite the 

requisite high reaction temperatures (100 ºC), this method is a convenient way to utilize 
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the directing ability of dialkylanilines prior to traceless removal under reduction 

conditions. 

1.2.4.4 Summary of Aryl Trialkylammonium Salt Functionalizations 

 

Since the initial report of coupling Grignard reagents with aryl trialkylammonium 

salts, the synthetic community has explored other catalytic transformations to access new 

C–C bonds through Kumada,66, 68-69 Suzuki-Miyaura,70, 83 Negishi,71-73 Sonogashira,74 and 

Stille cross-couplings.75 Similarly, aryl trialkylammonium salts have been used to form 

new C–heteroatom bonds through borylation,44, 48, 76, stannylation,77 phosphorylation,78 

etherification,79 and transamination,80 demonstrating the utility of ammonium salts in C–N 

functionalization. However, methods to reduce aryl trialkylammonium salts to the parent 

arenes are underdeveloped,64, 81-82 and furthermore, accessing other C–heteroatom bonds 

such as aryl silanes have not yet been realized. 

1.3 Importance and Utility of Aryl Silanes in Synthesis 

1.3.1 Aryl Silanes in Materials and Medicinal Chemistry 

Due to their versatility in materials chemistry,84 ability to serve as bioisosteres in 

medicinal chemistry, and usefulness as a nucleophilic coupling partner, aryl silanes are 

valuable functional groups. Their properties have been leveraged in semiconductors and 

polymers, spurring the development of new materials with highly tuned charge transfer and 

physical properties.85-86 In pharmaceuticals, trimethylsilyl arenes have been used as tert-

butyl mimics to increased lipophilicity and metabolic stability.87 Their stability is also 

evident by the ability to carry these functional groups through multistep syntheses, only to 

be activated under very specific conditions. Lastly, these groups have found use in cross-
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couplings and functional group interconversion through reactions such as the Hiyama-

Denmark coupling85, 88 and oxidations to phenols or aryl halides.89 The properties of aryl 

silanes are often ideal in a synthetic setting where their low toxicity and predictable 

reactivity allow for convenient handling and functionalization.90 

1.3.2 Traditional Synthesis of Aryl Silanes 

The versatility of aryl silanes has led to numerous methods for their preparation, 

largely deriving from silanes, disilanes,91-92 and electrophilic silanes such as silyl 

chlorides.93 Of these methods, the most common way to access aryl silanes remains 

lithium-halogen exchange or Grignard formation from aryl halides, followed by quenching 

with an electrophilic silyl reagent such as a silyl chloride (Figure 1-18). This method has 

advantages in that aryl halides and silyl chlorides are abundant and these reactions are often 

high yielding. However, this method requires harsh conditions, including the use of highly 

nucleophilic and basic organometallic species as well as reactive electrophiles, placing 

substantial limitations on the reaction scope. Similarly, aryl halides cannot always be 

carried through multistep syntheses, requiring early installation of the silane group. 

Moreover, there are far fewer methods to install silanes from pseudohalides,94 which are 

often much more abundant, have greater diversity of substitution patterns, and are usually 

less expensive. 

1.3.2.1 C–H Functionalization to Access Aryl Silanes 

 

Figure 1-18 Traditional methods for aryl silane synthesis. 
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A common alternative to lithium-halogen exchange to from aryl silanes, C–H 

silylation has emerged as a powerful, yet mild method to forge C(sp2)–Si bonds.95 The 

Hartwig group has established several methods using rhodium96-97 and iridium98-102 to 

catalyze C(sp2)–H and C(sp3)–H silylation (Figure 1-19). These methods use commercially 

available silanes and produce only H2 as a side-product in the reaction, exemplifying their 

mildness over lithium-halogen exchange. While arenes possessing C(sp2)–H bonds are 

much more abundant than aryl halides or pseudohalides, the requirement for a sacrificial 

hydrogen acceptor in many cases, as well as the limitations in regioselectivity, often 

requiring the use of directing groups,91, 103 are among the largest limitations of these 

methods. Additionally, the use of designer ligands and precious metals, such as 

palladium,91-92 platinum,104 rhodium,105 ruthenium,103, 106 and iridium,98-102 pose a non-

trivial problem in implementing these reactions on large scale. With these considerations 

in mind, further developments in orthogonal synthesis of aryl silanes are necessary. 

To date, there have been a few methods to install aryl silanes under metal-free 

conditions.107 The one distinct approach uses a strong boron-based Lewis acid, in 

conjunction with electron-rich arenes to form aryl silanes (Figure 1-20).89 The 

Figure 1-20 Boron-catalyzed C–H silylation of arenes. 

Figure 1-19 Iridium and rhodium catalyzed C–H silylation of unactived arenes. 
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regioselectivity is highly predictable due to the Friedel-Crafts-type nature of this reaction. 

Many silanes can be installed using this method, though the prerequisite for high 

temperatures and highly electron-rich arenes limit this reaction to very specific classes of 

arenes. 

 In a collaborative effort between the Stoltz and Grubbs group, important advances 

in metal-free C–H silylation were developed using KO-t-Bu as a catalyst (Figure 1-21).108 

Mechanistic evidence for this powerful method suggests it might follow a different 

paradigm, relying on 1 e- chemistry, whereas all other methods mentioned above engage 

in 2 e- pathways.109-110 This method provides complementary reactivity to rhodium and 

iridium methods in accessing electron-rich and silylated heterocycles, and has inspired 

work by other groups in base-mediated methods for silylation of heterocycles.111 Although 

this system efficiently forms C(sp2)–Si bonds from C(sp2)–H bonds, the requirement for 

specific substrate electronics leaves room for further developments for aryl silane 

formation. 

1.3.2.2 C–O Activation to Access Aryl Silanes 

Recently, work by the Martin lab has shown that other phenol derivatives, such as 

anisoles, can also be used to access aryl silanes (Figure 1-22).112-114 This method has 

substantial advantages over lithium-halogen exchange in that phenols are an order of 

Figure 1-21 KO-t-Bu catalyzed C–H silylation. 
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magnitude more abundant than aryl halides and that the reactive the organometallic species 

is formed in catalytic quantities, permitting a greater functional group tolerance. While 

some of these methods can be conducted under mild conditions, air- and moisture-sensitive 

reagents, such as silylboranes,94, 114 are required for some C–O activations, which in many 

cases require more steps to synthesize than the desired aryl silane, making these routes 

inefficient for synthetic chemists. 

Related work by our lab has developed a protocol to convert silyl-protected phenols 

to aryl silanes (Figure 1-22).115 A wide variety of both extended –systems and isolated 

aromatics could be effectively used in this chemistry. Orthogonal functional groups often 

cleaved in nickel C–O activation, such as methyl ethers, pivalates, and carbamates are 

unreactive under these conditions, allowing silyloxyarenes to be carried through multi-step 

synthesis unscathed.  

Although both these strategies have advantages over other alternative methods in 

that less expensive metals, such as nickel, can be used, and that regioselectivity is less 

problematic since there is typically only one reactive site (opposed to multiple C–H bonds 

in C–H silylation reactions), they are not without their drawbacks. Typically, C–O 

Figure 1-22 Nickel-catalyzed silylation of inert C–O bonds. 
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activation requires elevated temperature and a large excess of silane reagent. They also 

struggle to install more complex silanes beyond simple trialkyl silanes, which are less 

useful in further functionalizations, such as Hiyama-Denmark couplings, due to their low 

polarizabilty.85, 116  

Overall, there are many methods to install aryl silanes beginning from aryl halides, 

simple arenes, or phenol derivatives. Of these methods, transition metal catalyzed 

processes have overcome many of the requisite harsh reaction conditions required in the 

installation of aryl silanes, though there still remain unaddressed limitations for these 

methods. While there are a few methods that use abundant C–H or C–O bonds to install 

silanes, there has been limited research in using C–N bonds as potential coupling partners 

to form aryl silanes. Taking advantage of the stability and unique reactivity of aryl C–N 

bonds offers the prospect of developing new methods to access aryl silane, thus 

circumventing the challenges of existing methods in installing these motifs at the final-

stages of a synthetic sequence. 
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1.4 Results and Discussion 

1.4.1 Developing a Nickel-Catalyzed Silylation of Aryl Trialkylammonium Salts 

Drawing inspiration from work within our own lab on the silylation of 

silyloxyarenes, conditions for the development of this transformation mirrored those 

optimized results. At the onset of this study, different NHC ligands were targeted for the 

silylation of aryl trialkylammonium salts using trialkylsilanes. Initial screens commenced 

with 1-80, Ni(COD)2, NHC ligands, HSiEt3, and NaO-t-Bu in toluene at 90 ºC for 12 hours 

(Table 1-1). Surprisingly, all the NHCs tested gave varying amounts of silylation (1-81a), 

with IPr*OMe: performing the best (Table 1-1, entry 6)! Also interesting, most of the NHCs 

tested gave appreciable amounts of reduced product, with smaller ligands like IMes giving 

the best results (Table 1-1, entry 7); this is important to note because at the time catalytic 

Table 1-1 Initial ligand screen for the silylation of aryl trialkylammonium salts. a Yields were determined by GCMS 

analysis using tridecane as an internal standard. 

entry ligand yield 1-81aa yield 1-81ba 1-81a:1-81b 

1 IMes•HCl 6% 46% 1:7.7 

2 SIMes•BF4 16% 43% 1:2.7 

3 IPr•HCl 74% 20% 3.7:1 

4 SIPr•HCl 56% 29% 1.9:1 

5 IPrMe•HCl 65% 23% 2.8:1 

6 IPr*OMe: 86% 14% 6.1:1 

7 IPr*OMe•BF4 76% 17% 4.5:1 
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methods for the removal of ammonium salts and aniline derivatives required harsh 

conditions, cryogenic temperatures, and were not tolerant of a number of functional groups. 

Focusing on the silylation of aryl trialkylammonium salts first, further optimization was 

pursued in the hopes of suppressing undesired reduction and lowering the temperature. 

Although reactivity was observed at room temperature, reactions were ultimately 

conducted at slightly elevated temperatures (40 ºC) for reproducibility.  

 

entry ligand time yield 1-81aa yield 1-81ba 1-81a:1-81b 

1 Et2O 6 h 5% 7% 1:1.3 

2 DME 6 h <1% 3% – 

3 THF 6 h 65% 35% 1.8:1 

4 dioxane 6 h 89% 11% 7.7:1 

5 toluene 6 h 4% 6% 1:1.4 

6 CH3CN 6 h 5% 71% 1:54.2 

7 MeOH 6 h <1% <1% – 

8 DMF 6 h <1% 80% – 

9b dioxane 6 h 77% 16% 4.9:1 

10c dioxane 6 h 77% 18% 4.2:1 

11d dioxane 6 h 7% 20% 1:2.9 

Table 1-2 Solvent effects on the silylation of aryl trialkylammonium salts. a Yields were determined by GCMS analysis 

using tridecane as an internal standard. b 5 equiv sulfolane; c 1 equiv MeOH added. d 1 equiv H2O added.  
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From here, variety of solvents were screened in this reaction (Table 1-2). It was 

observed that solvent identity played a crucial role in this reaction. Several acyclic ethereal 

solvents, such as Et2O and DME (Table 1-2, entries 1 & 2), did not provide ample amounts 

of the desired silylated product, however, cyclic ethereal solvents like THF and dioxane 

performed well (Table 1-2, entries 3 & 4), giving full conversion. While THF gave a 1.8: 

1 ratio of silylated to reduced product, dioxane gave a more selective, 7.7:1 ratio. Other 

non-polar, aprotic solvents like MeCN or toluene did not provide substantial amounts of 

silylated product (Table 1-2, entries 5 & 6), nor did polar-protic or polar-aprotic solvents 

like MeOH or DMF (Table 1-2, entries 7 & 8). However, DMF did provide substantial 

amounts of the reduced product (1-81b), which will be discussed in a later section. Using 

this information regarding solvent control for chemoselective conversion of aryl 

trialkylammonium salts to silanes or arenes, a more extensive screening of ligands was 

undertaken. 

Having identified dioxane at the best solvent for this reaction, a broader set of 

ligands were reexamined. Phosphine-type ligands such as PPh3 and PCy3 did not give 

appreciable amounts of either silylation or ammonium salt reduction (Table 1-3, entries 1 

& 2). Small NHCs or those bearing alkyl substituents, such as IMes, SIMes, and ICy, also 

failed to convert the starting material to the aryl silane (Table 1-3, entries 3-5). 

Interestingly, bulkier NHCs, like IPr (Table 1-3, entry 6), gave some amount of aryl silane 

and furthermore, changing the electronics of the imidazolium ring had a noticeable effect 

Table 1-3, entries 7-9). Thus far, bulky, more electron-rich NHCs, like IPrMe, gave the best 

results. It was not surprising that when comparing these ligands to IPr*OMe, a drastic 

increase in yield was observed (Table 1-3, entry 10). The high steric demand and increased 
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electron density of the NHC side-arms on IPr*OMe seemed to bolster the yields for 

silylation, while minimizing the production of reduced arene. This trend holds well with  

other nickel-catalyzed silylation methods explored within our lab.115 As mentioned earlier, 

it was found that lowering the temperature had a negative effect on yield (Table 1-3, entry 

11 and lowering the catalyst loading gave a slight drop in the amount of silylated arene 

entry ligand yield 1-81aa yield 1-81ba 1-81a:1-81b 

1 PPh3 <1% 5% – 

2 PCy3 <1% <1% – 

3 <1% 6% <1% – 

4 SIMes•HCl 5% 19% 1:3.8 

5 ICy•HCl <1% 1% – 

6 IPr•HCl 14% 7% 2:1 

7 IPr•HCl 15% 7% 2:1 

8 IPrMe•HCl 21% 5% 4.6:1 

9 IPrCl•HCl 12% 8% 1.5:1 

10 IPr*OMe•HCl 89% 11% 7.7:1 

11b IPr*OMe•HCl 54% 13% 4.3:1 

12c IPr*OMe•HCl 77% 15% 5.2:1 

Table 1-3 Assessment of ligands for the silylation of aryl trialkylammonium salts at 40 ºC. a Yields were 

determined by GCMS analysis using tridecane as an internal standard. b Run at 25 ºC. c Run using 5 mol% 

Ni(COD)2 and 5 mol% IPr*OMe•HCl for 19 h. 
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produced (Table 1-3, entry 12). These most optimized conditions were carried forward as 

the identity of the base was next examined. 

Despite the initial success of NaO-t-Bu, the effects of counter ions on similar 

systems necessitated an evaluation of bases for this reaction. A strong counterion effect 

was observed in this system, with LiO-t-Bu and KO-t-Bu underperforming when compared 

to NaO-t-Bu (Table 1-4, entries 1-3). The amount of base used was also important as seen 

from the reduction in yield when using 1 equivalent or no reaction when omitting the base 

altogether (Table 1-4, entries 4 & 5). Lastly, other inorganic and organic bases were less 

effective than NaO-t-Bu in this chemistry (Table 1-4, entries 6-9). 

Table 1-4 Screening of organic and inorganic bases for the silylation of aryl trialkylammonium salts. a Yields were 

determined by GCMS analysis using tridecane as an internal standard. b Using 1 equiv of base. 

entry ligand yield 1-81aa yield 1-81ba 1-81a:1-81b 

1 LiO-t-Bu 41% 5% 8:1 

2 NaO-t-Bu 89% 11% 7.7:1 

3 KO-t-Bu 48% 7% 6.5:1 

4b NaO-t-Bu 72% 13% 5.6:1 

5 none <1% <1% – 

6 NaOMe 24% <1% – 

7 Cs2CO3 <1% <1% – 

8 Et3N 14% 7% 6.8:1 

9 pyridine 55% 12% 4.5:1 
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As discussed in other methods of aryl trialkylammonium salt activation,79-80, 115 the 

identity of the counterion can play a crucial role in reaction efficiency – similar empirical 

results were also observed in this chemistry. Further, in this reaction, we hypothesize that 

the base severs several roles. Initially, the base is responsible for the deprotonation of the 

NHC salt to form a nickel-carbene complex. Therefore, the base used in this reaction must 

be strong enough to deprotonate an imidazolium salt, while non-nucleophilic enough to 

engage in other, off-cycle, coupling reactions, such as etherification or transamination, 

mentioned earlier in this chapter. Secondly, the base is responsible for sequestering any 

acid generated in the reaction. While the byproducts of this reaction are tertiary amines, 

which could in theory act as the base for this reaction, the high volatility of these species 

could result in their loss to the headspace of the reaction or atmosphere, necessitating 

additional exogenous base. Thirdly, mechanistic studies and the observation of important 

counterion effects in these types of reactions, the base could be engaging with the catalyst 

to promote some energetically demanding step in the catalytic cycle.  

Earlier reports suggest on C–O activation of aryl ethers suggest that nickel-ate 

species are responsible for high reactivity in related transformations.117-119 Specifically, the 

addition of an alkoxide base to a low-valent nickel species likely results in an anionic 

complex, allowing for more facile oxidative addition. Therefore, the identity of the 

counterion of the base could play a crucial role in the stability and energetics of nickel-ate 

complex formation. Similarly, this negatively charged nickel-ate complex could engage 

with the cationic substrate through electrostatic interaction, leading to productive catalysis. 

Using more polar solvents, however, which can stabilize charged species, could potentially 

discourage these electrostatic interactions between the substrate and catalysts. Contrarily, 
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less polar solvents may favor the formation of cage-species to minimize the solvation of 

charged species, which both favors nickel-ate complex formation and catalyst-substrate 

interaction. While detailed study of the solvent/base effects observed are outside the scope 

of this research, empirical data suggests that, of the solvents and bases examined, 

dioxane/NaO-t-Bu gave the best yields of aryl silane. These results are supported by other  

entry silane yielda 

1 Et3SiH 86% 

2 PhMe2SiH 60% 

3 BnMe2SiH 85% 

4 allylMe2SiH <1% 

5 Et2SiH2 <1% 

6 PhMeSiH2 <1% 

7 (EtO)Me2SiH <1% 

8 (EtO)3SiH <1% 

9 (TMSO)3SiH <1% 

10 Me(TMSO)2SiH 15% 

11b (TMS)3SiH <1% 

12c Me3Si–SiMe3 <1% 

Table 1-5 Probing compatible silanes in the silylation of aryl trialkylammonium salts. Reactions were analyzed by 

GCMS. a All yields are isolated yields. 
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literature reports, as discussed above. Regardless, due to the limited knowledge of the 

active catalytic species in transformations such as the ones described  

within this chapter, it is important to consider all of these factors in designing similar  

entry additive yield 1-81aa 

1 2-hexene 68% 

2 1-octene <1% 

3 ethylbut-2-yonate <1% 

4 methyl acetamide 4% 

5 benzonitrile <1% 

6 benzaldehyde 34% 

7 acetophenone 63% 

8 1-bromodecane <1% 

9 1-chloro-2-methylbenzene <1% 

10 4-bromobenzotrifluoride <1% 

11 triethylamine 48% 

12 morpholine 50% 

13 octylamine 5% 

14 1-methyl indole 74% 

15 benzofurane 9% 

Table 1-6 Glorius-type screen of different additives and their effect on aryl silane yield. a Yields were determined by 

GCMS analysis using tridecane as an internal standard. 
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transformations. 

Lastly, in order to access synthetically useful aryl silanes, an array of different 

silanes were tested in this reaction (Table 1-5). Complementary to existing methods of C–

H and C–O silylation, several different silanes could be successfully incorporated. Of these 

silanes tested, simple alkyl and aryl silanes performed best (Table 1-5, entries 1-3), as well 

as the synthetically useful Me(TMSO)2SiH (Table 1-5, entry 10), albeit in low yields. 

During this screen, it was found that silanes bearing allyl or alkoxy groups were 

incompatible in this reaction (Table 1-5, entries 4 & 7-9). Unfortunately, silanes with 

multiple hydrides or silicon-silicon bonds could also not be used in this transformation 

(Table 1-5, entries 5 & 6). 

After identifying the optimum conditions and compatible silane coupling partners 

for this transformation, a brief Glorius-type screen was conducted to evaluate the 

preliminary functional group tolerance.120 To do so, a series of small molecules containing 

different functional groups (1 equivalent of each additive) were added at the start of a 

productive reaction. Each reaction was then analyzed for yield of aryl silane. From these 

experiments, it was found that internal alkenes gave only small decreases in yield, while 

terminal alkenes and alkynes inhibited product formation (Table 1-6, entries 1-3). Some 

electrophiles, such as ketones, and aldehydes to a lesser extent, gave small decreases in 

yield (Table 1-6, entries 6 & 7). Acetamides and benzonitriles were detrimental to product 

formation (Table 1-6, entries 4 & 5). All aryl and alkyl halides tested in this reaction proved 

incompatible, and thus gave no yield of the desired product (Table 1-6, entries 8-10), which 

is contrary to that observed with aryl trialkylammonium salts in Kumada reactions.69 

Tertiary and secondary amines could be tolerated in this reaction, while adding primary 
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amines resulted in very low yields (Table 1-6, entries 11 & 12). Lastly, several nitrogen-

containing heterocycles, like indole were tolerated to some degree, though benzofuran was 

not (Table 1-6, entries 14 & 15). 
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1.4.2 Substrate and Silane Scope of the Nickel-Catalyzed Silylation of Aryl 

Trialkylammonium Salts 

Table 1-7 Substrate scope for the silylation of aryl trialkylammonium salts using triethyl silane. a Yields in parenthesis 

are isolated yields. b Yield was determined by GCMS analysis using tridecane as an internal standard. c 3 equiv of 

silane used. d Yield determined by NMR using CH2Br2 as an internal standard. e 2 equiv of silane used. f Reaction run 

under a stream of nitrogen. 
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Having established optimized conditions for the silylation of aryl 

trialkylammonium salts, and briefly exploring the tolerance of several small molecules, the 

substrate scope of this reaction was explored using triethyl silane (Table 1-7). As observed 

in the optimization, biphenyls such as 1-81a and 1-82a were well tolerated, as were isolated 

π-systems such as 1-83a and 1-84a, though ortho substitution was detrimental to yields (1-

85a). While electron-deficient aromatics (1-86a) provided modest yields, electron-rich 

systems, such anisoles (1-87a), phenyl ethers (1-88a), and silyl protected alcohols (1-89a) 

and phenols (1-90a), gave modest to excellent yields. These examples also exemplify the 

chemoselectivity for ammonium salt activation over other C–O electrophiles that have been 

shown to react under similar conditions.114-115, 121 Gratifyingly, saturated and unsaturated 

heterocycles were well tolerated in this reaction (1-91a, 1-92a, and 1-93a). Lastly, sensitive 

functionality, such as olefins (1-94a) and acetals (1-95a) gave the desired products in good 

yields. Notably though, over the course of the reaction with 1-94a’, it was observed that a 

near equal ratio of hydrogenation of the alkene was observed. As these reactions were run 

in a sealed tube, we hypothesized that H2 gas was being generated under the reaction 

conditions, leading to nickel-catalyzed hydrogenation of the olefin. To avoid these 

deleterious side-reactions, 1-94a was run with a N2 inlet rather than in a sealed tube, to 

sweep the headspace. Gratifyingly, this increased the ratio of non-hydrogenated to 

hydrogenated product to 4.5:1. Overall, a number of useful functional groups and sterically 

and electronically differentiated aryl trialkylammonium salts were tolerated, demonstrating 

the utility of accessing aryl trialkyl silanes from aniline derivatives. 
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Having assessed the substrate scope of silylation aryl trialkylammonium salts using 

Table 1-8 Silane scope of for the silylation of aryl trialkylammonium salts. a Yields in parenthesis are isolated yields. b 

3 equiv of silane used. c Yield determined by NMR using CH2Br2 as an internal standard. d 2 equiv of silane used. e 

Run on a 0.52 mmol scale. f Reaction run under a stream of nitrogen. 
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triethyl silane, other silanes were tested (Table 1-8). BnMe2SiH followed a similar trend to 

that of Et3SiH, providing good to excellent yields in most cases. As expected, this silane 

performed poorly with electron-deficient arenes and gave very low yields for substrates 

containing ortho-substitution. However, unlike the reaction using triethyl silane, the 

integrity of the alkene was preserved when 1-94 and BnMe2SiH were subjected to the 

reaction conditions. PhMe2SiH had similar reactivity to Et3SiH, suffering from the same 

pitfalls in ortho-selectivity, though a 2.1:1 ratio of non-hydrogenated to hydrogenated 

product was observed when subjecting 1-94 to the reaction conditions.  

Lastly, although Me(TMSO)2SiH provided low yields of silyated product, the value 

of these products in down-stream functionalization prompted an examination of the 

substrate scope (Table 1-8). Some isolated aromatics provided modest to good yields, and 

some heterocycles were tolerated. However, unlike the PhMe2SiH and BnMe2SiH, 

Me(TMSO)2SiH did not provide the desired product, or provided very low yields, for a 

number substrates. This low reactivity could be due to the different electronics of the silane 

(related alkoxysilanes also were not compatible in this system) or the large steric profile of 

the silane (TMS3SiH, which is very bulky, did not work in this reaction). Nonetheless, this 

silane could be used in several substrates, bringing access to useful aryl silanes from aryl 

trialkylammonium salts. 
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1.4.3 Optimization of the Nickel-Catalyzed Reduction of Aryl Trialkylammonium 

Salts to Arenes 

During the exploration of the silylation of aryl trialkylammonium salts, it was 

discovered that the identity of the NHC and solvent had a drastic effect on the ratio of  

silylation and reduction to the parent arene. Having developed a robust method to convert 

aniline derivatives into four different silanes, the removal of this group was next  

entry solvent temperature yield 1-88ba 

1 dioxane 60 ºC 29% 

2 THF 60 ºC 27% 

3 DMF 60 ºC 56% 

4 DMF 21 ºC 60% 

5 DMF 40 ºC 51% 

6 DMF 80 ºC 58% 

Table 1-9 Effect of solvent and temperature on the reduction of aryl trialkylammonium salts. 

Figure 1-23 Reduction of aryl trialkylammonium salts and limitations of this method. 
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explored. As there were limited examples of mild, catalytic reductions of ammonium salts 

known at the time of this study, optimization commenced using the same model substrate 

used silylation. Upon brief examination of this reaction, it was found that using IMes as 

the ligand and warming the reaction to 60 ºC overnight provided 82% of the desired 

biphenyl product (1-81b), with trace amounts of silylated product (1-81a). However, when 

the scope of this reaction was evaluated, this method proved highly substrate specific 

(Figure 1-23), giving low yields in all cases that did not contain a para-substituted aryl or 

alkyl group. Because the reaction seemed over optimized for one specific class of aryl 

trialkylammonium salts, a new model substrate, one containing a more challenging 

electron-rich aryl core (1-88), was used. 

entry ligand time yield 1-88ba 

1 IPr*OMe•HCl 12 h 49% 

2 IAd•HCl 12 h 46% 

3 SIMes•HCl 12 h 47% 

4 IMes•HCl 24% 56% 

5 none 12 h 15% 

6b IMes•HCl 1 h 57% 

7b IMes•HCl 2h 60% 

8b IMes•HCl 5 h 56% 

9b IMes•HCl 8 h 57% 

Table 1-10 Evaluation of different ligands and reaction times for the reduction of aryl trialkylammonium salts. 
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Using 1-88 as a model substrate, the identity of the solvent was reexamined (Table 

1-9). Other ethereal solvents, such as THF did not provide increase in yield (Table 1-9, 

entry 2), however, when using DMF a large increase in yield was observed at 60 ºC (Table 

1-9, entry 3). There was no large effect on yield when raising the temperature to 80 ºC, and 

the reaction could be conducted at ambient temperature (21 ºC) with negligible results 

(Table 1-9, entries 4-6). 

In evaluating the ligand for this reaction, it was found that IMes still performed the 

best, though this reaction was rather promiscuous, giving modest yields with a number of 

NHCs (Table 1-10, entries 1-4), and even some yield when ligand was omitted (Table 1-

10, entry 5). These reactions were also determined to be rapid, giving no significant change 

in conversion by GCMS after 2 hours (Table 1-10, entry 7). This much faster reaction rate, 

when compared to the silylation reaction, may be explained by the greater solubility of the 

reaction components in DMF, as opposed to dioxane. 

entry reductant yield 1-88ba 

1 Me(TMSO)2SiH 18% 

2 i-Pr3SiH 24% 

3 Ph3SiH 48% 

4 Et3SiH 56% 

5 Et2SiH2 54% 

6 Ti(i-PrO)4 42% 

Table 1-11 Evaluation of different reductants on the yield of arene. 
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To examine the source of hydride in this reaction, several common silanes and 

metal alkoxides were evaluated. A general trend between the size of the reductant and the 

yield was observed, as the very large Me(TMSO)2SiH provided the lowest yield (Table 1-

11, entry 1), followed by i-Pr3SiH, and Ph3SiH (Table 1-11, entries 2 & 3). Small silanes, 

such as Et2SiH2 and Et3SiH performed comparably (Table 1-11, entries 4 & 5), and Ti(i-

PrO)4 gave modest yield of the product (Table 1-11, entry 6). Given the cost and its overall 

availability in most synthetic labs, further exploration of this reaction was conducted with 

Et3SiH. 

1.4.4 Substrate Scope of the Reduction of Aryl Trialkylammonium Salts to Arenes 

Having identified the optimum conditions for reduction of aryl trialkylammonium 

salts, an evaluation of the substrate scope was undertaken (Table 1-12). Given the boost in 

yield for challenging substrate 1-88, these new conditions were tested on the model 

substrate for silylation. Gratifyingly, the reduced arene (1-81b) was formed in 98% yield, 

which was better than the previously optimized conditions. Other extended π-systems, such 

as biphenyls 1-96b and naphthalenes 1-97b could be used in this reaction. Substrates 

containing orthogonal functional groups previously shown to be reactive using nickel-

NHCs, like silyloxyarenes (1-90b), silyl ethers (1-89b), and phenyl ethers (1-88b) were 

well-tolerated in this reaction.114-115, 121 Contrary to the method developed for silylation of 

aryl trialkylammonium salts, while electron-deficient systems gave synthetically useful 

yields (1-86b), electron-rich aromatics (1-87b) gave synthetically low yields. While para-

substituted aromatics (1-84b) gave good yields, substrates with ortho substitution showed 

poor reactivity (1-85b). Lastly, several trialkylammonium salts containing saturated and 
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unsaturated heterocycles could be used in this method, including pyridines (1-98b), 

pyrazoles (1-93b), and morpholines (1-91b). 

1.4.5 Mechanistic Investigations into the Silylation and Reduction of Arenes 

Having demonstrated the utility of aryl trialkylammonium salts to divergently 

synthesize either aryl silanes or reduced arenes, the mechanism of theses reactions were 

briefly investigated. First, the source of the hydride for the reduction of aryl 

trialkylammonium salts was examined (Figure 1-24). Using triethylsilyl deuteride, the 

model reaction was conducted for both the reduction and silylation. It was found that under 

the silylation conditions, no deuterium was incorporated into the product. However, for the 

Table 1-12 Substrate scope for the reduction of aryl trialkylammonium salts. a Yields in parenthesis are isolated 

yields. b Yield determined by GCMS using tridecane as an internal standard. c Run at 20 ºC. d Yield determined by 

NMR using CH2Br2 as an internal standard. e Run at 60 ºC. f 40 ºC in dioxane. g Run at 90 ºC in dioxane. 
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reduction, 93% deuterium incorporation was observed (1-81f). This suggests the silane 

serves as the hydride source in these reactions, rather than the trimethylamine that is 

generated through the cleavage of the C–N bond of the ammonium salt. 

Next, the observation that different silanes provided different yields prompted 

study into their rates of reactivity (Figure 1-25). To assess if some silanes reacted faster 

than others, head-to-head comparisons were performed by using equal amounts of two 

different silanes in the same reaction flask. When comparing BnMe2SiH to Et3SiH, it was 

Figure 1-24 Deuterium incorporation for the silylation and reduction of aryl trialkylammonium salts. 

Figure 1-25 Head-to-head comparison of triethyl silane with different silanes. 



46 

 

found that BnMe2SiH reacted significantly faster than Et3SiH, giving an over yield of 86% 

and 9.8:1 ratio of products (Figure 1-25a). Similarly, comparing PhMe2SiH to Et3SiH, near 

identical results were observed, with a 91% overall yield and 10.1:1 ratio of products 

Table 1-13 Effects of TEMPO on a) the silylation and, b) the reduction of aryl trialkyammonium salts.  
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(Figure 1-25b). As this differing aptitude for reactivity was surprising, future studies should 

be conducted to determine why lower yields were often observed for either BnMe2SiH or 

PhMe2SiH compared to Et3SiH. 

Following investigations into the reactivity of different silanes, studies into the 

potential of a radical-type mechanism were probed (Table 1-13). To trap any free-radicals, 

reactions were run with either 10 mol% or 100 mol% of TEMPO. When comparing the 

model reaction to that with 10 mol% TEMPO, a slight decrease in yield was observed for 

the silylated product (Table 1-13a). However, when adding 100% TEMPO, the reaction 

was completely inhibited. TEMPO adducts with a triethylsilyl group were observed by 

GCMS for the reaction using 10 mol%, and both methyl and proton adducts were observed 

for the reaction run with 100 mol%. While further inquiry into the exact mechanism of this 

reaction is warranted, these results support the possibility of a radical mechanism. 

For the reduction reaction, the yield was unaffected by the inclusion of 10 mol% 

TEMPO (Figure 1-13b). However, the reaction was completely inhibited when 100 mol% 

TEMPO was added. Similarly, methyl TEMPO adducts were observed by GCMS for the 

reaction with 10 mol%, and methyl and proton adducts were observed for the reaction with 

100 mol%. Interestingly, no silyl adducts were observed for either reduction reaction. 

While the exact nature of each mechanism is unknown, this data supports the possibility of 

radical intermediates being formed at some point in the catalytic cycle, for both reactions. 

1.4.6 Synthetic Demonstrations 

The utility of these two methods rely on the robustness and availability of anilines 

and their derivatives. Anilines are strong ortho- and para-directing groups for electrophilic 

aromatic substitution (SEAr) reactions, and therefore can be viewed as a traceless directing 
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group if they are removed or converted into a valued added product, such as an aryl silane. 

Additionally, as anilines are often accessed from nitroarenes, which also are very useful as 

meta-directors or nucleophilic aromatic substitution (SNAr), these too can be viewed as 

traceless handles for the installation of functionality on aryl silanes. 

To highlight the ability of nitroarenes to serve as aryl silane precursors, a synthetic 

sequence was undertaken that utilized this group to install other functionality that might 

Figure 1-26 Synthetic demonstrations for the silylation of aryl trialkylammonium salts. a) using nitro-groups for 

SnAr and aryl silane precursors, b) rapid diversification of simple arenes in route to aryl silanes and, c) using anilines 

as directing groups. 
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not be possible with other silylation methods (Figure 1-26a). First, through an (SNAr) of 4-

fluoronitrobenzene (1-99) with menthol, an aryl ether was synthesized. Following this, 

reduction of the nitro group with Pd/C and H2 gave the parent aniline. From here, a two-

step alkylation of the aniline provided the requisite aryl trialkylammonium salt (1-100) for 

silylation in 26% yield over four steps. Silylation of this enantiopure aryl ether then gave 

the desired product in 58% yield. 

The usefulness of the nitroarenes was also shown through the rapid installation of 

diverse functionality (Figure 1-26b). Beginning with 4-nitrophenol (1-101), alkylation with 

allyl bromide, then a Claisen rearrangement and alkylation, gave methyl ether 1-102 in 

45% yield over three steps, requiring no silica gel chromatography. Next, the nitro group 

and olefin were reduced using Pd/C and H2, then exhaustive alkylation of the aniline 

provided the ammonium salt (1-103) in 73% yield over two steps, without silica gel 

chromatography. Finally, this aryl ammonium salt was converted to the aryl silane (1-103a) 

using the method developed herein in 77%. This synthetic sequence gives access to a highly 

decorated aryl silanes in a succinct sequence staring from a commercially available 

nitroarenes. 

Lastly, the directing abilities of anilines were demonstrated through the Friedel-

Crafts acylation of 1-104 (Figure 1-26c). This compound could then be reduced under 

Wolff-Kishner conditions and finally, alkylated to give the benzyl-substituted aryl 

trialkylammonium salt 1-105 in 29% over three steps. Using this compound and 

BnMe2SiH, the silyl arene (1-105c) was accessed in 66% yield. As anilines can be readily 

accessed from many commodity chemicals, and are robust enough to survive harsh 
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synthetic sequences, they can now serve as useful precursors for silyl groups late in 

synthetic sequences. 

In a final effort to highlight the utility and of this method, a large scale reaction was 

run, using only 5 mol% Ni(COD)2 and 5 mo% IPr*OMe•HCl, which afforded 77% isolated 

yield of the desired product (Figure 1-27a). This reaction could also be run using a 

commercial air-stable pre-catalyst (1-106) developed within our lab. When comparing the 

optimized conditions to that of the pre-catalyst, a synthetically useful yield is attained, 

allowing facile access into these types of transformations (Figure 1-27b). 

Overall, their relative abundance, ease of access, and robust nature make anilines 

and their derivatives highly valuable in synthesis. We thus aimed to take advantage of these 

characteristics and developed an efficient method to access aryl silanes from aryl 

Figure 1-27 Synthetic demonstrations of silylation of aryl trialkylammonium salts. a) large-scale silylation of an aryl 

trialkylammonium salt and, b) comparison of in situ generated catalysts and air-stable pre-catalysts. 
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trialkylammonium salts. Four different silanes were shown to be competent in this reaction, 

providing access to a variety of aryl silanes in modest to excellent yield. Orthogonal to this 

transformation, the reduced arenes could also be access by changing the identity of the 

NHC ligand and solvent. Both of these methods could be conducted under exceptionally 

mild conditions and have a broad substrate scope. Furthermore, several experiments were 

conducted to better elucidate the mechanism of these reactions. Lastly, the synthetic utility 

of the silylation of aryl trialkylammonium salts, as a strategy for late-stage 

functionalization, was demonstrated. Specifically, nitroarenes and anilines were employed 

to give site-selective installation of various functional groups. These functional groups 

were subsequently transformed into aryl silanes, with overall good yields on several 

decorated aromatics. Ultimately, the utility of the silylation and reduction to the parent 

arene offer a novel and synthetically useful strategy to access new chemical space, 

beginning from commercially accessible starting materials via sustainable transition metal 

catalysis. 
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Chapter 2  

Enantioselective α-Arylation of N-Alkyl Benzamides Using Synergistic 

Metallaphotoredox 

 

2.1 Introduction 

Aliphatic amines are present in a large number of natural products, pharmaceuticals, 

and agrochemicals, and are therefore an important motif throughout chemistry. Recently, 

a nascent area of interest has been developing for new methods for the last-stage 

diversification of alkyl amines and their derivatives. Of these methods, C–H 

functionalization through photoredox catalysis has emerged as a versatile strategy to form 

new C–C, C–O, and C–heteroatom bonds at the α-carbon of aliphatic amines under 

Figure 2-1 Mechanistic pathways for, a) α-functionalization of amines and, b) α-functionalization of amides. 
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exceedingly mild conditions. Until more recently, photoredox was largely limited to the 

functionalization of tertiary amines, which possess relatively low oxidation potentials. 

Through this manifold, tertiary amines can be oxidized to give α-amino radicals or iminium 

species, which can then be trapped (Figure 2-1). Although a great deal of effort has gone 

into understanding the fundamental processes that govern photoredox-catalyzed tertiary 

amine functionalization, far less is known about amide functionalization.  

As this field has developed, the scope of amine derivatives that can be activated has 

increased. This is largely due to the concomitant development of organo-photoredox 

catalysts with higher oxidation potentials, and the ability to engage multiple catalytic 

Figure 2-2 Inorganic and organic photocatalysts used in photoredox catalysis. 
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processes in the same reaction flask, such as metallaphotoredox catalysis (Figure 2-2). Due 

to their prevalence in medicinal chemistry and biologically relevant molecules, 

functionalization of amides has been a topic of increased interest. Amides, which are less 

prone to single-electron oxidation, are more challenging to engage in photoredox 

processes.  To combat this poor reactivity, several novel strategies have been developed to 

address these limitations, including hydrogen atom transfer (HAT), proton-coupled 

electron transfer (PCET), oxidation of inorganic bases, energy transfer, and direct 

oxidation. For the purpose of this thesis, these methods will be discussed briefly, in addition 

to alternative strategies for distal-, and proximal-functionalization of amides and amine 

derivatives.  

2.2 Distal C–H Functionalization Using Amines and their Derivatives 

2.2.1 Hofmann-Löffler-Freytag-type Reactions for Distal C–H Functionalization 

As early as the 1880s, the conversion of distal C–H bonds to more useful functional 

group handles have been an area of bourgeoning interest.122 With the advent of the 

Hofmann-Löffler-Freytag (HLF) reaction, amines became a tool for installing halogens 

Figure 2-3 Explanation of selectivity for the Hofmann-Löffler-Freytag reaction. 
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along an alkyl chain (Figure 2-3). Unlike traditional halogenation using Cl2 or Br2 and 

light, which create statistical mixtures of products, the HLF reaction can predictably and 

efficiently install chlorine or bromine at the δ-position of aliphatic secondary amines. 

Despite this powerful advancement in site-selective C–H halogenation, the HLF reaction 

still requires the installation of highly reactive N–Cl or N–Br bonds, which derive from 

caustic, and oxidizing reagents that have inherent substrate constraints.  

Mechanistically, the HLF reaction has provided a platform for further 

developments in distal C–H functionalization. It is currently understood that homolysis of 

the N–X bond by light forms an X-centered radical and N-centered radical, the latter of 

which can abstract a C–H from the δ-position. Due to the highly organized, chair-like 

transition state, this reaction typically undergoes a 1,5-HAT, providing regioselective C–

X bond formation. Although, there are many methods that take advantage of 

conformational bias to perform 1,5-HATs, or use clever strategies to perform 1,N-HATs 

(N=2, 3, 4, 6, or 7),123-126 the need for further transformations to access C–C or C–

heteroatoms has prompted exploration of streamlined approaches to distal 

functionalization. 

Figure 2-4 Use of N–F reagents for C–C bond formation. 
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The HFL is a powerful method that has enabled the installation of functional groups 

on unactivated aliphatic chains. Its simplicity and site-selectivity have been a guiding 

principle for others who expanded these transformations beyond simple amines.126-130  

Most importantly, the HLF has established HAT from an N-centered radical as a feasible 

method for C–H functionalization. 131-135 This innovation has inspired the study of other 

nitrogen-centered radicals, thus set the stage for novel transformations including the direct 

formation of C–C bonds from unactivated C–H bonds. 

The Nagib group was able to show the utility of merging the HLF reaction with 

downstream cascade reaction sequences,136 in order to install arenes at distal C–H bonds 

(Figure 2-4) .137-138 As the traditional HLF reactions struggle to incorporate fluorine, this 

reaction serves as a powerful, yet mild method to overcome these limitations. Using a 

copper catalyst, Nagib and co-workers were able to take advantage of a chiral ligand for 

Figure 2-5 In situ HLF reactions for oxidation, amination, and arylation. 
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the enantioselective distal arylation of aliphatic amines, which cannot be easily accessed 

using other methods. 

Similar strategies have been developed that utilize in situ generated N-centered 

radicals from iodine or bromine and hypervalent iodine reagents.139-141 These in situ 

protocols have allowed for the installation of other functional groups including 

oxygenation,142 amination, and arylation (Figure 2-5).143-145 As only a catalytic amount of 

reactive radical is generated at one time, site-selectivity is mediated through intramolecular 

C–H functionalization, allowing for high levels of regiocontrol. Additionally, the use of 

stable and readily accessible amines, imines, and amides provides a practical advantage 

over the synthesis of reactive N–X species in the HLF reaction. Lastly, unique 

transformations, such as distal arylations, can be performed in a single step, a feat not 

previously demonstrated through traditional HLF reactions. 

2.2.2 N–H Cleavage for Distal Functionalization of C–H bonds 

Initially defined by Mayer and co-workers,146-147 proton-coupled electron transfer 

(PCET) involves the simultaneous transfer of a proton and electron to two different orbitals 

Figure 2-6 Thermodynamic cycle for PCET. 
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of a given substrate(s) (Figure 2-6). The concerted nature of this transformation allows for 

significantly lower barriers of activation for the formation of nitrogen-centered radicals 

than the two-step process of deprotonation then oxidation, or oxidation then 

deprotonation.148-149 It is important to note that this phenomenon has been reported under 

basic, oxidizing conditions and acidic, reducing conditions.150 Generally, this 

Figure 2-8 Photocatalytic PCET for distal alkylation. 

Figure 2-7 General mechanism for oxidative PCET. 
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transformation proceeds via concerted deprotonation by a basic moiety (B) and electron 

transfer by a transition metal (Mn) (Figure 2-7). The exceptionally mild conditions (ie 

utilizing weaker oxidants/reductants and bases/acids) make this method amenable to 

sensitive substrates. 

Applications of this theory have more recently been applied by Rovis and Knowles 

to catalytic systems150-153 for the distal functionalization of amides (Figure 2-8).154-155 In 

these simultaneously published reports, the combination of an iridium photocatalyst and a 

weak phosphate base allowed of the formation of an amidyl radical under very mild 

conditions. These radicals are then transferred through a favorable 1,5-HAT, which can be 

captured with Michael acceptors through a Giese-type reaction. Although these methods 

provide new avenues to forge C–C bonds, their transformation is limited to C(sp3)–C(sp3) 

bond formations, leaving room for further development of this area.  

These transformations described by Rovis and Knowles revived interest in 

generating amidyl radicals for distal C–H activation,156 which provide reactive 

Figure 2-9 Distal allylation of trifluoracetamides using metallaphotoredox catalysis. 
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intermediates for other functionalization, such as allylations157 and alkylation,158 or in some 

cases other substrates classes beyond amides.124, 159 The first of these, explored by the 

Tambar group, used trifluoroacetamides for the distal allylation of C–H bonds (Figure 2-

9). In this system, an alkyl radical formed through the deprotonation and oxidation of an 

amide, followed by a 1,5 HAT can be captured by nickel-bound allyl chlorides. In their 

mechanism they propose a -complex between the nickel and allyl chloride rather than 

oxidative addition by the metal. Interestingly though, moderated yields were observed 

when omitting nickel from the reaction, suggesting more complicated interactions are at 

play. 

In a recent report by the Rovis lab, a similar principle of intercepting reactive 

intermediates formed from amidyl radicals was implemented for the distal alkylation of    

trifluoroacetamides (Figure 2-10).158 In this procedure, Ni-bpy complexes were used to 

capture fleeting radicals which were generated from a 1,5-HAT from an amidyl radical. 

Further, they were able to showcase the site-selectivity of an orthogonal reaction developed 

in their lab, the δ-alkylation of trifluoroacetimides with electron deficient olefins, using 

Figure 2-10 Distal alkylation of trifluoroacetamides using alkyl bromides. 
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previously optimized conditions, to give all-carbon quaternary centers. In contrast to the 

Tambar report, the Rovis group was able to expand the scope of electrophiles for C–H 

alkylation to unactivated alkyl bromides. Regardless, this work demonstrated another 

instance of selective, distal C–H functionalization using nitrogen-centered radicals and 

HAT. 

Despite great advances in this field, methods to install new C(sp3)–C(sp2) bonds 

distal from amides has yet to be realized. The ability to intercept reactive intermediates 

within a catalytic cycle provides new opportunities for reaction development with 

underexplored substrate classes. As one can imagine engaging multiple catalysts in the 

same reaction, similar to work done by the Tambar lab,157 PCET could potentially be 

leveraged for a number of unique transformations that cannot be accomplished solely by 

HLF-type reactions. Overall, catalytic methods using PCET or HAT to provide distal 

functionalization are a powerful tool that is currently under-utilized in the synthetic 

community and is a large topic of on-going research. 

2.3 Proximal C–H Functionalization using Amines and their Derivatives 

2.3.1 C–C(sp3) and C–C(sp) Bond Formations 

Methods to form new C–C(sp3) bonds have made a recent resurgence in active 

research. The same challenges that plague method development for functionalizing strong 

Figure 2-11 α-amidyl radicals for cyclizations. 
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C–H bonds, namely high oxidation potentials and high BDE, require new strategies to 

overcome. Fortunately, a number of metal-mediated and photocatalyzed processes have 

been leveraged to achieve -amide alkylation. Thus, this section will focus on oxidative 

methods to functionalize -C–H bonds of amides, either using stoichiometric oxidants such 

as peroxides or by employing catalytic transition metals or photocatalysts. Through these 

strategies, new methods to for alkylation and allylation have been developed, however, 

many limitations remain, leaving ample room for improvement.  

Beginning in 1990, the Curran group performed annulations of N-alkyl and aryl 

benzamides (Figure 2-11).160 Using AIBN and Bu3SnH, halides could be abstracted from 

arenes using tin-centered radicals. Owing to their instability, these aryl radicals rapidly 

underwent a 1,5-HAT to give -amidyl radicals, which were trapped intramolecularly 

using styrenes, arenes, and unsaturated esters. Despite the limited methods at the time for 

-amidyl radical formation, this method was able to leverage novel reactivity to provide 

valuable carbocycles and serves as a stepping-stone for future amide functionalization. 

Since Curran’s report, other metal-mediated and metal-catalyzed methods have 

been developed to alkylate amides. Specifically, the Mao and Li groups were able to 

alkylate simple amides using a copper/ tert-butyl hydrogen peroxide (TBHP) system.161-162  

Figure 2-12 Alkylation of simple amides with styrenes. 
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In the method developed by Mao, -amidyl radicals from DMAc and NMP were accessed 

through a HAT process, which could then be trapped using styrene or unsaturated 

carboxylic acids to give alkyl and alkenyl amides (Figure 2-12). Unfortunately, this method 

suffers from several drawbacks including high reaction temperatures, high loadings of 

metal salt, modest yields, and the use of solvent quantities of amide. Additionally, 

regioselectivity was low for substrates that possessed other weak C–H bonds such as DMF. 

Using a well-defined iridium catalyst, the Shibata group was able to 

enantioselectively alkylate lactams with styrenes (Figure 2-13).163 These reactions gave 

Figure 2-13 Enantioselective alkylation pyridyl lactams. 

Figure 2-14 Alkoxythiocarbamate-directed alkylation of pyrrolidines. 
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good yields and good to excellent enantioselectivity using a commercially available chiral 

phosphine ligand. While the identity of the directing group and the structure of the lactam 

were not modified, the olefin could be changed to unsaturated esters, phosphonates, and 

sulfones. Lastly, these products were transformed into enantio-enriched -amino acids, 

which are valuable building blocks in organic synthesis. 

Complementary to the report by Shibata, the Yu group was able to alkylate 

alkoxythiocarbamates using an iridium catalyst (Figure 2-14). Advantages to this system 

include the extended substrate scope and the ability to incorporate both activated and 

unactivated alkenes in this reaction. Unfortunately, this reaction requires high loadings of 

precious metal catalyst, and, unlike the Shibata report, also suffers from over alkylation 

and poor diastereoselectivity. Overall, this represents an alternative to existing methods of 

alkylation of amides, which use alkyl bromides or activated olefins. 

One of the first reports of photocatalytic amide -alkylations was disclosed by the 

Albini group using a tetrabutylammonium decatungstate photocatalyst (TBADT) (Figure 

2-15).164 In their reaction, a photo-excited TBADT abstracts a weak -C–H bond of simple 

Figure 2-15 Tetrabutylammonium decatungstate-catalyzed alkylation of amides. 
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amides, which then forms a radical that is subsequently trapped by an electron-deficient 

olefin. While this method uses amides as the limiting reagent, a major advancement in this 

field, the electron-deficient olefin is used in solvent-quantities in order to attain higher 

yields. Similarly, the use of a strongly oxidizing photocatalyst prohibits the incorporation 

of some functionality in this report, though this represents a large advance in catalytic, 

proximal functionalization of amides. 

Building upon this seminal report of photocatalytic -alkylation of amides, the 

Nicewicz group was able to show that strongly oxidizing acridinium photocatalysts were 

capable of directly oxidizing tertiary carbamates (Figure 2-16).165 These conditions were 

amenable to numerous cyclic and acyclic Boc-protected amines, as well as several electron-

deficient olefins including unsaturated ketones, esters, and sulfones. When applied to an 

enantio-enriched substrate this reaction was shown to be highly diastereoselective, paving 

Figure 2-16 Photocatalytic alkylation of carbamates with electron-deficient olefins. 
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the way for the enantioselective synthesis of (+) monomorine (2-40) in 51% yield over 

three steps. 

Unlike previously mentioned transition metal-catalyzed methods, the formation of 

enantioenriched amides and carbamates via photocatalysis is challenging due to the radical 

nature of the coupling partners. To address this, the Inoue group leveraged chiral 

sulfoximines, in conjunction with benzophenone as an HAT mediator, to form new C(sp3)–

C(sp) bonds from -C–H bonds of amine derivatives (Figure 2-17).166 Key to this 

transformation was the development of an appropriate chiral auxiliary (2-42), which 

transferred stereochemical information through a concerted, chair-like transition state. 

While they were able to demonstrate this reaction on a number of protected amines, 

including amides, benzamides, and carbamates, the enantiospecificity was low in many 

cases, highlighting the difficulty in enantioselective C–H functionalization, especially in 

odd-electron systems. 

Using a metallaphotoredox system, the MacMillan lab reported the -alkylation of 

amide and carbamate C–H bonds (Figure 2-18).167 The key to site-selectivity in their 

system was a polarity-match/ mismatch, which allowed for abstraction of stronger C–H 

bonds in the presence of weaker ones. Due to the electronics of the resultant quinuclidine 

radical cation, more hydridic C–H bonds are preferentially functionalized, as evident in the 

alkylation of amides containing benzyl and ether groups. They were able to use a large 

Figure 2-17 Enantiospecific alkynylation of carbamates. 
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variety of primary and secondary alkyl bromides, or tosylates in cases where the alkyl 

bromide was too volatile, to form new C(sp3)–C(sp3) bonds. Lastly, the authors 

demonstrated the high regioselectivity of this process by derivatizing the -carbamate C–

H bonds of Boc-protected Prozac (2-50), which contains numerous C(sp3)–H bonds, 

including a benzylic ether, which has a lower BDE than those adjacent to the Boc-protected 

amine. As one of the first general metallaphotoredox methods, this work highlights the 

power of merging two catalytic cycles to develop new bond disconnections under mild 

reaction conditions. 

Most recently, a method for the photocatalytic proximal alkylation of primary 

amines to give lactams was developed in a collaboration between the Schoenebeck and 

Rovis labs (Figure 2-19).168 The use of CO2, which traps the basic amine as a carbamate, 

allows for an electrostatic interaction between the negatively charged substrate (2-51a) and 

positively charged HAT reagent. This interaction is thought to direct the HAT to the -C–

Figure 2-18 Metallaphotoredox-catalyzed alkylation of amides and carbamates using alkyl bromides. 
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H bonds, to form a radical that can then be trapped by an electron-deficient olefin. This 

method represents a monumental achievement for the functionalization of non-tertiary 

amines, which have been challenging for photoredox due to their higher oxidation 

potentials, ability to be over oxidized, and their basicity. 

Building upon the work of MacMillan, the Rovis group were able to achieve similar 

results for the alkylation of triflamides using electron-deficient olefins (Figure 2-20).169 

Although not explicitly mentioned in the Rovis report, it is thought that this reaction goes 

through a pairing of electrostatics, such as the one reported by Schoenebeck and Rovis.168 

In particular, experimental evidence supports the HAT of -C–H bonds occurs between a 

deprotonated triflamide and the radical-cation of a quinuclidine species. Regardless of the 

mechanism, this provides an orthogonal method to the report by MacMillan to alkylate 

amine derivatives. This reaction is quite general, providing the desired product from 

triflamides containing secondary and tertiary -C–H bonds, as well as using a number of 

electron-deficient olefins such as unsaturated esters or nitriles, malonates, and styrenes. 

Figure 2-19 Using electrostatic interactions for the alkylation of primary amines. 
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Furthermore, the site-selectivity was better elucidated when comparing the regioselectivity 

of their earlier report using trifluoroacetates (2-58), which provide distal functionalization. 

Many of these recent reports leverage novel photoredox or metallaphotoredox 

systems to circumvent the problems mentioned above and have opened new avenues of 

chemical research. Although these methods have elucidated several potential mechanisms 

for -C–H alkylation, a general explanation for site-selectivity and chemoselectivity is still 

underdeveloped and poorly understood, leaving opportunities for detailed mechanistic 

investigations. 

2.3.2 C–C(sp2) Bond Formation 

Not unlike alkylation and heteroatom bond formation, there has been a great deal 

of interest in directly forming new C–C(sp2) bonds from -amide C–H bonds. Two distinct 

approaches, namely one-electron and two-electron processes, have been developed to 

circumvent issues of activating and functionalizing amides. Within these approaches there 

Figure 2-20 Alkylation of triflamides using electron-deficient olefins. 
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are several distinct mechanisms stemming from transition metal-catalysis, reagent-

controlled oxidation, photoredox, and metallaphotoredox catalysis. Important to the 

developments described herein, an emphasis on mechanism and currently limitations will 

be discussed when appropriate. While there are many recent methods to install C–C(sp2) 

bonds proximal to amine derivatives, these methods are often uniquely substrate dependent 

and require new systems or further optimization to extend them to related substrate classes. 

Furthermore, very little exploration of enantioselective arylation has been described for 

proximal C–H arylation of amines and their derivatives. 

Among the earliest methods of -arylation of amides, the Stephenson group 

demonstrated the ability to two unique systems for the functionalization of simple amides 

(Figure 2-21). Using persulfate salts with or without a ruthenium photocatalyst allowed for 

the formation of an N-acyliminium species, which could be trapped by an electron-rich 

arene through a Friedel-Crafts-type reaction. Experimentally, they determined that the 

photocatalytic method provided better yields for most substrates, but that the product can 

be generated under thermolysis alone. These results indicated that persulfate could 

Figure 2-21 Friedel-Crafts-type arylation of amides using photoredox catalysis and persulfates. 
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potentially serve multiple roles in this reaction. Due to the constraints of Friedel-Crafts-

type reactions, only very electron-rich substrates delivered appreciable yields of the desired 

products. Among the other limitations of this method are the need for solvent-quantities of 

amide, which prohibit the use of more complex substrates due to cost and efficiency. While 

it is believed that this reaction undergoes initial SET oxidation of the amide, followed by 

a facile second SET and loss of a proton to deliver N-acyliminium intermediates, this 

transformation can also be understood as a two-electron process due to the nature of the 

Friedel-Crafts-type reactivity. 

Shortly after the report by Stephenson, the Lei group was able to leverage DTBP 

and a nickel catalyst for the arylation of THF and simple amides (Figure 2-22). Similar to 

the mechanism reported by Stephenson et al, they propose an initial HAT followed by SET 

of the substrate by nickel and DTBP (2-63a). This process generates oxocarbeniums or N-

acyliminium ions (2-63b), which can then be trapped by nucleophilic aryl species. This 

method is once again limited to simple systems as solvent quantities of the ether and amides 

are necessary for appreciable yields. While this reaction works with several functional 

groups on the boronic acid, the high temperatures and strongly oxidizing conditions 

prohibit the use of other sensitive functionality. 

Figure 2-22 Nickel-catalyzed and mechanistic hypothesis of the arylation of THF and amides. 
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Work done by the Wang and Berthelot groups have implemented photoredox 

strategies, combined with stoichiometric oxidants for the -arylation of amide C–H bonds 

(Figure 2-23).170-171 Both of these methods provide hetereoarylation of C–H bonds through 

a Minisci processes using a number of simple and complex amides, as well as a diverse 

group of arenes. A major advancement in this field, the Wang group was able to avoid 

some of the pitfalls of other methods by employing near stoichiometric quantities of each 

coupling partners. Specifically, these methods provide a complement to those developed 

Figure 2-23 Metallaphotoredox-catalyzed arylation of amides and weak C–H bonds. 
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by the Stephenson group as abundant arenes and a slight excess of amide are used to 

provide -arylated amides in good yields. 

Among the methods developed for -C–H arylation of amides through a two-

electron manifold, the Yu lab explored the ability of thioamides to direct enantioselective 

arylations using a palladium catalyst (Figure 2-24).172 Key advances in this method are the 

use of a phosphoric acid (PA1) to transfer chirality to the products and the use of near-

stoichiometric amounts of coupling partners, which include abundant aryl boronic acids 

and both cyclic and acyclic thioamides. As this report details one of the first 

enantioselective methods to access -aryl amides from C–H bonds, this serves as a 

benchmark for future developments in this area. 

Figure 2-24 Palladium-catalyzed enantioselective arylation of thioamides with boronic esters. 
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In an effort to develop a mild method to directly arylate C–H bonds of THF and 

simple amides, the Molander group used an iridium/nickel metallaphotoredox system 

(Figure 2-25).173 Though this study still used solvent quantities of THF or amides, they 

were able to utilize a number of electron-rich and -poor aryl bromides, including several 

heteroaromatics. Mechanistically, they investigated nickel’s role in the formation of -

THF and α-amide radicals. Specifically, they examined the possibility of oxidation of 

nickel(II)ArBr (2-79) by iridium, energy transfer to nickel by iridium, and direct excitation 

of nickel by light. Through their mechanistic studies they concluded that C–H 

functionalization is initiated by a bromine radical, though they were unable to determine if 

it occurred through the latter two pathways.  

To address the limitations in their initial report, the MacMillan group uncovered a 

method to selectivity arylate -C–H bond of amides (Figure 2-26).167, 174 Key to their 

Figure 2-25 Arylation of cyclic amides and saturated heterocycles, and mechanistic hypotheses. 
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findings were the exclusion of quinuclidine, as well as the use of a less electron-rich 

bipyridyl ligand for nickel (Ni-2). They were able to demonstrate this transformation on 

many substrates with varying C–H bond strength, ranging from cyclohexane to Boc-

protected amines, with an impressive scope of aryl bromides including those bearing 

sensitive functional groups or containing heteroaromatics. This method represents an 

effective way to install arene moieties at unactivated C–H bonds, though insights to the 

mechanism, which could provide a better understanding for future developments, were not 

discussed. 

Complementary to the metallaphotoredox systems developed by the MacMillan 

lab, the Martin group implemented a similar strategy to arylate THF and simple amides, 

using aryl bromides and solvent quantities of substrate (Figure 2-27).175 This report was 

also extended to alkylations and contains a deeper discussion on the potential mechanisms 

for metallaphotoredox reactions. From their investigations, the authors de-convolute the 

interplay between the photocatalyst (PC4) and the nickel catalyst, and suggest that the 

Figure 2-26 Metallaphotoredox-catalyzed arylation of carbamates and unactivated C–H bonds. 
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triplet ketone is responsible for both HAT from the organic substrate and SET with the 

nickel catalyst, enabling C(sp3)–C(sp2) bond formation. 

The limited methods for -functionalization of amides and their derivatives with 

arenes has resulted in tremendous growth of new transformations in the last few years. 

Although existing methods have extended the use of arenes, aryl boronic acids, and aryl 

halides as coupling partners, limited substrate scope and often the need for solvent-

quantities of amide are among the largest challenges to be addressed. While there has been 

some success in developing enantioselective -arylation of amides and THFs, these 

systems typically require high loadings of expensive metals, strong directing groups, and 

in most cases provide little or no enantioselectivity. Furthermore, mechanistic studies 

conducted in several of these experiments have elucidated potential mechanisms, though 

changing variables such as photocatalyst, coupling partner, and ligand class have been 

shown to drastically change the reaction profile. As a result, there is an unmet need for the 

Figure 2-27 Metallaphotoredox-catalyzed and preliminary enantioselective arylation of amides and weak C–H bonds. 
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development of more unified processes for enantioselective arylation, and studies to better 

understanding of the principles that control reactivity and selectivity in amide C–H 

functionalization. 

2.4 Results and Discussion 

2.4.1 Attempts at Intercepting PCET/HAT Intermediates 

Inspired by the recent work of Rovis and Knowles, and with our lab’s expertise in 

nickel catalysis and ligand design, it seemed logical to target the distal C–H 

functionalization of amides using metallaphotoredox. Nickel has been shown to engage 

 

Figure 2-28 Proposed distal arylation enabled by metallaphotoredox processes. 
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synergistically with several organic and inorganic photocatalysts, and with its privileged 

reactivity in activating a wide range of electrophiles (from aryl and alkyl halides to aryl 

trialkylammonium salts), this catalyst system seemed like an ideal starting point for our 

investigations. We envisioned a strategy in which nickel and a photocatalyst would act in 

tandem to functionalize distal, unactivated C–H bonds. While many groups have looked at 

distal functionalization, there are very few reports of site-selective arylation of unactivated 

C–H bonds using metallaphotoredox, leaving ample room for methods development in this 

area. 

With this idea in mind, a potential catalytic cycle was devised that would potentially 

allow us to leverage intermediates described by Rovis and Knowles (Figure 2-28). In this 

system, an iridium(III) photocatalyst would be excited by visible light, which could then 

interact with a phosphate base and a N-alkyl benzamide in order to perform a PCET. This 

would form an amidyl radical (2-91a), which would then site-selectively undergo a 1,5-

HAT to form a carbon-centered radical 2-91a. From here, we thought we could capture 

this carbon-centered radical with an electron deficient metal, deriving from the oxidative 

addition of nickel to an electrophile. Initially, we chose aryl bromides and chlorides due to 

their ease of oxidative addition to nickel and precedent from other metallaphotoredox 

reactions. Upon capturing the nascent carbon-centered radical, the nickel(III) species 

would then be poised for reductive elimination delivering 2-92 and a nickel(I) species. The 

catalytic cycle could then be completed by interaction of the two metals through the 

oxidation of iridium(II) to iridium(III) and reduction nickel(I) to nickel(0). 

At the onset, we envisioned several challenges in developing the distal arylation of 

N-alkyl benzamides. First, we were unsure which electrophile would be best suited for this 
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transformation, therefore equal quantities of chlorobenzene and bromobenzene were used 

during initial screenings. Second, the identity of the ideal base/photocatalyst system was 

largely unknown. As Rovis and Knowles used different iridium polypyridyl (ppy) 

complexes and phosphate bases, we decided to try both systems, as well as a blend of the 

two (i.e. bases from one, photocatalysts from the other). Additionally, other bases shown 

to be competent in PCET chemistry, such as benzoates, DMAP, and lutidine were also 

examined.150 Third, the difference in substrates for the Rovis and Knowles reports led us 

to explore both N-alkyl benzamides and trifluoroacetamides for this chemistry. Lastly, bpy, 

which has been shown to be competent in several related metallaphotoredox systems, was 

used in conjunction with Ni(COD)2 to activate the aryl halide. As the number of variables 

in this reaction were numerous, and extensive screening would inevitably be necessary, the 

Knowles substrate was chosen as a good place for initial reaction exploration. 

entry base yield 

1 lutidine – 

2 DMAP – 

3 K3PO4 – 

4 Bu4OP(O)(OBu)2 – 

5 Bu4OAc – 

6 Bu4OBz – 

Table 2-1 Base and solvent screen for distal arylation of tertiary C–H bonds. 
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Aware of recent work pertaining to metallaphotoredox and PCET, early attempts 

to access distal arylated products commenced with N-alkyl benzamide (2-93). It was 

thought that the stability of the formed tertiary radical would allow ample opportunity for 

capture by nickel. Thus, we commenced screening base combinations using PC1, 

Ni(COD)2, bpy, and both PhBr and PhCl in DMAc under irradiation overnight by a blue 

Kessil lamp. Unfortunately, analysis by TLC and GCMS showed only unreacted starting 

material (Table 2-1). While substrates that formed tertiary radicals worked well for Rovis 

and Knowles, we hypothesized that the highly congested carbon-radical could preclude 

combination with a nickel species due to steric clash. Thus, switching to a substrate that 

Table 2-2 Base screen for distal arylation of secondary C–H bonds. 

entry base yield 

1 lutidine – 

2 DMAP – 

3 K3PO4 – 

4 Bu4OP(O)(OBu)2 – 

5 Bu4OAc – 

6 Bu4OBz – 
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would form a secondary radical (2-91), we screened the same set of conditions only to find 

similar results (Table 2-2).  

Unsure of what variable could be responsible for the lack of reactivity, the identity 

of the solvent was next examined. To our delight, when using PhCF3 instead of DMF and 

DMAP as a base, trace amounts of a new product was observed by TLC (Figure 2-29). The 

trace product was successfully isolated, though its 1H NMR indicated this was not the 

desired product nor the starting material. After analysis by HRMS, HSQC, HMBC, 13C, 

and 1H NMR, this product was identified as an oxidative decomposition product 2-95. 

While this was not the desired product, it did show that some reaction was occurring in 

under these conditions, spurring a broader screen of conditions to promote distal 

functionalization. 

Although substrate decomposition was observed when using PhCF3 as a solvent, 

we were pleased to see at least some reactivity, therefore screening was continued using 

this solvent. We next turned our attention to interrogation the importance of the base in this 

reaction. Guided by Rovis and Knowles, screens were expanded to include K3PO4 and 

Figure 2-29 Identification of oxidative decomposition product. 

Figure 2-30 Isolation of trace arylation product. 
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NBu4OP(O)(OBu)2. From these screens, what was initially perplexing was that oxidative 

decomposition was only observed in the substrate that would form a tertiary distal radical. 

To confirm that no decomposition occurred in the substrate that would give a distal 

secondary radical, a battery of bases were re-evaluated. Although no signs of 

decomposition product were identified, a new spot was observed by TLC for the reaction 

using K3PO4 (Figure 2-30). Upon isolation of 0.4 mg (<1%) of the new spot, analysis by 

GCMS was conducted. Gratifyingly, the peak in the GCMS had an identical mass to the 

desired product! Due to the low amount of product, more screens were performed in the 

hopes of both identifying a better system and enabling isolation of enough product to 

confirm its structural identity. 

2.4.2 Optimization of Metallaphotoredox-Catalyzed Arylation 

Table 2-3 Determination of the aryl source for C-H arylation. 

entry aryl halide base solvent yield 

1 PhBr K3PO4 PhCF3 trace 

2 PhBr K3PO4 DMAc 6% 

3 PhCl K3PO4 PhCF3 – 

4 PhCl K3PO4 DMAc – 

5 PhBr Bu4OP(O)(OBu)2 PhCF3 trace 

6 PhBr Bu4OP(O)(OBu)2 DMAc trace 
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In order to determine the exact source of the aryl group, systematic screens were 

performed with both PhCl and PhBr using DMAc or PhCF3 as the solvent and K3PO4 or 

NBu4OP(O)(OBu)2 as the base (Table 2-3). From these experiments, it was determined that 

the aryl group was coming solely from PhBr, rather than PhCl (Table 2-3, entries 2 & 4). 

Additionally, while reactions containing NBu4OP(O)(OBu)2 returned only starting material 

and trace product (Table 2-3, entries 5 & 6), the combination of K3PO4 in DMAc delivered 

observable, isolable product formation (3.9 mg, 6% isolated yield). The mass and spectra 

were identical to the previously isolated functionalized amide.  

entry ligand yield entry ligand yield 

1 terpy – 9 IMes: – 

2 1,10-phen 4% 10 IPr*OMe: – 

3 Bathocuproine – 11 PCy3 (20 mol%) – 

4 Neocuproine – 12 PPh3 (20 mol%) – 

5 dtbbpy 6% 13 DPPE – 

6 4,4’-diOMebpy 4% 14 DPPF – 

7 4,4’-diMebpy 2% 15 dtbbpy (with PhI) – 

8 bpy –    

Table 2-4 Ligand screen for arylation of benzamide 2-91. 
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Having identified a base/solvent combination that delivered the desired product, efforts 

were directed at screening different ligands for nickel (Table 2-4). Due to the success of 

bpy in this reaction, other bpy-like and phenathroline-like ligands were examined. 

Although the benzamide arylation product was formed with N-alkyl benzamide (2-93), 

entry ligand yield (GCFID) 

1 1,10-phen 8% (isolated) 

2 4,4’-diOMebpy 5% 

3 2,2-bis((4S)-(-)-4-isopropyloxazoline)propane 6% 

4 BnBiOx 11% (10% isolated) 

5 (+)-2,2’-isopropylidenebis[(4R)-4-benzyl-2-oxazoline] 6% 

6 bis(pyrazole)pyridine 3% 

7 (R)-Ph-quinox 1% 

8 (S)-2-(4,5-dihydro-4-isopropyl-2-oxazolyl)quinoline 3% 

Table 2-5 N-donor ligand screen with 2-91. 

Figure 2-31 Comparison of 2-93 and 2-91 in the arylation of benzamides. 
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experiments were also conducted in parallel with N-alkyl benzamide (2-91) (Figure 2-31). 

Of the ligands examined, several provided small amounts of benzamide arylation, ranging 

from 1.4 mg (2%) with 4,4’-diMebpy (Table 2-4, entry 7) to 3.4mg (6%) with dtbbpy 

(Table 2-4, entry 5). Other ligands, such as NHCs, phosphines ligands, or bpy were 

unsuccessful in this reaction. Also, it was noted that using PhI as the aryl source did not 

provide any of the desired product (Table 2-4, entry 15), therefore, further optimization 

was conducted PhBr as the electrophile using the Ni(COD)2/dtbbpy system. 

 

As this point in the optimization, small modifications were made to the reaction 

conditions, such as the addition of H2O (Table 2-6, entry 2) or using more activated aryl 

bromides (Table 2-6, entry 4), but these proved inconsequential, or in some cases, 

detrimental. One notable observation was that the use of a discrete Ni(II) complex, 

dtbbpyNiBr2 (Table 2-6, entry 3), gave comparable yields to the in situ generated 

dtbbpyNi(0) complex. We believe that this result might indicate that a nickel(0) complex 

is not necessary for aryl halide activation through oxidative addition, as proposed in our 

entry conditions yield (GCFID) 

1 as written 6% 

2 add 10 μL H2O – 

3 dtbbpyNiBr2 instead of Ni(COD)2/dtbbpy 5% (5% isolated) 

4 4-bromobenzotrifluoride instead of PhBr trace 

Table 2-6 Modifications of arylation conditions for 2-91. 
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initial mechanistic hypothesis. Whether this Ni(II) salt was being reduced in situ, or playing 

a different role in the mechanism will be discussed in more detail in Chapter 3. Due to 

overall stability and operational simplicity, further screenings were conducted using Ni(II) 

salts over air-sensitive Ni(0) pre-catalysts.  

 

With a better grasp on the base and nickel pre-catalysts necessary for this reaction, 

as well as subsequent ligands screenings, the identity of the photocatalyst was next 

examined (Table 2-7). A number of common iridium-based, as well as ruthenium and 

organic, photocatalysts were synthesized and tested. Using NiCl2∙DME, BnBiOx, and 

entry photocatalyst 

oxidation 

potential 

reduction 

potential yield 

1 PC2 1.68 -0.43 2% 

2 [Ir(dF(CF3)ppy)2(4,4’-dCF3bpy)](PF6) 1.65 -0.51 6% 

3 [Ir(dF(CF3)ppy)2(5,5’-dFbpy)](PF6) 1.61 -0.9 8% 

4 PC1 1.37 -1.21 15% 

5 4CzIPN 1.35 -1.04 2% 

6 PC8 1.32 -1.00 13% 

7 Eosin Y 0.83 -1.11 0% 

8 Ru(bpy)3(PF6)2 0.77 -0.81 0% 

9 [Ir(ppy)2(dtbbpy)](PF6) 0.66 -0.96 0% 

Table 2-7 Comparison of redox properties and yields of photocatalysts. 
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K3PO4 in DMAc under irradiation with a blue Kessil lamp, a series of photocatalysts with 

different redox potentials were examined. While the Knowles report relied on a highly 

oxidizing photocatalyst, use of several catalysts competent in their work (Table 2-7, entries 

1-3) were ineffective for this chemistry. In fact, it appears as though a sharp drop off in 

yield happens when a the photocatalyst is either strongly or weakly oxidizing, with PC1  

and PC8 providing the best results (15% and 13% respectively) (Table 2-7, entries 4 & 6). 

It is also important to note that the strongly oxidizing organic photocatalyst, 4CzIPN, which 

has an oxidation potential between PC1 and PC8 only gave trace amount of the product 

(Table 2-7, entry 5). This unusual observation will be discussed further in Chapter 3, as it 

relates to mechanism of this transformation. 

Having determined the optimum photocatalyst, a number of commercially available 

N-donor ligands were examined. 1,10-phenantholine gave 8% and BnBiOx gave 10% 

isolated yield (Table 2-8). Although these are within error, further optimization continued 

with BnBiOx after the determining that longer reaction times gave better yields when 

compared to 1,10-phenanthroline. Additionally, as BnBiOx is derived from amino acids, 

entry ligand yield (GCFID) 

1 1,10-phen 7% 

2 BnBiOx 19% (15% isolated) 

Table 2-8 Head-to-head comparison of ligands under extended reaction times. 
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not only is the scaffold modular due to the abundance of 1,3-aminoalcohols, but also it was 

hypothesized that the chirality of the ligand could potentially be transferred to the  

product. 

Table 2-9 Evaluation of BiOx ligands for enantioselective α-arylation. 

entry ligand yield 

1 BiOx 19% 

2 BnBiOx 22%, 32% ee 

3 MeBiOx 13%, 44% ee 

4 i-PrBiOx 13%, 79% ee 

Figure 2-32 Revised mechanistic hypothesis to explain regioselectivity 
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Several more screens with these most optimized conditions led to the use of 

NiCl2∙DME, BnBiOx, PC1, and K3PO4 in DMAc under irradiation by blue Kessil lamps 

overnight at room temperature, which provided the product in 19% yield by GCFID  

 

entry nickel/ligand loading photocatalyst solvent 
yield 

(GCIFD) 

1 5 mol%/ 5 mol% PC1 EtOAc 46% 

2 5 mol%/ 10 mol% PC1 EtOAc 38% 

3 10 mol%/ 10 mol% PC1 EtOAc 24% 

4 10 mol%/ 20 mol% PC1 EtOAc 29% 

5 20 mol%/ 20 mol% PC1 EtOAc 5% 

6 30 mol%/ 30 mol% PC1 EtOAc trace 

7 5 mol%/ 5 mol% PC1 (1 mol%) EtOAc 23% 

8 i-PrBiOxNiCl2 (5 mol%) PC1 EtOAc/DMAc (9:1) 45% 

9 5 mol%/ 5 mol% PC1 EtOAc/DMAc (9:1) 52% 

10 5 mol%/ 5 mol% PC2 EtOAc/DMAc (9:1) 23% 

11 5 mol%/ 5 mol% PC5 EtOAc/DMAc (9:1) 45% 

12 5 mol%/ 5 mol% PC6 EtOAc/DMAc (9:1) 56% 

13 5 mol%/ 5 mol% PC7 EtOAc/DMAc (9:1) 45% 

14 5 mol%/ 5 mol% PC8 EtOAc/DMAc (9:1) 28% 

Table 2-10 Effects of catalyst loading, photocatalyst, and solvent on yield. 
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analysis (Table 2-8). At this point, full characterization of the product was performed. 

Surprisingly, when analyzed by both the 1D and 2D NMR, it was determined that the distal 

arylated product was not being formed under our reaction conditions. Instead, α-arylation 

was exclusively observed. While perplexed by this discovery, a brief search in the literature 

revealed that there are very few methods to directly functionalize α-C–H bonds; of these 

methods there are even fewer that formed C(sp3)–C(sp2) bonds, such as the ones formed in 

this reaction. Viewing this as an opportunity to develop a new method for α-amide C–H 

functionalization, efforts proceeded to increase yields to synthetically useful numbers. 

As mentioned earlier, BnBiOx, a chiral N-donor ligand, was found to provide the 

desired product in 19% yield. We hypothesized that an enantiopure ligand could transfer  

chirality from nickel to the product. SFC (supercritical fluid chromatography) analysis of 

the product was performed to determine if enantioinduction was transferred from the 

ligand. When analyzing the product by SFC, we were delighted to find that BnBiOx gave 

32% ee (Table 2-9, entry 2)! Efforts were made to synthesize and test other BiOx ligands 

in this reaction. We observed that i-PrBiOx could provide the product in 79% ee when run 

overnight at room temperature (Table 2-9, entry 4) (see optimization of ee in section 2.4.5). 

While the ee for this reaction was good, further efforts focused on increasing the yield for 

the racemic reaction before proceeding with optimization of ee in this system. 

Figure 2-33 Optimized conditions for the arylation of benzamides. 
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 Upon further investigation, it was found that the loading of nickel and iridium had 

drastic effect on the yield of this reaction. When attempts were made to add a second 

loading of catalyst(s), there were negligible effects on the yield. Though, when reducing 

the catalyst loading of nickel to 5 mol%, drastic increases in yield were observed (Table 2-

10). In many metallaphotoredox reactions the catalyst loading of iridium photocatalyst is 

much lower than nickel, sometimes on the order of 0.1 mol%. When trying to reduce the 

catalyst loading of iridium, precipitous drops in yield were observed. Additionally, 

throughout these experiments, small amounts of solvent arylation were observed through 

GCMS analysis, prompting the switch to a more inert solvent. Ethyl acetate was found to 

give comparable results in this reaction, and in some cases, a mixture of EtOAc/DMAc 

gave superior results. From these experiments, it was determined that the optimum catalyst 

loading was 5 mol% of nickel and ligand and 2 mol% of iridium, which gave 56% of the 

desired product (Figure 2-33). 

During this optimization, another observation was made relating to the base used 

in this reaction. Tribasic potassium phosphate was found to provide the highest yields in 

this reaction, though other phosphate bases, such as dibasic or monobasic potassium 

phosphate, gave significantly lower yield. Although not entirely clear at this point what  

the role of the base was throughout the reaction, the same trends held for other weak 

inorganic bases. As K3PO4 is insoluble in EtOAc, attempts were made to use other 

common, more soluble bases, though with no success. Furthermore, when synthesizing 

more soluble tetrabutylammonium phosphate bases, such as those employed by Knowles 

or Nicewicz, yields were highly diminished. This could occur for a number of reasons; a 

soluble base could inhibit some portion of the reaction, the trace moisture resulting from 
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synthesis of tetrabutylammonium salts (which cannot be fully removed due to Hofmann 

elimination) is detrimental to the reaction, or the pKa of these bases are not poised for this 

reaction. Regardless, efforts proceeded with these most optimized conditions to evaluate 

the substrate scope of the reaction. 
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2.4.3 Reaction Scope of α-Arylation of N-Alkyl Benzamides 

Table 2-11 Aryl bromide scope for the arylation of N-alkyl benzamides. All yields are isolated. RSM= recovered 

starting material. a Yield determined by GCFID. b Used i-PrBiOx (5 mol%) and EtOAc/DMAc (9:1). c Used 

EtOAc/DMAc (9:1). 
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With the α-arylation of 2-91 optimized to 56% yield, the substrate scope of this 

transformation was next explored (Table 2-11). In evaluating aryl bromides with different 

electronics, sterics, and functional groups, this reaction was found to be compatible with a 

wide variety of coupling partners. Electron-deficient and electron-rich aryl bromides were 

well suited for this reaction, giving α-arylation in 53% and 51% (2-97 and 2-98). Ortho- 

and meta-substitution could be tolerated, though the former provided lower yields (2-99 

and 2-100). A wide variety of functional groups could be incorporated into the products 

including protected phenols (2-101), which have been shown to be suitable coupling 

partners in nickel-catalyzed methods developed within our own lab, methyl esters (2-102), 

and sulfonamides (2-103) could be incorporated into the product. Additionally, functional 

groups that can be utilized in further functionalization, such as pinacol boronic esters (2-

104), aryl chlorides (2-105), and bromides (2-106) were all well tolerated, highlighting the 

chemoselectivity of this reaction. Importantly, several heterocyclic aryl bromides including 

furans (2-107), thiophenes (2-108), and indoles (2-109) could be incorporated in modest 

yields, though some heterocycles like pyridines (2-110) gave synthetically useful yields. 

When examining various changes to the aryl region of the benzamide (Table 2-12), 

it was found that electron-neutral, -donating, and -withdrawing functional groups could be 

tolerated with minor perturbations in yield from the model substrate (2-111 to 2-115 and 

2-118). Benzamides with ortho- and meta-substitution were also tolerated to an extent (2-

116 and 2-117). It was found that very electron-deficient benzamides performed very well 

in this chemistry (2-119), providing yields better than the model substrate, and that 

heterocycles on the benzamide could be incorporated (2-120). When modifying the alkyl 

portion of the benzamide, it was found that shorter alkyl chains could be arylated to some 
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degree (2-121 and 2-122). Pleasingly, other functional groups on the alkyl portion of the 

benzamide, such as protected alcohols (2-123), alkyl chlorides (2-124), and acetates (2-

125) could all be used in this transformation. 

Table 2-12 Benzamide scope for the arylation of N-alkyl benzamides. All yields are isolated. RSM= recovered starting 

material. a Yield determined by GCFID. b Used i-PrBiOx (5 mol%) and EtOAc/DMAc (9:1). 
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2.4.4 Limitations in the Functionalization of N-Alkyl Benzamides 

As demonstrated through the exploration of aryl bromide coupling partners and the 

varied alkyl and aryl portion of the benzamide, this method is quite broad in scope. 

However, there are some limitations on both the electrophiles and benzamides that can be 

Table 2-13 Incompatible nitrogen protecting groups and amides. 
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used in this reaction. Despite the similarity of our conditions to those of the Rovis report, 

triflamides and trifluoroacetamides (2-126 and 2-127) were unreactive under these 

conditions. Additionally, other common protecting groups on nitrogen were tested, 

including tosylates, acetates, and boc-groups, though to no avail (2-128 to 2-131). From 

this data it appears that only benzamides are compatible in this reaction. 

Of the benzamides tested, there were several that were unreactive and returned only 

starting material (Table 2-13). α- and β-branching of benzamides were found to be 

incompatible (2-132 to 2-134), as were cyclic substrates (2-135 and 2-136). Tertiary 

benzamides were also not tolerated (2-137 and 2-138), though a pyrrolidino group gave 

small amounts of product in addition to 2-phenyl pyrrole, possibly through a nickel-

mediated oxidation of the substrate via β-hydride elimination and aromatization (2-139). 

This reaction was also not suitable for the arylation of primary C–H bonds (2-140) or 

substrates containing ethers (2-141) or alcohols (2-142). Interestingly, amides with bis-

ortho-substitution (2-143) gave multiple products by NMR and trace amounts of the 

desired product. This could explain why other protecting groups, like acetates, were 

unsuccessful as this substrate too lacks π-overlap due to the large steric profile of the ortho-

Table 2-14 Incompatible aryl bromides and inseparable products. 
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substituents. Last, but unsurprising, benzamides lacking α-C–H bonds (2-144) could not 

be used in this chemistry. 

Turning our attention to the aryl bromide coupling partner, several substrates were 

found to give either low yields or no reaction (Table 2-14). Among these, aryl nitriles and 

easily oxidized groups, such as thioethers were unsuccessful in this reaction. Additionally, 

aryl bromides containing acidic protons, like phenols or Boc-amines were also not 

tolerated. Although several heterocycles could be used in this reaction, pyrimidines and 

quinolines did not give appreciable reactivity. Oddly enough, 3-bromothiophene gave the 

desired product, yet 2-bromon-5-methyl thiophene did not. Lastly, although several 

functional groups were tolerated in the reaction, some substitution patterns gave 

inseparable mixtures of product and starting material, such as methyl ether 2-145 and ester 

2-145a, and therefore were not included in the substrate table. Despite these limitations, 

numerous secondary benzamides and aryl bromides could be used in this reaction, 

highlighting the robustness of this system. 



99 

 

2.4.5 Enantioselective α-Arylation of N-Alkyl Benzamides  

With a wide substrate scope and compatibility of coupling partners, the 

enantioselectivity of this reaction was re-examined. Initially, promising results with i-

PrBiOx gave the desired product in 13% yield and 79% ee. However, when these 

conditions were repeated, inconsistent results were observed (Figure 2-34).  The yields for 

the overall reaction were comparable to the racemic reaction, but enantioselectivity ranged 

vastly. When testing other photocatalysts, such as PC1, slightly lower yields were 

observed, but surprisingly the ees were higher. Prompted by this result, it was hypothesized 

that the more strongly oxidizing photocatalyst was somehow racemizing either i-PrBiOx 

during the reaction or the product, leading to lower ee (Table 2-15). Efforts were thus 

photocatalyst properties PC1 PC6 

oxidation potential 1.21 V vs SCE 1.25 V vs SCE 

reduction potential -0.89 V vs SCE -0.74 V vs SCE 

max excitation 380 nm 389 nm 

Table 2-15 Comparison of the properties of PC1 and PC6. 

Figure 2-34 Inconsistent enantioselectivity using different photocatalysts. 
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directed at determining the source of racemization and the reason for different 

enantioselectivities with different photocatalysts. 

To probe whether ligand or product racemization were occurring, several control 

experiments were devised (Table 2-16). Firstly, enantioenriched product was subjected to 

the reaction conditions using PC6, which gave low ee with the model substrate during a 

productive reaction (Table 2-16, entry 1). Surprisingly, there was very little change in ee 

under standard conditions or when omitting nickel, ligand, or base (Table 2-16, entries 2 

& 3). There was, however, a small change in ee when omitting the photocatalyst, though 

the ee was still substantially higher than what was observed under standard conditions 

(70% ee vs. 10-20% ee) (Table 2-16, entry 4). These results suggest that once the product 

is formed, its ee does not drastically change over the course of the reaction. While 

informative, these experiments did not elucidate the origin of the lower ee for PC6 vs. 

PC1, thus further studies were deemed necessary. 

  

entry conditions beginning ee ending ee Δ ee 

1 as written 71% 71% 0% 

2 no NiCl2•DME or i-PrBiOx 72% 74% +2% 

3 no NiCl2•DME, i-PrBiOx, or K3PO4 74% 70% -4% 

4 no PC6 80% 70% -10% 

Table 2-16 Racemization of enantioenriched arylation product. 
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Next, to determine if the ee of the reaction was changing over time due to some 

other pathway, such as ligand decomposition, a time course study was undertaken (Table 

2-17). Using PC1 and PC6, aliquots of the reaction mixture were taken periodically over 

330 minutes and analyzed by GCMS and SFC for yield and ee. Despite the differences in 

yield at the end of a standard reaction, both photocatalysts performed similarly, giving 

approximately the same yield throughout the first 210 minutes (Table 2-17, entry 5). When 

comparing the ee, these two photocatalysts gave very different results. Due to the small 

amount of product formed at early time-points, ee could only be determined after 90 

minutes. At this time point, both reactions had substantially different ees, PC1 with 89% 

  PC6 PC1 

entry time yield ee yield ee 

1 30 min 4.9% ND 3.2% ND 

2 60 min 6.3% ND 5.6% ND 

3 90 min 7.4% 70% 9.2% 89% 

4 150 min 15.3% 57% 16.2% 88% 

5 210 min 22.5% 51% 24.8% 82% 

6 270 min 30.0% 44% 25.9% 81% 

7 330 min ND 40% ND 81% 

Table 2-17 Change in enantioselectivity over time using different photocatalysts. 
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ee and PC6 with 70% ee (Table 2-17, entry 3). As the reaction with PC1 progressed, there 

was a slight drop to 81% ee after 330 minutes (Table 2-17, entry 7). However, the reaction 

with PC6, gave much lower ees throughout the reaction, with the last time point of 330 

minutes showing 40% ee (Table 2-17, entry 7).  

From these experiments it was clear that ee changes for both catalysts throughout 

the reaction. Further, PC6 had a much lower initial ee and also larger drop in ee over time. 

While the reason for lower ees of the product when comparing PC6 to PC1 was not 

identified, it became clear that PC1 was a better catalyst for the enantioselective arylation 

of N-alkyl benzamides and was thus used in subsequent studies. 

Table 2-18 Effects of temperature on α-arylation enantioselectivity. 

Having gained a better understanding of the drop in selectivity over time and the 

erratic ees observed from one photocatalyst to another, the photoreactor setup was next 

examined (Table 2-18). For the purposes of screening, each reaction was run in a 1-dram 

vial on a stir-plate, approximately 2 cm away from a blue Kessil lamp, with two reactions 

per lamp. Above each stir-plate was a 10” fan that was directed straight down on the vials 

to keep them at uniform temperature during irradiation. Because ee eroded over time, we 

entry conditions yield ee 

1 run with a fan 47% 34% ee 

2 run without a fan 48% 12% ee 

3 run in a water bath 37% 67% ee 
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hypothesized that the vials slowly heated up over the course of the reaction, leading to 

lower ees as the reaction progressed. To test this, three reactions were run, one in the 

manner described above (Table 2-18, entry 1), one in an identical manner but without a fan 

(Table 2-18, entry 2), and one was placed in a recrystallization dish filled with water (Table 

2-18, entry 3). Yield and ee were measured for all three reactions and it was found that the 

reaction run without a fan gave very low enantioselectivity, while the one run in a  

recrystallization dish filled with water gave substantially better enantioselectivities. After 

repeating these experiments to confirm reproducibility, it was found that reactions 

maintained at approximately 25 ºC, using the water bath, consistently gave ees (between 

65% ee to 70% ee), confirming that indeed the Kessil lamps were causing the reactions to 

entry conditions temperature time yield ee 

1 run in ice-bath 4 ºC to 0 ºC 12 h  85% ee 

2 run in jacketed beaker -5 ºC 46 h 30% 68% ee 

3 run in jacketed beaker -10 ºC 24 h 31% 89% ee 

4 run in recrystallization dish -10 ºC 18 h 22% 88% ee 

5 run in recrystallization dish -20 ºC 18 h 25% 80% ee 

6 run in recrystallization dish -20 ºC 42 h 32% 71% ee 

Table 2-19 Comparison of yield and enantioselectivity for cooled photoreactors. 
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heat up, despite the cooling fans, thus adversely affecting the ee of the reaction. Further 

supporting this result, when a reaction was run in an ice-bath, carefully maintained at 

approximately 4 ºC for 12 hours, the ee for the reaction was found to be 85% (Table 2-19, 

a) b) 

c) d) 

Figure 2-35 Different photoreactor setups used to maintain low temperatures during α-arylation reactions. a) 

Reactions cooled in a water bath, before irradiation, b) after 16 hours of irradiation, c) reaction cooled using a fan, 

and d) reactions in an IPA bath that is cooled using a cryo-cool. A thermometer is used to monitor the temperature 

and two air hoses (bottom of the photo) are used to prevent the build-up of ice. 
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entry 1)! With these results, efforts were directed towards developing a photoreactor 

capable of maintaining low temperatures over the course of the reaction. 

Having discovered the culprit for irregular trends in ee and decreases in 

enantioselectivity over the course of a reaction, a newly designed photoreactor was 

a) b) 

c) d) 

Figure 2-36 Different photoreactor setups used to maintain low temperatures during α-arylation reactions. a) Top view,  

and b) side view of an IPA-cooled insulated jacketed beaker using one Kessil lamp, c) jacketed beaker using an IPA-

cooled jacketed beaker with two Kessil lamps, and d) cryo-cooler used to pump cold IPA through the jacketed beaker. 
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targeted. The design of the new photoreactor was challenging and several different setups 

were explored (Figure 2-35 and Figure 2-36). Importantly, the new photoreactor would 

have to maintain low temperatures over the course of the reaction. It would also need to 

allow good light penetration by a light source, as well as being compatible with a stir-plate 

to ensure even mixing of the reaction. Because the ice-bath method required constant 

refilling and attention, it was deemed an impractical solution. Various other reactors 

examined in order to solve our cooling issues. Systems including 1) a included a jacketed 

beaker that could be hooked up to a recirculating pump, 2) a setup in which vials were 

a) b) 

c) d) 

Figure 2-37 Aluminum photoreactor for enantioselective α-arylation. a) Cross-section of aluminum photoreactor, b) 

assembled photoreactor and power supply, c) photoreaction in progress with three reactions and a thermometer, d) 

photoreactor insulated with pigmats, inside a ziplock filled with N2 gas to prevent condensation. 
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placed in a Dewar full of a cooled solvent (using either dry ice or a cryo-cool), with a Kessil 

lamp pointing into the Dewar, and finally, 3) irradiating the vial from below a 

recrystallizing dish that was cooled by a cryo-cool. All of these setups had one issue or 

another, including the buildup of condensation (or sometimes ice) that blocked light 

penetration, problems holding low temperatures, or problems with stirring. 

Table 2-20 Reaction scope of enantioselective arylation of benzamides. a Yield determined by GCMS. b Reaction run 

for 24 h. 
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To address the issues with the development of a photoreactor that could maintain 

low temperatures, light penetration and stirring, Cameron Nubile, who worked in the 

University of Michigan Electronic Shop was consulted for assistance with the design and 

construction of a photoreactor. With Cameron’s help, a four-well aluminum block, with 

channels for cooling fluid to run through and high-powered blue Cree LEDs below each 

well, was built. This new reactor allowed for simultaneous cooling of four reactions by 

pumping cooled fluid through the channels of the aluminum block, while irradiating each 

vial (Figure 2-37). Additionally, this reactor was thin enough to allow stirring from a 

standard stir-plate so that reaction mixtures received consistent mixing. Using a cryo-cool, 

a recirculating aquarium pump, and the new photoreactor, temperatures as low at -15 ºC 

could now be maintained for up to 48 hours. 

Having developed an efficient photoreactor to maintain low temperature reactions, 

the enantioselective α-arylation of N-alkyl benzamides was explored. Like the racemic 

reaction, aryl bromides bearing several different functional groups could be used in this 

reaction (2-96, 2-97, and 2-102). These reactions were typically slower, though the yields 

were comparable to the racemic version when substrates were irradiated for 48 hours 

instead of overnight. Additionally, different groups on the aryl portion of the benzamide 

could be seamlessly incorporated (2-111 to 2-114). In all cases, good to excellent ee was 

observed when reactions were run between -10 ºC and -15 ºC. Unlike the racemic reaction, 

the mass balance was solely accounted for by starting material. This indicated the potential 

for longer reaction times to increase yields and conversions. 
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Figure 2-38 Relation between enantioselectivity and σ- for para-substituted benzamides. 

When first analyzing the enantioselectivity of this reaction, it was thought that the 

electronics of the aryl bromide or benzamide might influence ee. However, when plotting 

these values against different Hammett parameters, there appeared to be no strong 

correlation between σ- (para-benzamide) and ee or σ (para-aryl bromide) and ee Figure 2-

38 and Figure 2-39). Although preliminary data, this may be useful in studying the 

mechanism of this and other enantioselective metallaphotoredox reactions. 

By examining the factors that affect enantioselectivity in the arylation of 

benzamides, a new method to access enatioenriched α-aryl N-alkyl benzamides was 

developed. In order to address inconsistencies in ee, a more detailed study of racemization 

processes was undertaken, which identified increases in temperature due to 
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irradiation by Kessil lamps as the cause for racemization over time. This problem was 

addressed by the design of a photoreactor that could maintain reaction temperatures 

between -10 ºC and -15 ºC for extended periods of time. In all, this method provides a new 

way to access enantioenriched amine derivatives and expands the overall understanding of 

enantioselective metallaphotoredox. 
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Figure 2-39 Relation between enantioselectivity and σ for para-substituted aryl bromides. 
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2.4.6 Applications and Synthetic Demonstrations 

Having established the synthetic scope and limitations of the racemic and 

enantioselective α-arylation of N-alkyl benzamides, a series of experiments designed to 

highlight the value of this methodology were conducted. Firstly, as this method provided 

access to α-functionalized amine derivative, the removal of the benzoyl group was 

attempted in order to access the free α-aryl amines. Despite several attempts to hydrolyze 

Figure 2-40 Methods for removing para-methoxybenzoyl groups 
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the benzoyl group under acidic or basic conditions at elevated temperatures, deprotection 

of the amine was not possible (Figure 2-40a). Turning to a two-step procedure, reduction 

of the benzamide gave the PMB-protected amine 2-147 in high yields, which could be then 

be treated with DDQ to remove the PMB group in modest yields 2-148 (Figure 2-40b). 

Other conditions attempted, such as hydrogenation with Pd/C using 1 atm H2 were 

unsuccessful. While yields for this reaction were low, it is expected that further 

optimization could provide better, more synthetically useful yields of the unprotected 

amine. Alternatively, using a recent method in the literature, direct one-step deprotection 

could be achieved, albeit in modest yields as well (Figure 2-40c. 

As mentioned earlier, the similarity between this and newly developed methods 

developed by Rovis, Knowles, and Tambar piqued interest in their observed 

Figure 2-41 Proximal and distal for the divergent/convergent functionalization of amides. 
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regioselectivity. To compare our α-arylation to the distal alkylation of N-alkyl benzamides 

developed by Knowles, a common starting material was subjected to both conditions 

(Figure 2-41). Gratifyingly, exclusive α-selectivity was observed using the method 

described above, providing 2-151 in 49% yield. As expected, the Knowles conditions gave 

comparable yields to their initial report, forming 2-150 in 92% yield. When subjecting 2-

150 to our conditions, clean α-arylation to provide 2-152 was observed in 33% yield. In a 

convergent manner, 2-151 could be converted to 2-152 in 37% yield. This 

divergent/convergent synthetic sequence exemplifies that high regioselectivity that is 

imparted by modest changes in base and catalyst structure. Additionally, it highlights the 

ability to form highly complex products in two synthetic steps using C–H functionalization. 

2.4.7 Functionalization of Other Weak C–H Bonds 

Having demonstrated the versatility of this transformation in functionalizing 

secondary N-alkyl benzamides, it was hypothesized that tertiary amides might also provide 

useful α-arylation products. To test this, benzamide 2-153 was synthesized and tested under 

the reaction conditions. While the starting material was quantitatively recovered at the end 

of the reaction, some arylation of the solvent, DMAc, was observed. Intrigued by  

Figure 2-42 Serendipitous discovery of DMAc arylation. 



114 

 

observation, a brief optimization was undertaken, and further optimization for the α-

arylation of secondary benzamides was conducted in a less reactive solvent, EtOAc. 

entry DMAc PhBr yield 

1 1 equiv 1 equiv 4% 

2 0.5 mL (no EtOAc) 1 equiv 75% 

Table 2-21 Arylation of DMAc using metallaphotoredox catalysis. 

 

entry base yield 

1 K3PO4 44% 

2 K3PO4 + quinuclidine (10 mol%) 2% 

3 quinuclidine 0% 

4 KHCO3 33% 

5 Cs2CO3 14% 

6 NaHCO3 59% 

Table 2-22 Examination of different bases in the arylation of benzaldehyde. 
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After analyzing these reactions by GCMS, it was found that while equal ratios of DMAc 

and PhBr gave small amounts of product, though synthetically useful yields could be 

achieved when using DMAc as the solvent (Table 2-21). This provides a complementary 

method to the work by the Stephenson group,176 which demonstrated the arylation of 

simple amides using electron-rich arenes. Although the scope of this method was not fully 

explored, it is hypothesized that a similar collection of aryl bromides could be used and 

other amide- or formamide-containing solvents, including those mentioned in the previous 

section, would be compatible. 

In addition to functionalizing DMAc, other weak C–H bonds, such as those of 

aldehydes, were examined. Inspired by the work of Newman,177 a direct synthesis of 

ketones from aryl bromides and aldehydes was envisioned using a similar method to the   

arylation of secondary benzamides or DMAc. Initially, subjecting benzaldehyde  

Table 2-23 Examination of different photocatalysts for the arylation of benzaldehyde. 

entry photocatalyst yield 

1 PC1 45% 

2 PC5 48% 

3 PC6 47% 

4 PC8 27% 

5 PC9 56% 

6 4CzIPN 3% 
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and bromobenzene to the most optimized conditions for secondary benzamide arylation 

yielded 44% of the desired product (Table 2-22, entry 1). Encouraged by this, a simple 

screen of bases was conducted, and it was determined that NaHCO3 provided a noticeable 

increase in yield (Table 2-22, entry 6). 

 After re-examining the identity of the photocatalyst, it was found that PC9 

consistently outperformed PC1, providing 56% yield of benzophenone (Table 2-23, entries 

1 & 6). Using these most optimized conditions, the identity of the electrophile and aldehyde 

were explored. It was found that chlorobenzene, iodobenzene and simple alkyl bromides 

were incompatible under these reaction conditions. Furthermore, it was discovered that 

aliphatic aldehydes, such as dihydrocinnamaldehyde, provided modest yields of the 

arylated product, while α-substituted aldehydes did not (Figure 2-43). Lastly, a simple 

ligand screening revealed that bpy-base ligands, such as dtbbpy, also provided sufficient 

quantities of the arylated product (Table 2-24). Despite the brief optimization, this 

Figure 2-43 Evaluation of different electrophiles and aldehydes for cross-coupling. 
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transformation shows the breadth of reactivity that can be conferred when using a 

metallaphotoredox system. 

2.4.8 Summary of the α-Arylation of Benzamides, Tertiary Amides, and Aldehydes 

A new method for the α-arylation of N-alkyl benzamides was developed using a 

nickel/iridium metallaphotoredox system. Through the exploration of different aryl 

bromides, it was shown that this reaction could enable a wide variety of sterically, 

electronically, and functionally diverse coupling partners. Additionally, changes to the aryl 

or alkyl portion of the benzamide were tolerated in most cases, showcasing the ability to 

diversify highly decorated benzamides. This transformation circumvents the challenges of 

using amides in non-solvent quantities, allowing more valuable substrates to be 

functionalized. Furthermore, this reaction provides an orthogonal method to access 

entry ligand yield entry ligand yield 

1 bpy 32% 7 dtbbpy 61% 

2 
2-(4,5,-dihydro-2-

oxazoyl)quinoline 
22% 8 5,5’diCF3bpy 47% 

3 bpp 36% 9 4,4’-diOMebpy 3% 

4 PyBiOx 6% 10 bathocuprine 3% 

5 BnBiOx 35% 11 1,10-phen 5% 

6 

(+)-2,2’-

isopropylidinebis[(4R)-4-

benzyl-2-oxazoline 

26% 12 terpy 7% 

Table 2-24 Ligand screen for the arylation of benzaldehyde with bromobenzene. 
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enantioenriched amine derivatives under mild conditions using a novel metallaphotoredox 

system. While there are several limitations to both the electrophile and the benzamides that 

can be used, the mildness and efficiency of this reaction make it broadly useful for the 

diversification of amine derivatives. 

 Additionally, this method was extended to an enantioselective variant, which 

provided access to enantioenriched α-aryl amine derivatives in modest yields and good to 

excellent enantioselectivity. Key to the development of an enantioselective reaction were 

systematic studies regarding the source of ee degradation over the course of the reaction. 

This work led to important insights into the reactor setup in enantioselective 

metallaphotoredox, which enabled us to develop a temperature-regulated photoreactor. 

This new reaction setup provided high levels of reproducibility and excellent selectivity. 

Further, this new photoreactor allowed for a brief exploration of the substrate scope, which 

proved similarly tolerant of aryl halides and benzamides as the racemic variant. 

 Lastly, this metallaphororedox system was employed in the arylation of other C–H 

bonds including those of tertiary amides and aldehydes. Slight modifications of the 

conditions afforded the direct arylation of DMAc in up to 75% yield, and benzaldehyde or 

dihydrocinnamaldehyde in 61% and 33% yield respectively. Further investigation should 

be directed at improving the yield for all reactions mentioned above, expanding the scope 

of enantioselective arylations, and reducing the excess of couplings partners to equimolar 

quantities. 
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Chapter 3 

Mechanistic Investigations of Metallaphotoredox Catalyzed C–H Arylations 

 

3.1 Overview of PET and Photochemical Thermodynamics 

In order to study the role of the photocatalyst in this reaction, a rudimentary 

understanding of photophysical processes was necessary. While visible light possesses a 

great deal of energy, it is not readily absorbed by many organic molecules, hindering 

energy transfer. To circumvent this, a mediator is often necessary to transfer this energy 

into chemical potential to make and break bonds. Typically, these mediators include 

polypyridyl transition metal complexes and organic dyes, which are capable of absorbing 

photons to reach a higher energy excited state. Upon excitation, there are two possible 

modes of relaxation to the ground state. The first mode, unimolecular relaxation, included 

emissive processes such as fluorescence, phosphorescence, and non-emissive thermal 

processes whereupon the catalyst can return to the ground state (S0).
178 Second, the excited 

photocatalyst can undergo a bimolecular reaction with another molecule through a 

photoinduced electron transfer (PET) or energy transfer (Figure 3-1). In the case of most 

polypyridyl transition metal complexes, this occurs through an excited triplet state (T1). 

Although triplet states tend to have lower excited state energies (E0,0) compared to singlet 

states, they tend to have much longer excited state lifetimes (τ = 20-1000 ns for triplet 

states and 1-20 ns for singlet states). The longer-lived excited state originates from the 
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spin-forbidden relaxation associated for T1 → S0. This property is beneficial for a 

photoredox catalyst where slower relaxation times allow for a higher probability of a 

bimolecular reaction to occur. 

Despite being spin forbidden, there are many pathways for intersystem crossing 

(ISC) from an excited singlet to triplet state.179 At its core, these transitions occur through 

coupling of the spin angular momentum and orbital angular momentum to circumvent 

quantum mechanical restrictions. In the case of iridium or ruthenium photocatalysts, ISC 

rates are enhanced through heavy atom effects that allow the spin and orbital quantum 

numbers to more easily mix. For systems lacking heavy atoms, ISC can be achieved 

Figure 3-1 Orbital diagram for excited state Ru(bpy)3
2+ photocatalyst. 
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through interconversion of 1(π, π*) to 3(n, π*), described by El-Sayed’s rule, as changes in 

orbital angular momentum make this an allowed transition.179 

Having established the fundamentals for excitation and ISC for photocatalysts, the 

kinetics and thermodynamics of electron transfer will next be discussed. As it was 

mentioned before, PET is what drives reactivity in photoredox catalysis.  Excitation of a 

molecule drastically changes the redox properties, which can be leveraged to achieve 

challenging electron transfers that would otherwise not be favorable in the ground state.179 

The thermodynamics of electron transfer of a molecule can be described by Equation 1, 

where ℱ = Faraday’s constant (23.06 kcal/mol), Ered = E1
2⁄ (A A ∙ −⁄ ) = reduction 

potential of the acceptor, Eox = E1
2⁄ (D ∙ + D⁄ ) = oxidation potential of the donor.180 The 

ground-state oxidation and reduction potential for electron transfer can be determined 

through cyclic voltammetry (CV).181 

Equation 1: Thermodynamics of electron transfer for a molecule in the ground state. 

∆𝐆𝐄𝐓 = −𝓕(∆𝐄) = −𝓕(𝐄𝐫𝐞𝐝 − 𝐄𝐨𝐱) = 𝓕(𝐄𝟏
𝟐⁄

(𝐀 𝐀 ∙ −⁄ ) − 𝐄𝟏
𝟐⁄ (𝐃 ∙ + 𝐃)⁄ )  

Since the redox properties of a molecule change in the excited state, this must be 

accounted for when determining if a PET is thermodynamically favorable. The 

thermodynamics of electron transfer from the excited state of a molecule can be described 

by Equation 2, where E0,0  = the excited state energy, and ω = the energy associated with 

charge separation induced by coulombic interactions (though this term is highly variable 

from system to system and often does not have a large effect on the thermodynamics of 

electron transfer). 180-181 

 Equation 2: Thermodynamics of electron transfer for a molecule in the excited state. 

∆𝐆𝐏𝐄𝐓 = 𝓕(𝐄𝟏
𝟐⁄

(𝐀 𝐀 ∙ −⁄ ) − 𝐄𝟏
𝟐⁄

(𝐃 ∙ + 𝐃)⁄ ) − 𝛚 − 𝐄𝟎,𝟎 
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Unlike the oxidation and reduction potentials for electron transfer in the ground 

state, the redox properties of a molecule in the excited state (E*
1/2) require additional 

experimentation to determine. Since the oxidation and reduction potentials change in the 

excited state, a combination of CV and E0,0 is required to accurately determine these values. 

Using these values, E*
1/2 can be calculated by adding the E1/2(PC/PC∙−) and E0,0 (Equation 

3).178 

Equation 3 Calculating excited-state reduction potentials using CV and E0,0. 

E1 2⁄
∗ = ℱ(PC∗ PC ∙ −⁄ ) = E1

2⁄ (PC PC ∙ −⁄ ) + E0,0 

3.2 Initial Mechanistic Investigations 

Having developed a novel method for the regioselective arylation of N-

alkylbenzamides, we reasoned that uncovering its mechanism could lead to further 

developments in metallaphotoredox.182 Furthermore, we hypothesized a deeper 

Figure 3-2 N–H PCET-mediated α-amidyl radical formation via, a) intermolecular HAT, and b) 1,5-

HAT/chainwalking from an amidyl radical. 
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understanding of the factors that affect site-selectivity and overall reactivity could be 

leveraged to enable higher yields, lower stoichiometries of coupling partners, and 

eventually, realization of the initial goal of distal arylation of unactivated C–H bonds. 

 Stemming from our initial hypothesis, we first explored a mechanism similar to that 

proposed by Rovis and Knowles involving a PCET to from an amidyl radical (Figure 3-

2).154-155 In their reports, the combination of a weak base and an oxidizing iridium 

photocatalyst facilitates the formation of a highly reactive amidyl radical. This electron 

deficient radical performs an intramolecular 1,5-HAT to form a distal carbon-centered 

radical. In the context of our initial hypothesis, there are two possible mechanisms for the 

α-arylation stemming from a common amidyl radical intermediate: 1) 1,5-HAT from an 

amidyl radical could form a carbon-centered radical, which could be captured by a nickel 

species. This nickel species could then undergo a chain-walking event until it reaches the 

α-position. 2) The amidyl radical could undergo an intermolecular HAT to abstract the 

weak α-C–H bond of an amide to give an α-amidyl radical. To study the mechanism of the 

initial N–H PCET, the Knowles group performed Stern-Volmer experiments that show that 

both base and photocatalyst are necessary for quenching to occur. Additionally, there have 

been several reports of chainwalking of carbon-radicals,183 most recently by 

Grevorgian,184-186 to give site-selective C–H functionalization. In light of these precedents 

in the chemical literature, we decided both mechanistic pathways have merit in our reaction 

and thus were explored. 
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3.2.1 Mechanisms Involving a 1,5-HAT 

Throughout the course of developing the α-arylation of N-alkyl benzamides, several 

experiments proved particularly insightful to the mechanism of this reaction (Figure 3-3). 

Namely, intermediates or side-products that would arise from an amidyl radical were not 

observed. Included in this are olefins (3-1) and distal arylations along the aliphatic chain 

(3-2) that could arise from a N–H PCET/1,5-HAT, followed by capture and β-hydride 

elimination by nickel.187 Other systems that contained weak C–H bonds that could 

potentially compete with a 1,5-HAT from an amidyl radical, such as benzylic C–H bonds 

(3-3) were left unscathed throughout the reaction. The observation that regioisomers of 

Figure 3-3 Evidence against amidyl radical formation. a) potential side-products that could occur from a 1,5-HAT, 

and b) evidence against a 1,5-HAT to benzylic C–H bonds. 
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arylation or olefins are not observed in this reaction suggest that β-hydride elimination and 

chain walking are not operable. 

To gain further information about the feasibility of a mechanism involving a 1,5-

HAT, two mechanistic probes specifically aimed at testing this hypothesis were 

investigated (Figure 3-4a). It was hypothesized that using a substrate that did not possess 

distal C–H bonds might inhibit this reaction. From a synthetic standpoint, it would be 

advantageous to be able to functionalize N-alkyl chains of various lengths and substitution 

Figure 3-4 Mechanistic evidence against a 1,5-HAT. a) α-arylation of substrate with shorter alkyl chains, and b) α-

arylation of substrates containing a quaternary carbon center. 
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patterns, so two different substrates with shorter alkyl chains were synthesized. When 

subjecting a N-benzyl substrate to the reaction conditions 18% of the desired product (2-

121) was observed. Furthermore, using a less sterically demanding N-ethyl substrate, 42% 

of the desired product (2-122) was observed. As this value is close to those observed for 

our model substrate with an N-hexyl chain, it appears that an intramolecular 1,5-HAT is 

not operable in this reaction, though these experiments do not rule out the possibility of an 

intermolecular HAT from an amidyl radical. 

Further testing the hypothesis of intramolecular 1,5-HAT, a substrate bearing a 

quaternary center in the middle of the alkyl chain was synthesized and tested (Figure 3-

4b). If a 1,5-HAT were occurring in this reaction, there would be no possibility of chain-

walking to the α-position, yielding only distal arylated products. Potentially due to the more 

sterically demanding nature of this substrate, lower yields were observed, though no distal 

arylation was observed by 1H NMR and GCMS. Instead, 6% of the α-arylated product (3-

5) was isolated, supporting the idea that intramolecular 1,5-HAT is not operable. 

Under the mechanistic hypothesis that 1,5-HAT followed by chain walking was not 

operative in this chemistry, deuterium labeling studies were undertaken (Figure 3-5). An 

equimolar mixture of α-deutero benzamide and α-proteo benzamide were subjected to the 

Figure 3-5 Intermolecular competition between α-proteo and α-deutro benzamides. Ratio of 2-96 to 3-8 was 

determined by 1H NMR and GCMS analysis of reaction mixture. 
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standard reaction conditions. Stopping the reaction after 120 minutes, two independent runs 

yielded 26% and 22% (24% average yield) of a mixture of the desired arylated proteo and 

deutero product. Using GCMS and 1H NMR, it was determined that there was a 78:22 and 

77:23 ratio of arylated proteo (2-96) to deutero product (3-8), which corresponds to a KIE 

of 3.44. This suggests that C–H cleavage is involved in the rate-determining step. If in this 

reaction the substrate was to undergo a 1,5-HAT from an amidyl radical followed by chain 

walking to the α-position, we would expect to observe a small or non-existent KIE. While 

the exact mechanism for cleavage of the α-C–H is not clear, from this data is seems unlikely 

that a 1,5-HAT from an amidyl radial is operative. 

3.2.2 Testing the Validity of Nitrogen-Centered Radical Formation 

Our experimental evidence refuting intramolecular 1,5-HAT from a nitrogen-

centered radical prompted investigation into the possibility of forming an amidyl radical 

under the reaction conditions. In the reports by Rovis and Knowles, it is proposed that a 

nitrogen-centered radical forms through a PCET, in which a mild base simultaneously 

deprotonates an acidic N–H bond while a photocatalyst performs an oxidation.152 Since our 

system contains parameters present in both systems (i.e. photocatalyst and base from the 

Rovis report and benzamide from the Knowles report), we hypothesized that even if an 

intramolecular 1,5-HAT was not operative, amidyl radical formation still might be feasible. 

Figure 3-6 Thermodynamic cycle to determine the BDFE of a reaction. 
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Previously described by Mayer and Knowles,146, 188-190 a thermodynamic cycle in which 

proton and electron transfer can be used to determine the exergonicity of a PCET (Figure 

3-6). Moreover, by breaking up these two steps, experimentally measured values, such as 

pKa and oxidation potential, can be used to determine bond dissociation free energy 

(BDFE) for a specific base/photocatalyst combination (Equation 4), where pKa(R–H) 

corresponds to the pKa of our benzamides, (R–/R●) is the oxidation potential of the 

deprotonated amide, and (H–/H●) is the oxidation potential of hydride. 

Equation 4 Bond dissociation free energy. 

BDFE (kcal mol) = 1.37pKa(R − H) + 23.07E°(R− R∙)⁄ + 23.07E°(H− H∙)⁄⁄  

Applying BDFE calculations to our photocatalyst/base combination, an 

approximation of the favorability of nitrogen-centered radical formation can be made. 

Because K3PO4 is insoluble in EtOAc and MeCN, NBu4OP(O)(OBu)2, which has a pKa of 

13 in MeCN, was used for this calculation. While NBu4OP(O)(OBu)2 does not give 

substantial amounts of product in our reaction, it merely serves as an approximation for the 

BDFE of our system. PC1 (E1/2= +1.21 V vs SCE in MeCN) was used as the photocatalyst 

in these calculations. Applying Equation 4, these values give a BDFE of approximately 92 

kcal/mol. This is well below the average BDE of most amides N–H bonds (102-110 

kcal/mol)150, 191-192 suggesting that amidyl radical formation is not thermodynamically 

feasible via PCET with our base/photocatalyst combination. If the more oxidizing 

photocatalyst PC2, developed for N–H PCET by Knowles, is used a BDFE of 102 kcal/mol 

is attained, which explains why the Knowles group observe much higher reactivity with 

PC2 vs PC1 in the δ-alkylation of benzamides. Despite this compelling evidence that N–

H PCET is not thermodynamically favorable, the Knowles groups still observes some 
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reactivity with PC1 in their reaction (10% yield for PC1 vs 79% yield with PC2),155 thus 

requiring further investigation into the possibility of nitrogen-centered radical formation in 

our reaction. 

In support of their BDFE calculation, the Knowles lab also performed quenching 

studies of each reaction component to better elucidate the source of the amidyl radical.155 

Using Stern-Volmer analysis, they determined that benzamide alone does not quench PC2. 

Additionally, they observed some quenching with NBu4OP(O)(OBu)2 and PC2, however, 

strong quenching was observed when varying the concentration of NBu4OP(O)(OBu)2 in 

the presence of PC2 and benzamide, or when varying the concentration of benzamide in 

the presence of PC2 and NBu4OP(O)(OBu)2. This data is congruent with their calculated 

BDFE and strongly suggests PCET is operative in their system.  

Motivated by their delineation of PCET processes using Stern-Volmer analysis, 

similar studies were undertaken using our system. When measuring the intensity of 

fluorescence of PC1 in EtOAc with varied concentrations of PhBr or N-alkyl benzamide, 

no quenching was observed (see Section 4.4.2). Unfortunately, using this system we were 

unable to perform Stern-Volmer analysis using K3PO4 due to its limited solubility in 

organic solvents.  

Figure 3-7 Comparison of K3PO4 in EtOAc and Cs2CO3 in DMF for the α-arylation of benzamides. 
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Unsatisfied by this, a similar system was devised that used a more soluble 

base/solvent combination that also yielded α-arylation. During optimization it was found 

that Cs2CO3 was competent in the model reaction. Although this base/solvent combination 

provided lower yields, it was deemed suitable for mechanistic studies, and since Cs2CO3 

has a known solubility in DMF, this combination was tested (Figure 3-7). 

Undertaking Stern-Volmer analysis with Cs2CO3 in DMF, quenching with 

benzamide and PhBr were first tested. It is well known that photophysical properties 

change drastically in different solvents so this does not bring into question the results with 

EtOAc.179, 193-196 Because of this, it is important that all comparisons should be made within 

the same solvent. Unsurprisingly, neither of these reaction components quenched PC1. 

Next, when using Cs2CO3, quenching of PC1 was not observed (this will be further 

discussed in section 3.3.3.1 when direct oxidation of K3PO4 is discussed). Lastly, when 

varying the concentration of Cs2CO3 with constant benzamide and PC1, some quenching 

was observed. 

In addition to observing different quenching events in DMF, significant amounts of 

N-arylation was also observed when testing the competency of Cs2CO3 in DMF under 

otherwise standard reaction conditions. The observation of significant side product 

formation and the limited solubility of K3PO4 in EtOAc led us to believe using Cs2CO3 in 

DMF was not a fair comparison to K3PO4 in EtOAc. Additionally, the lack of strong 

quenching with Cs2CO3 and benzamide, despite its increased solubility in DMF suggest 

that this event is not a major contributor in reactions with K3PO4/EtOAc, where K3PO4 is 

insoluble. Having explored the possibility that K3PO4 might play a role in a PCET in our 
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reaction and by testing Cs2CO3 in this system, there is inconclusive data to suggest a N–H 

PCET is a major pathway in the arylation of N-alkyl benzamides.  

3.3 Discussion of Mechanistic Hypotheses  

Without strong evidence for a PCET/1,5-HAT in our reaction, several mechanistic 

possibilities derived from other work within this field were examined. Of these studies, 

three distinct mechanistic pathways were proposed for α-amidyl radical formation: 1) 

deprotonation followed by HAT, 2) direct α-amidyl radical formation from a photocatalyst 

via C–H PCET, and 3) α-amidyl radical formation from a HAT agent. By conducting 

further mechanistic studies we believed that more conclusive data might allow us to better 

rule out a mechanism involving amidyl radical formation via PCET, while gathering direct 

evidence for a different mode of reactivity. With the overarching goal of improving upon 

yields of this reaction, a series of experimental and spectroscopic studies that seek to rule 

out specific pathways were undertaken in order to elucidate a reasonable mechanistic 

pathway for the α-arylation of N-alkyl benzamides. 

3.3.1 Deprotonation of Benzamides for Direct Oxidation 

In reports by Rovis, the combination of quinuclidine and an iridium photocatalyst 

were shown to generate carbon-centered radicals on triflamides169 or carbamates.156 Unlike 

their previous report with trifluoroacetates, which undergo 1,5-HAT from a nitrogen-

centered radical, exclusive α-selectivity was observed with triflamides. Mechanistic 

insights support the formation of a quinuclidine radical cation, generated through the 

Figure 3-8 Direct oxidation of a deprotonated benzamide to give α-amidyl radicals. 
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oxidation of quinuclidine by an iridium photocatalyst, followed by HAT from a 

deprotonated triflamide to form a carbon-centered radical. Stern-Volmer quenching studies 

suggest that most of the photocatalyst quenching occurs from quinuclidine, though a non-

negligible quenching event is observed from the deprotonated triflamide. 

Hypothesizing that the more acidic N–H of the triflamide was responsible for this 

change in selectivity, they prepared the potassium salts of both triflamides and 

trifluoroacetates and tested them in their reaction conditions (Figure 3-9). They found that 

in the case of the deprotonated triflamide, reactivity was observed with and without 

quinuclidine, suggesting that this component was not necessary for HAT, and perhaps 

direct oxidation of their substrate by the photocatalyst was occurring. While our system 

lacks quinuclidine, the possibility of a direct oxidation of a deprotonated benzamide was 

considered in our mechanistic investigation (Figure 3-8). 

Figure 3-9 Effects of HAT reagents on protonated and deprotonated trifluoroacetamides and triflamides. a Reaction 

run with 2 equiv quinuclidine. 
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Furthermore, when testing the deprotonated trifluoroacetate with and without 

quinuclidine, exclusively α-functionalization was observed (Figure 3-9). Intriguingly, the 

reaction of trifluoroacetate and quinuclidine gave no α- or δ-functionalized product. This 

suggests that highly electron-rich systems, such as deprotonated amine derivatives can be 

directly oxidized, in a similar manner as tertiary amines, to generate α-radicals via spin-

center shift. Inspired by this observation, we set about synthesizing the potassium salt of 

our model substrate to test it under our standard reaction conditions. 

Upon deprotonation of our model substrate with KH in DMF, we subjected this 

species to our most optimized conditions with and without K3PO4 (Figure 3-10). To our 

surprise, neither of these reactions gave any product and the mass balance was all starting 

material. This suggests that deprotonation by K3PO4 is not beneficial under the reaction 

conditions. This could also explain why bases stronger than K3PO4 are not effective in our 

reaction. Most importantly, this result suggests that deprotonation of benzamide is not a 

viable pathway for α-amidyl radical formation, prompting further investigations into the 

source of radical generation. 

Figure 3-10 Inhibited reactivity of potassium benzamide salts in α-arylation. 
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3.3.2 Direct C–H PCET to Form an α-Amidyl Radical 

With convincing evidence that deprotonation of the benzamide is not operable 

under our reaction conditions, efforts were next turned to exploring the possibility of a C–

H PCET to directly give an amidyl radical (Figure 3-11). As described by Mayer and later 

Alexanian and Knowles, PCET is not only restricted to polarized systems like heteroatom–

H bonds but can be applied to C–H bonds which are less polarized.197-198 This paradigm 

was applied to the photoredox catalyzed functionalization of activated C–H bonds, such as 

THF or benzylic systems, or unactivated C–H bonds, like those found in cyclohexane, 

using a potent iridium-phosphate complex. Investigations into this system identified key 

interactions between the 3,3’-C–H bonds of a bipyridyl ligand on the iridium photocatalyst 

and a phosphate base (Figure 3-12). This complex promotes greater reactivity by shifting 

Figure 3-12 Effects of substitution at the 3,3'-position of iridium photocatalysts. 

Figure 3-11 C–H PCET of benzamides to give α-amidyl radicals. 
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this reaction from a multi-site PCET to a single-site PCET, thus increasing the likelihood 

that a productive PCET will occur.199-201  

Having uncovered a new type of reactivity, Alexanian and Knowles were able to 

corroborate their hypothesis through 1H NMR and UV-Vis experiments.198 During their 

studies, significant shifts in the 1H NMR of the iridium complex (corresponding to the 3,3’-

C–H bonds of the bipyridyl ligand) were seen when a solution of phosphate base was 

titrated in. Similarly, changes in UV-Vis absorption in the region associated with MLCT 

for the iridium photocatalyst (380 nm) suggest that a new species is formed in solution 

when phosphate base is added. These changes in the spectra prompted the authors to isolate 

a discrete iridium-phosphate complex, resulting from mixing PC2 with 

NBu4OP(O)(OBu)2, which they were able to confirm key hydrogen bonding interactions 

though x-ray crystallography. Lastly, they synthesized two different photocatalyst (PC10 
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Figure 3-13 UV-Vis titration of Cs2CO3 to a solution of PC1. 
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and PC11) that lacked protons at the 3,3’-position of the bipyridyl ligand and tested these 

catalysts in their reaction (Figure 3-12). Indeed, neither of these complexes were competent 

in the reaction, though they were shown to be catalytically active in analogous reactions 

that did not involve a C–H PCET. 

Since our system shares many similarities to theirs, including the use of a phosphate 

base and iridium photocatalyst, this mechanism was next investigated. Building upon the 

work of Alexanian and Knowles, we set about testing if a complex between our base and 

photocatalyst was responsible for the formation of an α-amidyl radical. Despite the 

different reaction profile with Cs2CO3 in DMF, the observation of a quenching event when 

adding increasing concentrations of Cs2CO3 to a constant concentration of benzamide and 

PC1 prompted further investigation into a C–H PCET by an iridium-base complex. When 

titrating in increasing concentrations of Cs2CO3 to a solution of PC1, no significant change 
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in the MLCT region (381nm) was observed (Figure 3-13). If a new iridium-base complex 

were forming, we would expect to observe increases and decreases in the absorptivity in 

the MLCT region (Figure 3-14). The lack of these changes in the in UV-Vis suggest that 

Cs2CO3 is not forming a new complex with the photocatalyst. Furthermore, the limited 

solubility of K3PO4 in EtOAc make the possibility of a new iridium-phosphate complex 

highly unlikely. 

Dissatisfied by our inability to test K3PO4 in these quenching studies due to 

solubility, we decided to pursue alternative methods of probing the formation of an iridium-

base complex (Figure 3-15). Like the Alexanian and Knowles report, we decided to study 

Figure 3-15 a) hydrogen bond-enabled C-H PCET, and b) newly proposed photocatalyst modifications to inhibit 

hydrogen bonding. 
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the effects of blocking the C–H bonds of the bipyridyl ligand on PC1. As our reaction did 

not work well with the highly oxidizing photocatalyst used in the Alexanian and Knowles 

report, a novel bipyridyl ligand was targeted that had 3,3’-difluoro substituents. Through a 

7-step procedure we were able to synthesize a dtbbpy analog that featured 3,3’-difluoro 

substituents to prohibit hydrogen bonding between the bipyridyl ligand and the base 

(Figure 3-16). After synthesizing the requisite cationic iridium complex, this new 

bipyridine was ligated to the iridium to form PC12 (Figure 3-17). 

With this new photocatalyst in hand, we tested our model reaction with both K3PO4 

in EtOAc and Cs2CO3 in DMF. While in the Alexanian and Knowles report, complete 

inhibition of their reaction was observed when using their block photocatalyst, our reaction 

was only partially inhibited. We observed 6% yield when using K3PO4 in EtOAc and 14% 

yield when using Cs2CO3 in DMF, opposed to 56% yield and 18% yield when using PC1 

(Figure 3-18). Although this reaction is partially inhibited by this new photocatalyst, the 

lack of hydrogen bonding sites might not be the only reason for diminished yield. The 

Figure 3-16 Synthesis of a novel bipyridyl ligand with blocked hydrogen bonding sites. 
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photophysical properties of this catalyst were measured through CV and E0,0 in order to 

determine the excited state potentials. The ground state redox potentials were determined 

E1/2= Ir(III/II)= -1.12V vs SCE and E1/2= Ir(III/IV)= 1.45V vs SCE (Figure 4-33). PC12 

was irradiated at 381 nm and, with an emission observed at 481nm. The excited state 

potentials were calculated to be Ir(III*/II)= 1.47V vs SCE and Ir(III*/IV)= -1.13V vs SCE 

using Equation 3. When comparing the excited state potentials of PC1 and PC12, the redox 

properties were drastically different, which could explain the lower reactivity of this 

photocatalyst in our model system, as it performed similarly to other photocatalyst with 

similar oxidation potentials (Table 2-7, section 2.4.2). 

Figure 3-17 Synthesis of a photocatalyst with blocked hydrogen bonding sites. 
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 While no one piece of data completely refutes a mechanism where an iridium-base 

complex is responsible for a C–H PCET, the data acquired in these two experiments 

suggest other mechanisms may be at play. Neither UV-Vis titrations nor using a 

photocatalyst with blocked hydrogen-bonding sites gave convincing evidence for an 

iridium-base complex. Despite the similarities of these two systems, the lack of changes in 

the UV-Vis and observed reactivity using PC12 do not support a similar mechanism to that 

proposed by Alexanian and Knowles. Although not definitive, these pieces of data suggest 

that further investigations are necessary to make claims about the mechanism for α-amidyl 

radical formation. 

Figure 3-18 α-arylation using a photocatalyst with blocked hydrogen bonding sites. RSM = recovered starting 

material. 
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3.3.3 α-Amidyl Radical Formation from a HAT Agent 

3.3.3.1  Phosphate and Sulfate Radicals for HAT 

Among the arsenal of C–H functionalization methods, photoredox catalysis has 

been used to generate reactive HAT mediators capable of abstracting strong C–H bonds 

(Figure 3-19). Included in these methods, the Stephenson lab were able to show thermal or 

photogenerated sulfate radicals are capable of functionalizing weak C–H bonds of amides 

through an intermolecular HAT.176 More recently, the Nicewicz lab used strongly oxidizing 

acridinium photocatalyst to generate phosphate radicals from simple phosphate salts, 

which could be used to functionalize activated and unactivated C–H bonds.202 Other groups 

have also evoked the use of phosphate as HAT agents and suggest that they are oxidizable 

using iridium photocatalyst.203 Similarities between our method and these two systems 

prompted investigations into HAT agents for C–H cleavage.204-207 

Initially, it was hypothesized that persulfates, like the ones used by the Stephenson 

group, could supplant K3PO4 in our reaction as the HAT agent.176 Persulfates are bench 

stable solids that bear a weak O–O bond and can be easily reduced or homolyzed to give 

highly reactive sulfate radicals. However, when adding potassium persulfate (K2S2O8) to 

the reaction, no noticeable increase in yield was observed (Figure 3-20). Additionally, 

Figure 3-19 Phosphate radical formation to give α-amidyl radicals. 
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when omitting the photocatalyst and heating the reaction to 55 ºC, the point at which the 

Stephenson group observed reactivity in their chemistry, no reaction was observed. While 

discouraging, the lack of reactivity in our system could be due to a number of complicating 

factors including the need to modulate the oxidation state of nickel for oxidative addition, 

or the use of non-solvent quantities of substrate, which are not explored in the Stephenson 

report. 

As the stoichiometry and use of K3PO4 in the Nicewicz report more closely 

resembled our system, explorations of this mechanism were undertaken. In their report, the 

authors evoke an oxidation of K3PO4 by a an acridinium photocatalyst.202 This highly 

reactive phosphate radical then abstracts a C–H bond to give a more stable carbon-centered 

radical which can engage with radicalphiles to give newly functionalized products. Key to 

their mechanistic findings were CV data and Stern-Volmer quenching studies that 

implicate oxidation of phosphate (in order to measure these values, the more soluble 

(NBu4)2O2P(O)(OPh) was prepared and tested) by the photocatalyst. Furthermore, they 

were able to demonstrate that (NBu4)2O2P(O)(OPh) is competent in this reaction, providing 

comparable yields to those run with K3PO4. 

Figure 3-20 Addition of persulfates as HAT agents for the α-arylation of benzamides. 
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Comparing the redox properties of (NBu4)2O2P(O)(OPh) to K3PO4 cannot be easily 

done in organic solvents, though it can be assumed that since (NBu4)2O2P(O)(OPh) is 

dibasic, its oxidation potential will be similar to tribasic K3PO4. The oxidation potential of 

(NBu4)2O2P(O)(OPh) was measure by the Nicewicz lab to be E1/2= +0.87 V vs SCE,202 

which is well within the range of PC1 (+1.21 V vs SCE). However, while the Nicewicz 

lab were able to use (NBu4)2O2P(O)(OPh) in their reaction with only small deviations in 

yield, we observed only trace product by GCMS when substituting K3PO4 for 

(NBu4)2O2P(O)(OPh) (Figure 3-21). 

Throughout the optimization of this reaction it was noted that some inorganic bases 

worked better than others. Namely, bases with a higher pKa (i.e. K3PO4 > K2HPO4 > 

KH2PO4) gave higher yields, as did more soluble bases (i.e. K3PO4 > Na3PO4 or Cs2CO3 > 

K2CO3). As more soluble tetrabutylammonium analogs, such as those described by 

Knowles155 and Nicewicz,202 did not give satisfactory results in our reaction, we 

hypothesized that exploring a base that was both soluble and gave some yields in our 

chemistry might allow for a better comparison. Since Cs2CO3 in DMF gave modest yields 

in our reaction, we selected this base for further studies. If direct oxidation were an operable 

pathway in our chemistry, it would be expected that a quenching event would be observed 

through Stern-Volmer analysis. When adding increasing concentrations of Cs2CO3 to a 

constant concentration of PC1, we were surprised that no quenching was observed (see 

Figure 3-21 Use of a soluble phosphate base for the α-arylation of benzamides. 
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section 4.4.2). This result definitively shows that direct oxidation of a competent base for 

the α-arylation of benzamides, Cs2CO3, is not a major pathway in our mechanism. 

In summary, the potential of a photocatalytically generated HAT agent in this 

reaction was explored. Two different systems previously shown to be competent in the 

functionalization of amides and strong C–H bonds were applied to the α-arylation of N-

alkyl benzamides with limited success. The reduced yields of arylation observed under 

thermal or photochemical conditions when using K2S2O8 suggest that more complex 

factors are in play which necessitate careful modulation of both α-amidyl radical formation 

and the catalytic cycle of nickel. Although a direct comparison between the Nicewicz 

report and our reaction cannot be made, the insolubility of K3PO4 and the lack of observed 

reactivity with (NBu4)2O2P(O)(OPh) suggest that direct oxidation to give a phosphate HAT 

agent is not a major pathway in our chemistry. Furthermore, when performing Stern-

Volmer analysis on Cs2CO3 in DMF, a more soluble base that gives modest yields in our 

reaction, no quenching was observed. Together, these results indicate that direct oxidation 

of the base in the reaction by a photocatalyst is not responsible for α-amidyl radical 

formation, and that a different pathway is responsible for the observed chemo- and 

regioselectivity. 
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3.3.3.2 Halide Radicals as HAT Agents for α-Amidyl Radical Formation 

Lastly, several mechanistic studies involving metallaphotoredox have evoked 

halide radicals as the key HAT species for the functionalization of C–H bonds.173, 208-209 

First reported by Nocera, the interaction of light and nickel halide complexes can be 

leveraged to generate halide radicals capable of functionalizing C–H bonds.210-212 Halide 

radicals have long been known to abstract C–H bonds, though the generation of these 

species largely hinge on homolysis of Br2 or Cl2 under UV irradiation or of weak 

heteroatom–X bonds, such as the HLF reaction.  

Detailed studies by the Doyle group implicate Ni(III)-halide complexes in 

generating halide radicals upon oxidation of nickel(II) through a interaction between an 

excited Ir(III) complex,208, 213 interaction with a second nickel(II) species,209 or direct 

absorption of light.214 Using stoichiometric oxidants, such as aminium salts, cationic 

nickel(III) species can be formed, which undergos homolysis to give halide radicals 

capable to abstracting C–H bonds. These experiments offer validity to the idea that highly 

oxidizing iridium photocatalysts are able to generate halide radicals from Ni(II)X2 or 

Ni(II)ArX complexes (Figure 3-22). 

Figure 3-22 Potential mechanism for halide radical formation from a Ni(III) species. 
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In reactions where nickel interacts directly with light, the exact identity of the nickel 

halide species is important for disproportionation, as low lying MLCT bands must be 

accessible by the wavelength of light being used. Using Ni(II)ArCl complexes, the Doyle 

group was able to show that 3MLCT bands were readily accessible using blue LEDs.209 

Moreover, this type of reactivity was not reserved to Ni(II)ArCl species. Both Ni(II)ArBr 

and Ni(II)ArI complexes were also competent in generating Ni(III)ArX complexes through 

a disproportionation with a second equivalent of Ni(II)ArX. Despite this observation, the 

BDFE of weak C–H bonds, such as THF (92 kcal/mol) and i-PrNHC(O)Me (92 kcal/mol), 

make C–H abstraction by a halide radical thermodynamically unfavorable for iodide 

radicals and challenging for bromide radicals (BDE for F–H: 136 kcal/mol, Cl–H: 103 

kcal/mol, Br–H; 87 kcal/mol, I–H: 71 kcal/mol). Despite the Doyle groups use of Ni(0) 

pre-catalysts, and the lower observed yields for C–H abstraction by Ni(II)ArBr species, we 

hypothesized that a similar mechanism could arise under our reaction conditions. Initially, 

oxidation by an excited iridium photocatalyst could form a Ni(III) species, which could 

fragment to give a halide radical. This halide radical could then perform a HAT to give an 

α-amidyl radical, as depicted in Figure 3-22.  

Figure 3-23 Synthesis of BiOxNi(II) complexes. 
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 To test this hypothesis, several nickel(II) complexes including i-PrBiOxNi(II)Cl2, 

i-PrBiOxNi(II)ArBr, and BiOxNi(II)ArBr were synthesized (Figure 3-23). BiOxNi(II)Cl2 

was also synthesized, but its low solubility in common organic solvents, such as MeCN 

and EtOAc, prohibited accurate comparison of its redox properties to other Ni(II) 

complexes or iridium photocatalyst. The redox properties of these complexes were 

determined using CV and compared to those of PC1 (Table 3-1). It was found that the 

redox potentials of each nickel catalyst were unfavorable for oxidation, but accessible for 

reduction by PC1 (Ir(III*/II)= +1.21V vs SCE and Ir(III*/IV)= -0.89V vs SCE). This 

suggests that it is unlikely a cationic nickel(III)X2 or cationic nickel(III)ArBr species is 

formed under the reaction conditions, though reduction to give a nickel(I) is feasible, 

leading us to refine our initial mechanistic hypothesis. 

Table 3-1 Redox properties of nickel(II) complexes. 

entry nickel complex Ep/2 (Ni(II/III)) vs SCE Ep/2 (Ni(I/II)) vs SCE 

1 i-PrBiOxNi(II)Cl2 +1.27 -0.88 

2 i-PrBiOxNi(II)ArBr +1.43 -0.43 

3 BiOxNi(II)ArBr +1.52 -0.34 

Figure 3-24 α-arylation of benzamides using a discrete i-PrBiOxNi(II)Cl2 complex. 
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The favorable reduction potential of nickel species in this reaction may lend insight 

into the source of amidyl radical formation. Upon reduction, two potential pathways could 

occur; 1) oxidative addition of PhBr to a nickel(I) species to give a nickel(III) complex that 

undergoes light-induced homolysis, as in the case described by Doyle, or 2) the chloride 

or bromide ion generate from reduction of nickel(II) could be oxidized by the Ir(IV) 

photocatalyst to form a halide radical.215-216 These two hypotheses led us to test i-

PrBiOxNi(II)Cl2, i-PrBiOxNi(II)ArBr, and BiOxNi(II)ArBr as catalysts in the reaction. 

Under standard reaction conditions, i-PrBiOxNi(II)Cl2 gave 42% of the desired product, 

which is similar in yield to the in situ protocol (Figure 3-24). However, when testing i-

PrBiOxNi(II)ArBr in this reaction, trace product was observed (Figure 3-25). Moreover, 

switching to Cs2CO3 in DMF did not restore yields. From this data it can be concluded that 

this is not a relevant catalytic intermediate.  

Interestingly, when testing BiOxNi(II)ArBr under identical conditions, 21% of the 

desired product (2-96) was observed in addition to 19% N-arylation (3-26) and 19% 

recovered starting material (Figure 3-26). This result was surprising since BiOxNi(II)ArBr 

and i-PrBiOxNi(II)ArBr are very similar, yet no reactivity was observed in the latter case. 

Figure 3-25 α-arylation of benzamides using a discrete i-PrBiOxNi(II)ArBr complex. 
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Additionally, catalytic turnover was observed with BiOxNi(II)ArBr, which could mean 

that this is a relevant catalytic intermediate, though the production of substantial amounts 

of N-arylation product (3-26) suggest otherwise, since only trace amounts of this are 

produced under standard reaction conditions. Furthermore, the poor mass balance could 

mean that deleterious side reactions from this catalyst result in decomposition, which is 

contrary to standard reaction conditions in which good mass balance is observed for most 

substrates. Although mechanistically interesting, the lack of reactivity with i-

PrBiOxNi(II)ArBr and observation of substantial amounts of a side product not typically 

observed under standard reaction conditions suggest that BiOxNi(II)ArBr is not a relevant 

intermediate along the catalytic cycle. 

From these observations, we were curious if an interaction between iridium and 

nickel was responsible for initiating α-amidyl radical formation. Furthermore, since 

nickel(0) complexes were not found to provide good yields of the desired product, we 

hypothesized that a reduction event by the photocatalyst may be responsible for both 

generating a HAT agent and modulating the oxidation state of nickel. To explore this 

Figure 3-26 α-arylation of benzamides using a discrete BiOxNi(II)ArBr complex. RSM = recovered starting material. 
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possibility, Stern-Volmer quenching studies were performed with a discrete nickel pre-

catalyst (2-160). Interestingly, strong quenching of PC1 was observed with 2-160 in 

EtOAc. 2-160 was also tested in DMF tested and it was found that although this quenched 

PC1, the quenching constant was an order of magnitude less than the quenching observed 

in EtOAc (Table 3-2). As no other quenching event was observed in EtOAc, this suggests 

that the reaction is initiated through an interaction between the excited-state iridium 

photocatalyst and a nickel(II) complex. 

Based on the results from these newly tested nickel catalysts, a refined mechanistic 

hypothesis was made (Figure 3-27). Taken together with the Stern-Volmer quenching 

Figure 3-27 Revised mechanistic hypothesis for α-arylation of benzamides. 
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studies (Table 3-2), in which i-PrBiOxNiCl2 quenches PC1, we believe the reaction 

initiates from the PET of PC1 to BiOxNi(II)X2. Through the reduction of Ni(II) to Ni(I) 

and oxidation of X ̶  to X ● by Ir(III)*, a potent halide HAT agent is generated. X ● can then 

abstract the α-amidyl C–H bond to form HX, which is sequestered by K3PO4. The newly 

formed Ni(I) species then combines with the α-amidyl radical to form a L2Ni(II)alkylX 

species. This L2Ni(II)alkylX species can then be reduced to a Ni(I)alkyl species, to which 

PhBr oxidatively adds to form L2Ni(III)alkylPhBr. This Ni(III) species can then 

reductively eliminate to form the product and Ni(I)X, which interacts with X ̶   and Ir(IV) 

to regenerate both catalysts, completing the catalytic cycle.  

Critical to this mechanistic hypothesis is the observation that Ni(II)X2 complexes 

strongly quench the photocatalyst. Because the Ni(I/II) couple is predicted to be more 

thermodynamically favorable, it is thought that a Ni(II/I) redox event takes place to 

generate Br ̶ , which can be oxidized by Ir(IV) to give Br ●.217 The large primary KIE 

observed in the competition experiment cannot be ignored, as this supports the direct 

abstraction of C–H bonds from a HAT agent, such as bromine radical.218 Furthermore, 

compound(s) 
quenching in 

EtOAc? 
KSV (M

-1) 
quenching in 

DMF? 
KSV (M

-1) 

PhBr none  none – 

Benzamide (2-91) none – none – 

K3PO4 – – – – 

Cs2CO3 – – none – 

Cs2CO3 + benzamide (2-91) – – yes 54 

i-PrBiOxNiCl2 (2-160) yes 1125 yes 165 

Table 3-2 Summary of Stern-Volmer analysis for alpha-arylation of benzamides. 
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previous studies have shown that halide anions can be oxidized by Ir(III)* complexes,219-

223 therefore the more oxidizing Ir(IV) should be able to perform the same transformation 

(E1/2
IV/III= 1.69 V vs SCE).  

Additionally, we believe that Ni(II)ArX is not generated under the reaction 

conditions due to the observation that i-PrBiOxNi(II)ArBr is not a competent catalyst. This 

is supported by Molander who concluded that energy transfer, rather than halide radical 

formation, is operative for the direct functionalization of C–H bonds in THF in systems 

using Ni(II)ArBr species.173 The lack of reactivity using Ni(II)ArBr species in our reaction 

suggest that a different mechanism than that proposed by Molander.  Therefore, we propose 

the newly formed α-amidyl radical adds into Ni(I)Br to give a Ni(II)alkylBr species. 

Further studies should be directed at the synthesis of a discrete Ni(II)alkylBr species to test 

its catalytic competency. 

Intrigued by the observation of N-arylation when using BiOxNi(II)ArBr, a possible 

mechanism is proposed based on additional data acquired during our studies (Figure 3-28). 

Figure 3-28 Possible competing pathways for, a) N-arylation and b) C-arylation, when using BiOxNi(II)ArBr. 
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One potential explanation for the N-arylation of benzamide could result from the ligand 

exchange between deprotonated benzamide and bromide. This would give a 

Ni(II)(NR1R2)Ar, which could then reductively eliminated (with or without assistance from 

the photocatalyst). A competitive rate of exchange of the bromide with deprotonated 

benzamide could result in reduction of the Ni(II)ArBr species by iridium to yield a bromide 

radical, similar to the mechanism mentioned above. This could then lead to the desired 

product through an analogous mechanism and might explain why near equal quantities of 

N-arylation and C-arylation is observed when using BiOxNi(II)ArBr and not with i-

PrBiOxNi(II)Cl2. Additional studies are necessary to rule out a competitive energy transfer, 

such as that proposed by Molander, though the fact that BiOxNiArBr provides some 

product, whereas i-PrBiOxNiArBr does not suggests that this not a major pathway when  

using a Ni(II)X2 pre-catalyst.173 

entry X additive yield 

1 Cl none 68% 

2 Br none 10% 

3 I none 5% 

4 I TBACl 51% 

5 I TBABr 37% 

6 I TBAI 6% 

Table 3-3 Studies by Doyle of restoring reactivity of aryl bromides and iodides by adding TBACl. 
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Having established that BiOxNi(II)ArBr is not a catalytically relevant intermediate 

in this reaction, efforts were next turned toward exploring the mode of α-amidyl radical 

formation using i-PrBiOxNi(II)Cl2. The Doyle group has explored the 

benefits of adding tetrabutylammonium salts to generate potent HAT mediators (Table 3-

3).208 In their work, they observe that only aryl chlorides provide substantial amounts of 

product despite the well-known facile oxidative addition of aryl bromides and iodides to 

nickel(0) complexes (Table 3-3, entries 1-3). They provide convincing evidence that the  

active HAT agent is generated through the homolysis of a nickel(III) halide complex to 

give halide radicals, which would explain why bromide or iodide radicals are ineffective 

in this chemistry (BDE for F–H: 136 kcal/mol, Cl–H: 103 kcal/mol, Br–H; 87 kcal/mol,  

I–H: 71 kcal/mol, as their BDE is too low to abstract C–H bonds from cyclic ethers (THF 

BDE: 92 kcal/mol). They go on to show that adding tetrabutylammonium chloride restores 

reactivity by generating the requisite nickel(III) chloride species for homolysis (Table 3-3, 

entry 4). As both NiCl2∙DME and NiBr2∙DME gave similar yields in our reaction, and PhBr 

entry x y yield 

1 10 0 92% 

2 10 5 13% 

5 0 5 0% 

 Table 3-4 Knowles’ study on the effects of adding TBAF on yield to C–H PCET reaction that requires hydrogen 

bonding between the photocatalyst and base. 
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was the only aryl halide that provided any product, we were curious to see if the addition 

of halide salts would have a positive effect on our reaction. 

It is well known that iridium photocatalysts are capable of anion exchange, and that 

these types of photocatalysts can oxidize halogens to give radical species capable of 

HAT.216, 224-225 In studies by the Knowles group, varying concentrations of TBAF were 

added to a productive reaction containing a phosphate base to show that competitive 

entry x yield 

1 0 96% 

2 5 96% 

3 20 92% 

Table 3-5 Knowles' study on the effects of adding TBAF on the yield for a N–H PCET reaction that does not require 

hydrogen bonding to the iridium photocatalyst. 

 

Figure 3-29 Comparison of hydrogen bonding between the photocatalyst and phosphate base in, a) single-site PCET 

and, b) multi-site PCET. 
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binding of certain halides to the photocatalyst have negative effects on reaction rate (Table 

3-4).198 

 

This effect is only observed in reactions which involve hydrogen bond pairing of the 

photocatalyst and the base, where binding of strong hydrogen bond acceptors, like fluoride, 

out compete iridium-phosphate complexation. The Knowles group were able to show that 

this is not the case in N–H PCET reactions where the more polarized N–H bond of the 

entry x additive yield 

1 PC1-PF6 TBACl (10 mol%) 80% 

2 PC1-PF6 TBACl (5 mol%) 84% 

3 PC1-PF6 none 0% 

4 PC1-Cl none 86% 

5 PC1-Cl none 0%a 

Table 3-6 Studies by Barriult on counterion effects on HAT using iridium photocatalysts. a Reaction run at room temp. 
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substrate coordinates to the base (Table 3-5).198 This allows for multi-site PCET to be 

operative regardless of the inclusion of hydrogen bond acceptors to the reaction (Figure 3-

29).  

Contrary to this, observations by Barriault and others found that using iridium  

photocatalysts bearing counterions that are more susceptible to oxidation, such as 

chloride,215 or bromide216 were necessary for productive catalysis (Table 3-6). Further 

studies implicate these oxidizable counter ions as HAT agents. Unlike the fluoride, chloride 

has a lower oxidation potential and can serve as a HAT agent. The authors were able to 

show that either photocatalyst with chloride counterions or the inclusion of TBACl enable 

abstraction of strong C–H bonds (Table 3-6, entries 2-4). However, while the oxidation 

event is thermodynamically favorable (TBACl E1/2
red = +1.01 V vs SCE; TBABr E1/2

red = 

+0.71 V vs SCE; TBAI E1/2
red = +0.26 V vs SCE),180, 217, 221  the HAT is challenging, which 

the authors attribute to the lack of reactivity at room temperature observed with TBACl 

(Table 3-6, entry 5). The strong affinity of halide counterions to iridium photocatalysts and 

their potential to serve as HAT agents led us to explore tetrabutylammonium halides as 

additives for our reaction.  

Encouraged by the positive results of the Doyle and Barriault groups, we 

commenced studying the effects of adding tetrabutylammonium halides to our reaction. 

Since our reaction only worked with aryl bromides, we added tetrabutylammonium 

bromide (TBABr) to reactions containing PhCl and PhI. Upon adding 1 equivalent of 

TBABr to a reaction containing PhCl as the aryl source, 30% yield was observed, which is 

slightly lower than the model reaction (~50%). Nickel-catalyzed halide exchange of 

tetrabutylammonium salts and aryl halides has been documented by the Doyle group, and  
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could explain the changes in reactivity.208 Control experiments using PhCl or PhCl/TBACl 

gave no reaction, suggesting that bromide ions are in some way important for this reaction. 

Notably, when the same experiment was performed with PhI and TBABr, no reaction was 

 observed. Further experiments were undertaken to see if these counter ion effects were 

observed when switching tetrabutylammonium salts and aryl sources. 

Intrigued by the reactivity with some aryl halides and not with others when adding 

tetrabutylammonium salts, a reaction with PhBr with 1 equivalent tetrabutylammonium 

chloride (TBACl) and one with 1 equivalent of tetrabutylammonium iodide (TBAI) were 

conducted (Table 3-7, entries 7 & 8). In the reaction using PhBr and TBACl, 46% yield 

entry X additive yield 

1 Cl none 0% 

2 Br none 49% 

3 I none 0% 

4 Cl TBABr 30% 

5 Cl TBACl 0% 

6 I TBABr 0% 

7 Br TBACl 46% 

8 Br TBAI 30% 

9 Cl TBAI 0% 

Table 3-7 Effects of adding tetrabutylammonium salts to the α-arylation of benzamides. 



159 

 

was observed, though in the reaction with TBAI only 30% yield was observed. These 

results suggest that chloride ions have less of an effect on the reaction as iodide ions, though 

both species have no benefit on yields. Together, these results are not supportive of the 

mechanism proposed by Doyle where a more potent HAT agent can be generated by adding 

tetrabutylammonium chloride to reactions with aryl bromides or aryl iodides. Instead, we 

observe either negligible effects or decreases in yield when adding different 

tetrabutylammonium salts to reactions containing PhBr (Table 3-7, entries 7 & 8). This led 

us to pursue the hypothesis that halide additives could be used to serve as a HAT agents 

through the direct oxidation by an iridium photocatalyst rather than the generation of a 

Ni(II)ArX or intermediate for homolysis. 

Early on in our studies of adding tetrabutylammonium salts to reactions with 

different aryl bromides, it was observed that control reactions with TBABr and PhBr had 

a drastically different color at the end of the reaction than those without TBABr (Figure 3-

Figure 3-30 Effects on reaction color with and without TBABr. Left to right: 1 equiv PhBr with TBABr, 1 equiv 

PhBr with no TBABr, 7.5 equiv PhBr with TBABr, 7.5 equiv PhBr with no TBABr. Reactions were run for 16 hours 

under irradiation by blue LEDs using standard reaction conditions for α-arylation of benzamides. 
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30). We hypothesized that changes in the color of these reactions was the results of 

degradation of the photocatalyst, nickel catalyst or both. Despite this, potion-wise additions 

of fresh catalyst(s) or higher catalyst loadings did not have a positive effect on yield, as 

discussed in the optimization of the reaction (see section 2.4.2, Table 2-10). Since photon 

absorption is essential for productive catalysis to take place, we hypothesized that the 

degradation products were competitively absorbing light.226 While no new species related 

to catalyst(s) degradation could be isolated or observed spectroscopically, evidence for 

photocatalyst modification was observed through LCMS analysis of reactions run for 1 

hour and 12 hours (see Section 4.4.4). Additionally, modifications of the photocatalyst 

structure were unfruitful, though there is evidence that photocatalyst modification is not 

necessarily detrimental to productive catalysis (Figure 4-37).227 Still we opted to purse 

these results in the hope that additions of tetrabutylammonium salts might protect the 

integrity of the catalyst(s), leading to higher yields.  

In line with our goals of improving upon the yields and lowering the equivalents of 

electrophilic coupling partner in this reaction, systematic experiments were conducted to 

see if TBABr was beneficial for reactivity. By including 1 equivalent of TBABr and  

lowering the amount of aryl bromide from 7.5 equivalents to 2 or 1 equivalent,  

synthetically useful yields could be achieved when running these reaction for 48 hours 

(Table 3-8, entries 1 & 2). When adding 1 equivalent of TBABr to a reaction with 2 

equivalents of benzamide and 1 equivalent of PhBr, 73% arylation was observed, with a 

high ratio of C-arylation to N-arylation (Table 3-8, entry 3)! Unlike those run without 

TBABr, these reactions showed no sign of catalyst degradation or color change, indicating  
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greater catalyst longevity, and therefore give hope that longer reaction times could 

potentially be used to increase yield. 

It has been documented that halides are competent quenchers for iridium 

photocatalysts.219-220, 223 The reactivity observed with TBABr over TBACl might occur 

because of a more favorable redox event with PC1, as shown by Barriault.215 This could 

explain why TBACl did not provide substantial increases in yield. Additionally, the low 

BDFE of iodide radical could explain why TBAI did not provide any product, as the C–H 

bonds of benzamide are too strong to be abstracted by I ●. These results suggest that TBABr 

can be used as a HAT agent for the α-arylation of N-alkyl benzamides. We hypothesize 

that the increased concentration of bromide anions results in more facile formation of a 

HAT agent. Further studies should be conducted to determine the exact role of TBABr in 

this reaction. Specifically, UV-Vis and fluorescence studies could lend insight into the 

formation of a new anionic nickel halide complex under the reaction conditions. 

Additionally, Stern-Volmer studies to explore the rates of quenching between TBABr and 

Table 3-8 Effects of reaction stoichiometry on yield when adding TBABr. a Ratio were determined through GCMS 

analysis of the crude reaction mixture. b Yield refers to total yield of C-arylation and N-arylation and was determined 

by a calibration curve using tridecane as an internal standard. 

entry x y 
C-arylation to N-

arylationa yieldb 

1 1 1 4.3:1 47% 

2 2 1 3.6:1 52% 

3 1 2 7.3:1 73% 
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i-PrBiOxNiCl2 could elucidate if nickel is necessary for the generation of a HAT agent or 

if exogenous KBr generated in the reaction is responsible for the observed reactivity when 

TBABr is not included. 

Despite these promising results, control reactions must be undertaken to confirm 

that TBABr is responsible for the drastic increases in yield for reactions that use near-

stoichiometric amount of coupling partners. These preliminary results also open up the 

possibility for further optimization. Factors that should be initially examined include the 

stoichiometry of the electrophile, amount of TBABr, reaction time, and catalyst loading 

for nickel and iridium. Additionally, efforts will be made to extend this to other 

electrophiles and benzamides as a general method to achieve high yields for α-arylation of 

N-alkyl benzamides. 
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Chapter 4 

Experimental Section 

 

4.1 General Supporting Information 

All reagents were used as received unless otherwise noted. Solvents were purified 

under nitrogen using a solvent purification system (Innovative Technology, Inc. Model # 

SPS400-3 and PS-400-3). Et3SiH (Sigma-Aldrich), BnMe2SiH (Sigma-Aldrich), 

PhMe2SiH (Sigma-Aldrich), and (TMSO)MeSiH (TCI Chemicals) were passed through 

basic alumina and distilled before use and stored under nitrogen. IPr*OMe (made from 

known procedure228), IMes·HCl (made from known procedure229), other N-heterocyclic 

carbenes (Sigma-Aldrich), and NaO-t-Bu (Strem Chemicals) were stored and weighed in 

an inert atmosphere glovebox. Ethyl acetate (Sigma-Aldrich, 99.8% anhydrous) was 

distilled over CaH2 (Sigma-Aldrich) and then freeze, pumped, thawed three times before 

storing under N2. Aryl bromides (Oakwood) were dried on high vacuum or distilled over 

CaH2 prior to use. K3PO4 (Strem, anhydrous) was finely ground and then heated under 

vacuum at 100 ºC overnight before transferring to a glove box. Phenylpyridines and 

bipyridines were synthesized through known procedures.155, 230 Iridium photocatalysts 

were synthesized by modified literature procedures for [Ir(dCF3(CF3)ppy)2(4,4’-di-t-

bubpy)]PF6, [Ir(FCF3(CF3)ppy)2(4,4’-di-t-bubpy)]PF6, and [Ir(dF(CF3)ppy)2(4,4’-di-t-
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bubpy)]PF6,
231  [Ir(dF(CF3)ppy)2(5,5’-di-CF3bpy)]PF6.

155 Bisoxazoline (BiOx) ligands 

were synthesized through known procedures.232 

Analytical thin layer chromatography (TLC) was performed on Kieselgel 60 F254 

(250 μm silica gel) glass plates and compounds were visualized with UV light and p-

anisaldehyde, potassium permanganate or ceric ammonium molybdate stains. Flash 

column chromatography was performed using Kieselgel 60 (230-400 mesh) silica gel. 

Eluent mixtures are reported as v:v percentages of the minor constituent in the major 

constituent. All compounds purified by column chromatography were sufficiently pure for 

use in further experiments unless otherwise indicated. 1H NMR spectra were collected at 

400 MHz on a Varian MR400, at 500 MHz on a Varian Inova 500 or Varian vnmrs 500, 

or at 700 MHz on a Varian vnmrs 700 instrument. The proton signal of the residual, 

nondeuterated solvent (δ 7.26 for CHCl3) was used as the internal reference for 1H NMR 

spectra. 13C NMR spectra were completely heterodecoupled and measured at 125 MHz or 

175 MHz. Chloroform-d (δ 77.00) was used as an internal reference. High resolution mass 

spectra were recorded on a VG 70-250-s spectrometer manufactured by Micromass Corp. 

(Manchester UK) at the University of Michigan Mass Spectrometry Laboratory or recorded 

on an Agilent 6545 Q-TOF LS/MS at the University of Michigan Life Sciences Institute. 

LCMS traces were recorded on an Agilent 6545 Q-TOF LS/MS at the University of 

Michigan Life Sciences Institute. GCMS analysis was carried out on a HP 6980 Series GC 

system with HP-5MS column (30 m x 0.250 mm x 0.25 μm) or on an Agilent 7890B GC 

system with HP-5MS column (30 m x 0.250 mm x 0.25 μm). GCFID analysis was carried 

out on a HP 6980N Series GC system with a HP-5 column (30 m x 0.32 mm x 0.25 μm). 

SFC analysis was carried out on a Waters Investigator SFC using a Waters 2998 
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photodiode array detector. Samples were run on an OD-H Daicel 5μm (4.6mm x 250mm) 

analytical chiral column using a MeOH/CO2 gradient. Infrared spectra were recorded using 

a Nicolet iS10 FT-IR spectrometer as a neat solid. 

4.2 Experimental Details for Chapter 1 

4.2.1 General Procedures for Chapter 1 

4.2.1.1 General Procedure for Nickel-Catalyzed Silylation of Aryl 

Trialkylammonium Salts: 

 

To an oven-dried 8 mL vial 

equipped with a Teflon-coated 

magnetic stir bar was added 

Ni(COD)2 (2.8 mg, 0.01 mmol, 0.1 equiv), N,N’-bis(2,6-bis(diphenylmethyl)-4-

methoxyphenyl)imidazolium chloride (IPr*OMe·HCl) (9.8 mg, 0.01 mmol, 0.1 equiv), 

NaO-t-Bu (24 mg, 0.25 mmol, 2.5 equiv), and ammonium salt (0.1 mmol, 1 equiv) were 

combined under inert atmosphere and suspended in 0.5 mL of dioxane at rt. Silane (0.5 

mmol, 5 equiv) was added and the vial was sealed with a Teflon cap before removing from 

the glovebox to heat to 40 ºC overnight. Upon completion, the reaction mixture was 

quenched with 1 mL EtOAc and run through a silica gel plug with 5 mL EtOAc. The 

solvent was removed by rotary evaporation and the crude reaction mixture was purified by 

silica gel chromatography. 



166 

 

4.2.1.2 Modified General Procedure using Air-Tolerant Nickel(0) Catalyst: 

To an oven-dried 8 mL vial equipped with a Teflon-

coated magnetic stir bar was added (1,3-bis(2,6-

bis(diphenylmethyl)-4-methoxyphenyl)imidazol-2-

ylidene)bis(phenyl acrylate)nickel(0) 

(Ni(IPr*OMe)(phenyl acrylate)2) (106) (26 mg, 0.01 

mmol, 0.1 equiv), NaO-t-Bu (48 mg, 0.50 mmol, 2.5 equiv), and ammonium salt 1-81 

(68mg, 0.2 mmol, 1 equiv) were combined under inert atmosphere and suspended in 1.0 

mL of dioxane at rt. Triethylsilane (156μL, 1.0 mmol, 5 equiv) was added and the vial was 

sealed with a Teflon cap before removing from the glovebox to heat to 40 ºC overnight. 

Upon completion, the reaction mixture was quenched with 1 mL EtOAc and run through a 

silica gel plug with 5 mL EtOAc. Analysis of the crude reaction mixture by GCFID using 

tridecane as an internal standard showed 76% yield of aryl silane 1-81a and 13% yield of 

1-81b. The solvent was removed by rotary evaporation and the crude reaction mixture was 

purified by flash chromatography (100% hexanes) to give 1-81a as a colorless oil in 67% 

yield (35.9 mg, 0.134 mmol).  

4.2.1.3 General Procedure for Nickel-Catalyzed Reduction of Aryl 

Trialkylammonium Salts: 

To an oven-dried 8 mL 

vial equipped with a 

Teflon-coated magnetic 

stir bar was added Ni(COD)2 (2.8 mg, 0.01 mmol, 0.1 equiv), 1,3-bis(2,4,6-

trimethylphenyl)imidazolium chloride (IMes·HCl) (3.4 mg, 0.01 mmol, 0.1 equiv), NaO-
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t-Bu (24 mg, 0.25 mmol, 2.5 equiv), and ammonium salt (0.1 mmol, 1 equiv) were 

combined under inert atmosphere and dissolved in 0.5 mL of DMF at rt. Triethylsilane (80 

μL, 0.5 mmol, 5 equiv) was added and the vial was sealed with a Teflon cap before 

removing from the glovebox to heat to 40 ºC overnight. Upon completion, the reaction 

mixture was quenched with 1 mL EtOAc and run through a silica gel plug with 5 mL 

EtOAc. The solvent was removed by rotary evaporation and the crude reaction mixture 

was purified by silica gel chromatography. 

4.2.1.4 General Procedures for Reductive Amination: 

To an appropriately sized 

round-bottom flask equipped 

with a Teflon-coated magnetic 

stir bar under a nitrogen atmosphere were added aniline (1 equiv) and CH3CN (0.25M). 

The flask was cooled to 0 ºC before adding formaldehyde solution (37%) (6 equiv) and 

K2CO3 (2 equiv). After 1 hour of stirring NaHB(OAc)3 (3 equiv) was added followed by 

the slow addition of AcOH (11 equiv). The solution was warmed to room temperature after 

30 min and stirred overnight. The reaction was quenched with H2O and EtOAc. The 

solution was basified with sat. NaHCO3 and extracted with 3xEtOAc. The organics were 

dried over brine, then Na2SO4 and concentrated before purifying by silica gel column 

chromatography. 

4.2.1.5 General Procedures for Suzuki-Miura Coupling: 

To an appropriately 

sized round-bottom 

flask equipped with a 
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Teflon-coated magnetic stir bar and a reflux condenser was added 4-bromo-

dimethylaniline (1.00 equiv), arylboronic acid (1.50 equiv), K2CO3 (2.00 equiv), Pd(OAc)2 

(0.01 equiv), and acetylacetone (0.02 equiv). The flask was backfilled with N2 three times 

before adding H2O (0.66M) and DMF (0.66M). The reaction was heated to 90 ºC overnight. 

The reaction was cooled and quenched with Et2O and the organics were washed 1x H2O, 

2x brine. The organics were then dried over MgSO4 and concentrated before purifying by 

silica gel column chromatography.233 

 

4.2.1.6 General Procedures for Aryl Trialkylmmonium Salt Formation: 

To an appropriately sized vial equipped 

with a Teflon-coated magnetic stir bar and 

a reflux condenser was added N,N-dimethylaniline (1.00 equiv) and MeI (10.00 equiv). 

The vial was sealed and stirred until a white precipitate formed. Electron deficient aniline 

typically required heating to 40 ºC overnight while electron rich anilines reached full 

conversion in a few hours. The solid was then filtered washed copiously with Et2O and 

rigorously dried on high vac for several hours. The trimethylammonium salts were used as 

is in subsequent chemistry. 234 

4.2.2 Starting Material Synthesis: 

N,N-dimethyl-[1,1'-biphenyl]-4-amine 

The general procedure for Suzuki-Miura coupling was followed using 4-

bromo-dimethylaniline (1.00 g, 5.00 mmol, 1.00 equiv), phenylboronic 

acid (914 mg, 7.5 mmol, 1.50 equiv), K2CO3 (1.38 g, 10.00 mmol, 2.00 equiv), Pd(OAc)2 

(11 mg, 0.05 mmol, 0.01 equiv), acetylacetone (10 mg, 0.10 mmol, 0.02 equiv), H2O (7.5 
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mL), and DMF (7.5 mL). Purification by flash chromatography (90:10 hexanes/EtOAc) 

gave the title compound as a white solid in 87% yield (690 mg, 3.49 mmol). The spectral 

data matches that previously reported in the literature. [3]  

1H NMR (401 MHz, Chloroform-d) δ 7.61 – 7.53 (m, 2H), 7.51 (d, J = 8.8 Hz, 2H), 7.39 

(t, J = 7.6 Hz, 2H), 7.26 (m, 1H), 6.81 (d, J = 8.8 Hz, 2H), 3.00 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 150.11, 141.36, 129.38, 128.77, 127.83, 126.42, 

126.11, 112.90, 40.71. 

 

N,N-dimethyl-3',5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-amine 

To an oven-dried 25-mL round-bottom flask containing a 

Teflon-coated magnetic stir bar were brought into a N2 glovebox 

and Pd(PPh3)4  (34.7 mg, 0.03 mmol, 3 mol%) was added. The 

round bottom was sealed with a septa and removed from the glovebox. 4-bromo-N,N-

dimethylaniline (200 mg, 1.00 mmol, 1.00 equiv) and 3,5-

bis(trifluoromethyl)phenylboronic acid (257 mg, 1.00 mmol, 1.00 equiv) were added, 

followed by toluene (10 mL, 0.1M), EtOH (3 mL, 0.33M), and Sat. Na2CO3 (5 mL). A 

reflux condenser was added and the reaction was heated to 80 ºC overnight. The reaction 

was cooled to room temperature and quenched with H2O (20 mL) and Et2O (20 mL). The 

mixture was then extracted 2x20 mL Et2O. The organic layers were washed with 50 mL 

brine, then dried over MgSO4. The organics were concentrate and purification by flash 

chromatography (100% to 95:5 hexanes/EtOAc) gave the title compound as a white solid 

in quantitative yield (333 mg, 1.00 mmol).235  

1H NMR (400 MHz, Chloroform-d) δ 7.97 (s, 2H), 7.74 (s, 1H), 7.63 – 7.47 (m, 2H), 6.90 
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– 6.74 (m, 2H), 3.04 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 150.98, 143.38, 132.01 (q, J = 32.9 Hz), 127.96, 

126.04, 123.74 (q, J = 273.6 Hz), 119.56 – 118.93 (m), 112.76, 40.45. 

19F NMR (376 MHz, Chloroform-d) δ -62.91. 

 

N,N,4-trimethylaniline 

The general procedure for reductive amination was followed using p-

toluidine (107 mg, 1.00 mmol, 1.00 equiv), NaHB(OAc)3 (636 mg, 3.00 

mmol, 3.00 equiv), formaldehyde solution (37%) (0.45 mL, 6.00 mmol, 6.00 equiv), 

K2CO3 (276 mg, 2.00 mmol, 2.00 equiv), AcOH (0.7 mL, 11.00 mmol, 11.00 equiv), 

CH3CN (4 mL, 0.25M). Purification by flash chromatography (100% to 95:5 

hexanes/EtOAc) gave the title compound as a colorless oil in 23% yield (31 mg, 0.23 

mmol). The spectral data matches that previously reported in the literature. 236  

1H NMR (500 MHz, Chloroform-d) δ 7.08 (d, J = 8.0 Hz, 2H), 6.71 (d, J = 8.0 Hz, 2H), 

2.92 (s, 6H), 2.28 (s, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 148.97, 129.71, 126.22, 113.34, 41.21, 20.39. 

 

4-(tert-butyl)-N,N-dimethylaniline 

The general procedure for reductive amination was followed using 4-

(tert-butyl)aniline (597 mg, 4.00 mmol, 1.00 equiv), NaHB(OAc)3 

(2.54 g, 12.00 mmol, 3.00 equiv), formaldehyde solution (37%) (1.05 mL, 14.00 mmol, 

3.52 equiv), K2CO3 (1.11 g, 8.00 mmol, 2.00 equiv), AcOH (2 mL, 34.70 mmol, 8.70 

equiv), CH3CN (8 mL, 0.2M). Purification by flash chromatography (100% to 95:5 
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hexanes/EtOAc) gave the title compound as a colorless oil in quantitative yield (710 mg, 

4.00 mmol). The spectral data matches that previously reported in the literature.237  

1H NMR (500 MHz, Chloroform-d) δ 7.34 – 7.26 (m, 2H), 6.81 – 6.71 (m, 2H), 2.93 (s, 

6H), 1.31 (s, 9H). 

13C NMR (126 MHz, Chloroform-d) δ 148.71, 139.51, 125.98, 112.76, 40.99, 33.89, 

31.67. 

 

N,N-dimethyl-4-(trifluoromethyl)aniline 

The general procedure for reductive amination was followed using 4-

aminobenzotrifluoride (1.40 mL, 11.18 mmol, 1.00 equiv), 

NaHB(OAc)3 (7.00 g, 34.54 mmol, 3.0 equiv), formaldehyde solution (37%) (4.99 mL, 

67.08 mmol, 6.00 equiv), K2CO3 (3 g, 22.36 mmol, 2.00 equiv), AcOH (5 mL, 79.99 mmol, 

7.09 equiv), CH3CN (56 mL, 0.2M). Purification by flash chromatography (95:5 

hexanes/EtOAc) gave the title compound as a white solid in 36% yield (751 mg, 4.02 

mmol). The spectral data matches that previously reported in the literature.238  

1H NMR (500 MHz, Chloroform-d) δ 7.45 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 8.4 Hz, 2H), 

3.01 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 152.45, 126.44 (q, J = 3.8 Hz), 117.59 (q, J = 32.6 

Hz), 111.28, 40.19. 

19F NMR (471 MHz, Chloroform-d) δ -60.86. 

 

4-methoxy-N,N-dimethylaniline 

The general procedure for reductive amination was followed using p-
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anisidine (493mg, 4.00 mmol, 1.00 equiv), NaHB(OAc)3 (2.54 g, 12.00 mmol, 3.00 equiv), 

formaldehyde solution (37%) (1.05 mL, 14.00 mmol, 3.52 equiv), K2CO3 (1.11 g, 8.00 

mmol, 2.00 equiv), AcOH (2 mL, 34.70 mmol, 8.70 equiv), CH3CN (8 mL, 0.2M). 

Purification by flash chromatography (90:10 hexanes/EtOAc) gave the title compound as 

a light yellow solid in 99% yield (600 mg, 3.97 mmol). The spectral data matches that 

previously reported in the literature.239   

1H NMR (500 MHz, Chloroform-d) δ 6.86 (d, J = 9.2 Hz, 2H), 6.80 – 6.74 (m, 2H), 3.78 

(s, 3H), 2.88 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 152.08, 145.90, 115.01, 114.74, 55.87, 41.95. 

 

N,N-dimethyl-4-phenoxyaniline 

The general procedure for reductive amination was followed using 4-

phenoxyaniline (741mg, 4.00 mmol, 1.00 equiv), NaHB(OAc)3 (2.54 g, 

12.00 mmol, 3.00 equiv), formaldehyde solution (37%) (1.05 mL, 14.00 mmol, 3.52 

equiv), K2CO3 (1.11 g, 8.00 mmol, 2.00 equiv), AcOH (2 mL, 34.70 mmol, 8.70 equiv), 

CH3CN (8 mL, 0.2M). Purification by flash chromatography (95:5 hexanes/EtOAc) gave 

the title compound as a clear oil in 94% yield (600 mg, 3.75 mmol). The spectral data 

matches that previously reported in the literature.240  

1H NMR (500 MHz, Chloroform-d) δ 7.28 (d, J = 7.5 Hz, 1H), 7.03 – 6.99 (m, 1H), 6.96 

(d, J = 9.0 Hz, 2H), 6.95 – 6.91 (m, 2H), 6.74 (d, J = 9.0 Hz, 2H), 2.94 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 159.23, 147.80, 147.43, 129.62, 122.05, 121.06, 

117.28, 114.08, 41.36. 
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(4-(dimethylamino)phenyl)methanol 

To an oven-dried 10-mL round-bottom flask containing a Teflon-coated 

magnetic stir bar under a nitrogen atmosphere was added 4-

dimethylaminobenzaldehyde (149 mg, 1.00 mmol, 1.00 equiv) and THF (2.5 mL, 0.25M). 

The flask was cooled to 0 ºC and LiAlH4 (38 mg, 1.00 mmol, 1.00 equiv) was added. The 

reaction was stirred for 4 hours at 0 ºC before quenching with MeOH (2 mL) and H2O (2 

mL). The reaction was diluted with 10 mL H2O and extracted 3x10 mL Et2O. The organic 

layers were dried with 20 mL brine and then MgSO4 before concentrating. Purification by 

flash chromatography (90:10 hexanes/EtOAc) gave the title compound as a clear oil in 

95% yield (144 mg, 0.952 mmol). The spectral data matches that previously reported in 

the literature. 241  

1H NMR (400 MHz, Chloroform-d) δ 7.25 (d, J = 8.3 Hz, 2H), 6.84 – 6.62 (m, 2H), 4.57 

(s, 2H), 2.96 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 150.51, 129.02, 128.77, 112.76, 65.51, 40.79.  

 

4-(((tert-butyldimethylsilyl)oxy)methyl)-N,N-dimethylaniline 

To an oven-dried 25-mL round-bottom flask containing a Teflon-coated 

magnetic stir bar under a nitrogen atmosphere were added (4-

(dimethylamino)phenyl)methanol (1.00 g, 6.61 mmol, 1.00 equiv) and DCM (6.60 mL, 

1M). The solution was cooled to 0 ºC before adding TBSCl (1.00 g, 6.61 mmol, 1.00 equiv) 

and imidazole (900 mg, 13.22 mmol, 2.00 equiv). The reaction was then warmed to room 

temperature and stirred for 15 min. The reaction was quenched with sat. NaHCO3 and 

extracted 3x30 mL hexanes. The organics were dried 1x30 mL brine and Na2SO4 before 
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concentrating. The title compound was obtained in yield as a clear oil in 94% yield (1.65 

g, 6.23 mmol) pure by NMR.  

1H NMR (401 MHz, Chloroform-d) δ 7.19 (d, J = 8.6 Hz, 2H), 6.72 (d, J = 8.7 Hz, 2H), 

4.64 (s, 2H), 2.93 (s, 6H), 0.93 (s, 9H), 0.08 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 150.07, 129.66, 127.66, 112.76, 65.15, 40.95, 

26.17, 25.80, -4.97. 

HRMS (ESI) (m/z): [M+H] calculated for C15H27NOSi, 266.1940, found, 266.1945.  

 

4'-(dimethylamino)-[1,1'-biphenyl]-4-ol 

The general procedure for Suzuki-Miura coupling was followed 

using 4-bromo-dimethylaniline (200 mg, 1.00 mmol, 1.00 equiv), 

4-hydroxyphenylboronic acid (207mg, 1.5 mmol, 1.50 equiv), 

K2CO3 (275 mg, 2.00 mmol, 2.00 equiv), Pd(OAc)2 (2.2 mg, 0.01 mmol, 0.01 equiv), 

acetylacetone (2 mg, 0.02 mmol, 0.02 equiv), H2O (2 mL), and DMF (2 mL). Purification 

by flash chromatography (70:30 hexanes/EtOAc) gave the title compound as a white solid 

in 95% yield (203 mg, 0.952 mmol). The spectral data matches that previously reported in 

the literature.242  

1H NMR (500 MHz, Chloroform-d) δ 9.74 (br), 7.52 – 7.34 (m, 4H), 6.95 – 6.72 (m, 4H), 

2.97 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 154.30, 149.76, 134.27, 129.54, 127.69, 127.44, 

115.68, 113.33, 40.95. 

HRMS (EI) (m/z): [M] calculated for C20H29NOSi, 328.2091, found, 328.2096. 
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4'-((tert-butyldimethylsilyl)oxy)-N,N-dimethyl-[1,1'-biphenyl]-4-amine 

To an oven-dried 25-mL round-bottom flask containing a 

Teflon-coated magnetic stir bar under a nitrogen atmosphere 

were added 4'-(dimethylamino)-[1,1'-biphenyl]-4-ol 

 (670 mg, 3.14 mmol, 1.00 equiv) and DCM (6.28 mL, 0.5M). The solution was cooled to 

0 ºC before adding TBSCl (473 mg, 3.14 mmol, 1.00 equiv) and imidazole (428 mg, 6.28 

mmol, 2.00 equiv). The reaction was then warmed to room temperature and stirred for 15 

min. The reaction was quenched with sat. NaHCO3 and extracted 3x30 mL hexanes. The 

organics were dried 1x30 mL brine and Na2SO4 before concentrating. The title compound 

was obtained in yield as an off-white crystalline solid in 76% yield (780 mg, 2.39 mmol) 

pure by NMR.  

1H NMR (500 MHz, Chloroform-d) δ 7.45 (d, J = 8.7 Hz, 2H), 7.41 (d, J = 8.6 Hz, 2H), 

6.87 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.3 Hz, 2H), 2.98 (s, 6H), 1.01 (s, 9H), 0.23 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 154.40, 149.73, 134.57, 129.41, 127.45, 127.34, 

120.34, 113.04, 40.83, 25.88, 18.39, -4.22. 

 

N,N-dimethyl-4-morpholinoaniline 

To an oven-dried 25-mL round-bottom flask containing a Teflon-

coated magnetic stir bar were brought into a N2 glovebox and 

Pd2(dba)3 (11.4 mg, 0.0125 mmol, 0.5 mol%), P(t-Bu)3 (5.1 mg, 0.05 mmol, 1 mol%), and 

NaO-t-Bu (250 mg, 2.50 mmol, 1.00 equiv) were added. The round bottom was sealed with 

a septa and removed from the glovebox. Toluene (5 mL, 0.5M) and morpholine (0.27 mL, 

3.12 mmol, 1.25 equiv) were added, followed by 3-bromo-N,N-dimethylaniline (500 mg, 
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2.50 mmol, 1.00 equiv). The reaction was stirred at room temperature overnight. The 

reaction was quenched with 20 mL H2O and extracted 3x30 mL Et2O. The organics were 

washed with 60 mL brine and dried over MgSO4 before concentrating. Purification by flash 

chromatography (90:10 to 1:1 hexanes/EtOAc) gave the title compound as a yellowish 

powder in 62% yield (320 mg, 1.55 mmol). The spectral data matches that previously 

reported in the literature.243  

1H NMR (500 MHz, Chloroform-d) δ 6.90 (d, J = 8.9 Hz, 2H), 6.76 (d, J = 9.0 Hz, 2H), 

3.89 – 3.84 (m, 4H), 3.08 – 3.01 (m, 4H), 2.88 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 151.98, 138.24, 120.93, 115.53, 66.59, 58.13, 

47.97. 

 

N,N-dimethyl-3-morpholinoaniline 

To an oven-dried 25-mL round-bottom flask containing a Teflon-coated 

magnetic stir bar were brought into a N2 glovebox and Pd2(dba)3 (22.9 mg, 

0.025 mmol, 0.5 mol%), P(t-Bu)3 (10.1 mg, 0.05 mmol, 1 mol%), and NaO-

t-Bu (481 mg, 5.00 mmol, 1.00 equiv) were added. The round bottom was sealed with a 

septa and removed from the glovebox. Toluene (10 mL, 0.5M) and morpholine (0.54 mL, 

6.25 mmol, 1.25 equiv) were added, followed by 3-bromo-N,N-dimethylaniline (1.00 g, 

5.00 mmol, 1.00 equiv). The reaction was stirred at room temperature overnight. The 

reaction was quenched with 20 mL H2O and extracted 3x30 mL Et2O. The organics were 

washed with 60 mL brine and dried over MgSO4 before concentrating. Purification by flash 

chromatography (70:30 hexanes/EtOAc) gave the title compound as a yellowish oil in 35% 

yield (360 mg, 1.80 mmol). The spectral data matches that previously reported in the 
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literature.243  

1H NMR (500 MHz, Chloroform-d) δ 7.15 (t, J = 8.1 Hz, 1H), 6.34 (dd, J = 8.2, 2.1 Hz, 

2H), 6.28 (s, 1H), 3.86 (t, J = 4.7 Hz, 4H), 3.16 (t, J = 4.7 Hz, 4H), 2.94 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 152.66, 151.83, 129.76, 105.63, 105.11, 100.89, 

67.21, 50.00, 40.90. 

 

N,N-dimethyl-4-(1-propyl-1H-pyrazol-4-yl)aniline 

The general procedure for Suzuki-Miura coupling was followed 

using 4-bromo-dimethylaniline (400 mg, 2.00 mmol, 1.00 equiv), 1-

propylpyrazole-4-boronic acid (462mg, 3.00 mmol, 1.50 equiv), 

K2CO3 (553 mg, 4.00 mmol, 2.00 equiv), Pd(OAc)2 (4.5 mg, 0.02 

mmol, 0.01 equiv), acetylacetone (4 mg, 0.04 mmol, 0.02 equiv), H2O (7 mL), and DMF 

(7 mL). Purification by flash chromatography (80:20 hexanes/EtOAc) gave the title 

compound as a white solid in 76% yield (350 mg, 1.52 mmol).  

1H NMR (500 MHz, Chloroform-d) δ 7.69 (d, J = 0.8 Hz, 1H), 7.52 (d, J = 0.8 Hz, 1H), 

7.36 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 4.09 (t, J = 7.1 Hz, 2H), 2.96 (s, 6H), 

1.92 (q, J = 7.3 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 149.45, 136.17, 126.49, 125.09, 123.07, 121.47, 

113.18, 54.08, 40.86, 23.93, 11.34. 

HRMS (ESI) (m/z): [M+H] calculated for C14H19N3, 230.1657, found, 230.1649. 

 

N,N,2,5-tetramethylaniline 
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The general procedure for reductive amination was followed using 2,5-

dimethylaniline (0.5 mL, 4.06 mmol, 1.00 equiv), NaHB(OAc)3 (2.59 g, 

12.20 mmol, 3.00 equiv), formaldehyde solution (37%) (1.05 mL, 14.00 

mmol, 3.52 equiv), K2CO3 (1.12 g, 8.12 mmol, 2.00 equiv), AcOH (2 mL, 34.70 mmol, 

8.70 equiv), CH3CN (8 mL, 0.2M). Aqueous workup gave the title compound as a clear 

oil, pure by NMR, in 76% yield (450 mg, 3.09 mmol). The spectral data matches that 

previously reported in the literature.244   

1H NMR (500 MHz, Chloroform-d) δ 7.04 (d, J = 7.5 Hz, 1H), 6.84 (s, 1H), 6.77 (d, J = 

7.6 Hz, 1H), 2.69 (s, 6H), 2.31 (s, 3H), 2.28 (s, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 153.46, 136.07, 131.12, 128.97, 123.33, 119.26, 

44.39, 21.36, 18.10. 

 

1-(4-(dimethylamino)phenyl)cyclohexan-1-ol 

To an oven-dried 10--mL round-bottom flask containing a Teflon-

coated magnetic stir bar were added freshly ground magnesium metal 

(64 mg, 2.62 mmol, 1.05 equiv) and 4-bromodimethylaniline (500 mg, 2.50 mmol, 1.00 

equiv). THF (4 mL) was added along with a small crystal of I2 (to activate the magnesium) 

and the mixture was stirred until nearly all of the magnesium was consumed. The mixture 

was cooled in a salt/ice bath for 10 minutes before adding cyclohexanone (0.23 mL, 2.25 

mmol, 0.90 equiv) dropwise. The reaction was then stirred for 1 hour before warming to 

room temperature overnight. The solution was poured into a sat. NH4Cl solution and 

extracted 3x20 mL DCM. The organics were dried over Na2SO4 and concentrated. 

Purification by flash chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title 
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compound as a white solid in 45% yield (224 mg, 1.02 mmol). The spectral data matches 

that previously reported in the literature.245  

1H NMR (500 MHz, Chloroform-d) δ 7.42 (dd, J = 8.9, 2.2 Hz, 2H), 6.78 (dd, J = 8.9, 2.2 

Hz, 2H), 2.98 (s, 6H), 1.93 – 1.72 (m, 8H), 1.64 (dd, J = 11.1, 4.7 Hz, 2H), 1.40 – 1.26 (m, 

1H). 

13C NMR (126 MHz, Chloroform-d) δ 149.36, 137.50, 125.46, 112.41, 72.48, 40.66, 

38.80, 25.66, 22.38. 

 

N,N-dimethyl-2',3',4',5'-tetrahydro-[1,1'-biphenyl]-4-amine 

To an oven-dried 8-mL vial containing a Teflon-coated magnetic stir 

bar were added 1-(4-(dimethylamino)phenyl)cyclohexan-1-ol 

 (224 mg, 1.02 mmol, 1.00 equiv) and trifluoroacetic acid (1.30 mL, 0.8M). The vial was 

sealed with a Teflon cap and stirred at room temperature for 15 min. The reaction was then 

poured into a flask containing 20 mL of a sat. NaHCO3. The contents were then transferred 

to a separatory funnel and extracted 3x10 mL Et2O. The organic layers were dried over 

Mg2SO4 and concentrated to give the title compound as a white solid in quantitative yield 

(210 mg, 1.02 mmol), which was pure by NMR. The spectral data matches that previously 

reported in the literature.245  

1H NMR (400 MHz, Chloroform-d) δ 7.30 (d, J = 8.4 Hz, 2H), 6.71 (d, J = 8.4 Hz, 2H), 

6.01 (s, 1H), 2.94 (s, 6H), 2.39 (q, J = 5.2 Hz, 2H), 2.19 (dq, J = 6.4, 3.2 Hz, 2H), 1.77 (q, 

J = 5.9 Hz, 2H), 1.66 (q, J = 5.9 Hz, 2H). 

13C NMR (100 MHz, Chloroform-d) δ 149.64, 136.12, 131.33, 125.67, 121.70, 112.63, 

40.87, 27.48, 26.01, 23.36, 22.50. 
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N,N-dimethylbenzo[d][1,3]dioxol-5-amine 

A modified general procedure for reductive amination was followed 

using 3,4-(dimethyleneoxy)aniline (2 g, 14.06 mmol, 1.00 equiv), 

NaH3BCN (917 mg, 14.06 mmol, 1.00 equiv), formaldehyde solution (37%) (3.60 mL, 45.2 

mmol, 3.10 equiv), ZnCl2 (1 g, 7.30 mmol, 0.50 equiv), MeOH (70 mL, 0.2M). Aqueous 

workup gave the title compound as a clear oil, pure by NMR, in 14% yield (340 mg, 1.97 

mmol). The spectral data matches that previously reported in the literature.246  

1H NMR (401 MHz, Chloroform-d) δ 6.72 (d, J = 8.5 Hz, 1H), 6.42 (d, J = 2.5 Hz, 1H), 

6.17 (dd, J = 8.5, 2.5 Hz, 1H), 5.87 (s, 2H), 2.86 (s, 6H). 

 

2',4'-difluoro-N,N-dimethyl-[1,1'-biphenyl]-4-amine 

The general procedure for Suzuki-Miura coupling was followed 

using 4-bromo-dimethylaniline (400 mg, 2.00 mmol, 1.00 equiv), 

2,4-difluoroophenylboronic acid (472mg, 3.00 mmol, 1.50 equiv), 

K2CO3 (553 mg, 4.00 mmol, 2.00 equiv), Pd(OAc)2 (4.5 mg, 0.02 mmol, 0.01 equiv), 

acetylacetone (4 mg, 0.04 mmol, 0.02 equiv), H2O (7 mL), and DMF (7 mL). Purification 

by flash chromatography (95:5 to 90:10 hexanes/EtOAc) gave the title compound as an 

off-white solid in quantitative yield. 

1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.38 (m, 2H), 7.36 (dd, J = 8.9, 6.6 Hz, 1H), 

6.89 (dddd, J = 13.3, 11.3, 8.5, 2.7 Hz, 2H), 6.82 – 6.76 (m, 2H), 3.00 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 162.63, 162.54, 150.14, 130.90 (q, J = 5.3 Hz) 

129.70 (d, J = 3.2 Hz), 122.88, 112.45, 111.43 (dd, J = 3.6 Hz), 104.43 (d, J = 25.4 Hz), 
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104.22 (d, J = 25.3 Hz), 40.62. 

19F NMR (471 MHz, Chloroform-d) δ -113.56 (p, J = 7.6 Hz), -114.04 (q, J = 9.0 Hz). 

HRMS (ESI) (m/z): [M+H] calculated for C14H13F2N, 234.1094, found, 234.1090. 

 

4.2.3 Calibration Curves: 

Solutions containing a constant concentration of an internal standard (tridecane 

(0.164 M) and varying concentrations of the desired product (0.05, 0.10, 0.15 and 0.20 M) 

were prepared in ethyl acetate. Each was analyzed by GC-FID and the response factor (F) 

calculated by solving equation S1 for the area of product to give equation S2, where the 

response factor (F) is the slope. Yields of crude reactions mixtures, containing a known 

amount of internal standard, were then determined by solving Equation S1 for the 

concentration of the product to give Equation S3 and filling in the known data from a crude 

reaction.  

 

(𝑨𝒓𝒆𝒂 𝒐𝒇 𝑷𝒓𝒐𝒅𝒖𝒄𝒕)/(𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑷𝒓𝒐𝒅𝒖𝒄𝒕)=𝑭*(𝑨𝒓𝒆𝒂 𝒐𝒇 

𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅)/(𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅) 

 

(𝑨𝒓𝒆𝒂 𝒐𝒇 𝑷𝒓𝒐𝒅𝒖𝒄𝒕) =𝑭*((𝑨𝒓𝒆𝒂 𝒐𝒇 𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅 )(𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 

𝑷𝒓𝒐𝒅𝒖𝒄𝒕)/(𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅) ) 

 

(𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑷𝒓𝒐𝒅𝒖𝒄𝒕) =(𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅)(𝑨𝒓𝒆𝒂 𝒐𝒇 

𝑷𝒓𝒐𝒅𝒖𝒄𝒕)/ (𝑭*(𝑨𝒓𝒆𝒂 𝒐𝒇 𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅)) 
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Calibration curve for [1,1'-biphenyl]-4-yltriethylsilane (Compound 1-81a): 

 

mmol 1-81a mmol tridecane area IS area product 

0.048420739 0.16403 7535226346 3329460100 

0.08715733 0.16403 6961574030 5961048038 

0.143027414 0.16403 6242681983 8751150218 

0.192938021 0.16403 6254367926 11816631504 

Figure 4-1 Plot of 1-81a area versus (std area x [1-81a]) / [std] fitted to y = mx + b where m = 1.6459 and b = -2 x 108 

with a R2 of 0.9994. 

 

Calibration curve for [1,1'-biphenyl]-4-yl(benzyl)dimethylsilane (1-81c): 

y = 1.6459x - 2E+08

R² = 0.9994
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mmol 1-81c mmol tridecane area IS area product 

9.91768E-06 0.164026904 3947284982 419876796 

0.049919006 0.164026904 3315120257 1789461089 

0.102152137 0.164026904 3575670979 3999385208 

0.150418196 0.164026904 3564399649 6087760854 

0.199345433 0.164026904 3665141539 7872337807 

 

Calibration curve for biphenyl (1-81b): 

y = 0.5795x - 1E+08

R² = 0.9967
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Figure 4-2 Plot of 1-81c area versus (std area x [1-81c]) / [std] fitted to y = mx + b where m = 0.5795 and b = -1 x 108 

with a R2 of 0.99674. 
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Figure 4-3 Plot of 1-81b area versus (std area x [1-81b) / [std] fitted to y = mx + b where m = 0.951 and b = 4 x 107 

with a R2 of 0.9998. 

 

Calibration curve for diphenyl ether (1-88b): 

y = 0.951x + 4E+07

R² = 0.9998
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mmol 1-81b mmol tridecane area IS area product 

0.0509 0.16403 5647778523 1707314294 

0.0966 0.16403 6596748815 3699921557 

0.1582 0.16403 6622184645 6149186696 

0.192 0.16403 6176751384 6891778392 

0.0509 0.16403 5647778523 1707314294 

y = 1.5018x

R² = 0.9996
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Figure 4-4 Plot of 1-88b area versus (std area x [1-88b]) / [std] fitted to y = mx + b where m = 1.5018 and b = 0 with a 

R2 of 0.99963. 

 

Calibration curve for trifluorotolunene (1-86b): 

 

Figure 4-5 Plot of 1-86b area versus (std area x [1-86b]) / [std] fitted to y = mx + b where m = 2.2662 and b = 0 with a 

R2 of 0.97223. 

 

y = 2.2662x

R² = 0.9722
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mmol 1-88b mmol tridecane area IS area product 

0.067830908 0.164026904 3611778993 964667595 

0.134567768 0.164026904 3522436673 1891415126 

0.202398676 0.164026904 3360770109 3112052070 

0.270229584 0.164026904 3320105098 3676856664 

0.336966444 0.164026904 3504987328 4783168130 

mmol 1-86b mmol tridecane area IS area product 

0.050030799 0.16403 4492524320 574994724 

0.100061597 0.16403 3927418367 1032274349 

0.150092396 0.16403 4914023783 1990948584 

0.200123195 0.16403 3902305473 1878381691 

0.250153994 0.16403 4893566950 3494602386 
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Calibration curve for anisole (1-87b): 

 

Figure 4-6 Plot of 1-87b area versus (std area x [1-87b]) / [std] fitted to y = mx + b where m = 2.1214 and b = 0 with a 

R2 of 0.99673. 

 

Calibration curve for naphthalene (1-97): 

y = 2.1214x

R² = 0.9967
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mmol 1-87b mmol tridecane area IS area product 

0.0501862 0.164026904 4000104738 527950383 

0.101301774 0.164026904 3537739243 960449091 

0.151487974 0.164026904 3236629289 1427195136 

0.201674174 0.164026904 3602495138 1828214896 

0.252789749 0.164026904 3975653755 2912617178 
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Figure 4-7 Plot of 1-97b area versus (std area x [1-97b]) / [std] fitted to y = mx + b where m = 0.9816 and b = -6.9783 

with a R2 of 0.95217. 

 

Calibration curve for t-butylbenzene (1-84b): 
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mmol 1-97b mmol tridecane area IS area product 

0.049153468 0.16403 5560584759 1352944750 

0.103768433 0.16403 7185032978 3353404616 

0.154482328 0.16403 6904005775 4614671198 

0.201295155 0.16403 6790282011 6296395603 
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mmol 1-84b mmol tridecane area IS area product 

0.049738489 0.16403 2518295474 574090525 

0.100122932 0.16403 3255077022 1477595029 

0.149861422 0.16403 3930989531 2559730260 

0.200245865 0.16403 3546712147 3032026099 

0.249984354 0.16403 3479578042 3925217274 

Figure 4-8 Plot of 1-84b area versus (std area x [1-84b]) / [std] fitted to y = mx + b where m = 1.3793 and b = 0 with a 

R2 of 0.99639. 

 

Calibration curve for p-xylene (1-85b) 

 

Figure 4-9 Plot of 1-85b area versus (std area x [1-85b]) / [std] fitted to y = mx + b where m = 2.2235 and b = 0 with a 

R2 of 0.98064 
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mmol 1-85b mmol tridecane area IS area product 

0.067830908 0.164026904 3288937475 545232412 

0.134567768 0.164026904 3669199995 1145416244 

0.202398676 0.164026904 3546770818 1870406001 

0.270229584 0.164026904 3601846681 2352337673 

0.336966444 0.164026904 2666629964 2562696982 
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Calibration curve for pyridine (1-98b): 

 

Figure 4-10 Plot of 1-98b area versus (std area x [1-98b]) / [std] fitted to y = mx + b where m = 29.763 and b = -2 x 

109 with a R2 of 0.96197. 

 

4.2.4 Silylation Substrates: 

[1,1'-biphenyl]-4-yltriethylsilane (1-81a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-81 (73 mg, 0.215 mmol) and triethylsilane 

(160 μL, 1 mmol). Purification by flash chromatography (100% hexanes) 

gave the title compound as a colorless oil in 86% yield (50 mg, 0.186 mmol). The spectral 
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data matches that previously reported in the literature.115 

1H NMR (401 MHz, Chloroform-d) δ 7.62 (m, 6H), 7.59 (d, J = 1.5 Hz, 2H), 7.45 (dd, J 

= 8.3, 6.9 Hz, 1H), 7.40 – 7.30 (m, 1H), 1.01 (t, J = 7.8 Hz, 9H), 0.84 (q, J = 7.3 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 141.56, 141.33, 136.38, 134.83, 128.88, 127.41, 

127.27, 126.52, 7.60, 3.57. 

 

[1,1'-biphenyl]-4-yl(benzyl)dimethylsilane (1-81c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-81 (66 mg, 0.194 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes to 98:2 hex/EtOAc) gave the title compound as a white 

solid in 85% yield (50 mg, 0.165 mmol). The spectral data matches that previously reported 

in the literature.115 

1H NMR (400MHz, Chloroform-d) δ 7.68-7.57 (m, 4H), 7.54 (d, J= 8.0 Hz, 2H), 7.46 (dd, 

J= 8.3, 6.8 Hz, 2H), 7.4-7.33 (m, 1H), 7.20 (t, J= 7.5 Hz, 2H), 7.13-7.02 (m, 2H), 6.98 (d, 

J= 7.3 Hz, 2H), 2.35 (s, 2H), 0.29 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 141.92, 141.18, 139.76, 137.37, 134.36, 128.92, 

128.28, 128.13, 127.54, 127.29, 126.58, 124.25, 26.35, -3.24. 

 

[1,1'-biphenyl]-4-yldimethyl(phenyl)silane (1-81d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-81 (73 mg, 0.215 mmol), 30 mg of 4Å 

molecular sieves powder, IPr*OMe: (free carbene) (9.4 mg, 0.1 equiv, 
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0.01 mmol),  and dimethyphenylsilane (156 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound in an inseparable mixture with 

phenyldimethyldisilane as a colorless oil. 65% yield (41 mg, 0.14 mmol) by NMR analysis. 

The spectral data matches that previously reported in the literature.247 

1H NMR (500MHz, Chloroform-d) δ 7.65-7.53 (m, 8H), 7.45 (t, J= 7.7 Hz, 2H), 7.41-7.32 

(m, 4H), 0.60 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 142.01, 141.20, 138.30, 137.13, 134.81, 134.33, 

129.29, 128.90, 127.99, 127.53, 127.31, 126.70, 32.22, -2.19. 

 

(3',5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)triethylsilane (1-82a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-82 (45.7 mg, 0.100 mmol) and 

triethylsilane (80 μL, 1 mmol). Yield determined by NMR of the 

crude reaction mixture using fluorobenzene as an internal 

standard (98%). The spectral data matches that previously reported in the literature.248 

1H NMR (500MHz, Chloroform-d) δ 8.02 (d, J=1.6Hz, 2H), 7.85 (s, 1H), 7.63 (d, J=8.1Hz, 

2H), 7.59 (d, J=8.1Hz, 2H), 0.99 (t, J= 7.8 Hz, 9H), 0.84 (q, J=7.8 Hz, 6H). 

13C NMR (176 MHz, Chloroform-d) δ 143.51, 138.79, 138.52, 132.23 (q, J= 33.3Hz), 

127.35, 126.55, 123.55 (q, J= 272.8Hz), 121.04 (m), 7.52, 3.46. 

 

triethyl(p-tolyl)silane (1-83a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-83 (54 mg, 0.195 mmol) and triethylsilane 
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(160 μL, 1 mmol). Yield determined by NMR of the crude reaction mixture using CH2Br2 

as an internal standard (90%). The spectral data matches that previously reported in the 

literature.248 

1H NMR (400MHz, Chloroform-d) δ 7.39 (d, J= 7.9 Hz), 2H), 7.17 (d, J= 7.5 Hz, 2H), 

2.35 (s, 3H), 0.96 (t, J= 7.7 Hz, 9H), 0.77 (q, J=7.6 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 138.62, 134.38, 133.38, 128.67, 7.58, 3.56. 

 

benzyldimethyl(p-tolyl)silane (1-83c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-83 (28 mg, 0.101 mmol) and 

dimethybenzylsilane (80 μL, 0.5 mmol). Yield determined by NMR 

of the crude reaction mixture using CH2Br2 as an internal standard (79%). 

1H NMR (400 MHz, Chloroform-d) δ 7.38 (d, J = 7.6 Hz, 2H), 7.19 (d, J = 7.3 Hz, 4H), 

7.08 (t, J = 7.3 Hz, 1H), 7.03 – 6.91 (m, 2H), 2.38 (s, 3H), 2.31 (s, 2H), 0.24 (s, 5H). 

13C NMR (126 MHz, Chloroform-d) δ 139.94, 139.03, 134.96, 133.89, 128.71, 128.45, 

128.22, 124.16, 26.42, 21.62, -3.22. 

HRMS (EI) (m/z): [M] calculated for C16H20Si, 240.1334, found, 240.1343. 

 

dimethyl(phenyl)(p-tolyl)silane (1-83d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-83 (56 mg, 0.202 mmol) and 

dimethyphenlsilane (156 μL, 1 mmol). Yield determined by NMR of 

the crude reaction mixture using CH2Br2 as an internal standard (74%). The spectral data 
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matches that previously reported in the literature.247 

1H NMR (400 MHz, Chloroform-d) δ 7.54 (dt, J = 4.7, 2.3 Hz, 2H), 7.44 (d, J = 7.5 Hz, 

2H), 7.42 – 7.31 (m, 3H), 7.20 (d, J = 7.5 Hz, 2H), 2.37 (s, 3H), 0.56 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 134.38, 134.32, 134.30, 129.23, 129.15, 128.80, 

127.94, 127.91, 21.62, -2.16. 

 

1,1,1,3,5,5,5-heptamethyl-3-(p-tolyl)trisiloxane (1-83e) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-83 (57 mg, 0.206 mmol) and 1,1,1, 

3, 5, 5, 5-heptamethyltrisiloxane (272 μL, 1 mmol). Yield 

determined by NMR of the crude reaction mixture using CH2Br2 as an internal standard 

(81%). 

1H NMR (400MHz, Chloroform-d) δ 7.44 (d, J= 7.8 Hz), 2H), 7.17 (d, J= 7.5 Hz, 2H), 

2.35 (s, 3H), 0.25 (s, 3H), 0.10 (s, 18H). 

13C NMR (100 MHz, Chloroform-d) δ 139.36, 135.17, 133.43, 128.54, 21.70, 2.03, 0.28. 

HRMS (EI) (m/z): [M] calculated for C14H28O2Si3, 312.1397, found, 312.1409. 

 

(4-(tert-butyl)phenyl)triethylsilane (1-84a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-84 (62 mg, 0.194 mmol) and 

triethylsilane (160 μL, 1 mmol). Purification by flash chromatography 

(100% hexanes) gave the title compound as a colorless oil in 76% yield (37 mg, 0.149 

mmol). The spectral data matches that previously reported in the literature.115 
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1H NMR (500 MHz, Chloroform-d) δ 7.43 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 6.5 Hz, 2H), 

1.32 (s, 9H), 0.97 (t, J = 7.8 Hz, 9H), 0.78 (q, J = 8.0 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 151.64, 134.19, 133.97, 124.74, 34.74, 31.42, 7.63, 

3.61. 

 

benzyl(4-(tert-butyl)phenyl)dimethylsilane (1-84c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-84 (64 mg, 0.200 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a white solid in 41% yield (23 

mg, 0.081 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.42 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 

7.19 (t, J = 7.5 Hz, 2H), 7.07 (t, J = 7.3 Hz, 1H), 6.97 (d, J = 7.0 Hz, 2H), 2.30 (s, 2H), 

1.33 (s, 9H), 0.22 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 152.16, 140.01, 135.15, 133.73, 128.47, 128.24, 

124.85, 124.16, 34.80, 31.40, 26.36, -3.23. 

HRMS (EI) (m/z): [M] calculated for C19H26Si, 282.1804, found, 282.1814. 

 

(4-(tert-butyl)phenyl)dimethyl(phenyl)silane (1-84d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-84 (67 mg, 0.210 mmol) and 

dimethyphenylsilane (156 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a white solid in 93% yield (53 
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mg, 0.198 mmol). The spectral data matches that previously reported in the literature.247 

1H NMR (401 MHz, Chloroform-d) δ 7.53 (ddd, J = 7.5, 4.9, 2.3 Hz, 2H), 7.47 (d, J = 8.2 

Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 7.36 (dd, J = 4.7, 2.7 Hz, 3H), 1.32 (s, 9H), 0.54 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 152.15, 138.65, 134.76, 134.31, 134.20, 129.14, 

127.90, 124.92, 34.79, 31.39, -2.18. 

 

3-(4-(tert-butyl)phenyl)-1,1,1,3,5,5,5-heptamethyltrisiloxane (1-84e) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-84 (68 mg, 0.213 mmol) and 

1,1,1, 3, 5, 5, 5-heptamethyltrisiloxane (272 μL, 1 mmol). 

Purification by flash chromatography (100% hexanes) gave the title compound as a 

colorless oil in 46% yield (34 mg, 0.096 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.50 (d, J = 7.5 Hz, 2H), 7.38 (d, J = 7.6 Hz, 2H), 

1.33 (s, 9H), 0.26 (s, 3H), 0.12 (s, 18H). 

13C NMR (126 MHz, Chloroform-d) δ 152.43, 135.16, 133.83, 133.27, 124.65, 34.82, 

31.41, 2.04, 0.41. 

 

(2,5-dimethylphenyl)triethylsilane (1-85a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-85 (58 mg, 0.198 mmol) and triethylsilane (160 

μL, 1 mmol). Yield determined by NMR of the crude reaction mixture using 

CH2Br2 as an internal standard (35%). The spectral data matches that 

previously reported in the literature.249 
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1H NMR (500MHz, Chloroform-d) δ 7.22 (s, 1H), 7.05 (q, J= 7.8 Hz, 2H), 2.39 (s, 3H), 

2.31 (s, 3H), 0.95 (t, J= 8 Hz, 9H), 0.85 (q, J= 7.9 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 140.81, 136.30, 135.31, 133.83, 129.84, 129.78, 

22.61, 21.30, 7.78, 4.16. 

 

benzyl(2,5-dimethylphenyl)dimethylsilane (1-85c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-85 (58 mg, 0.198 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Yield determined by NMR of the 

crude reaction mixture using CH2Br2 as an internal standard (65%). 

1H NMR (500MHz, Chloroform-d) δ 7.22 (d, J= 1.8 Hz, 1H), 7.19 (t, J= 7.5 Hz, 2H), 7.08 

(qd, J= 8.1, 7.5, 4.9 Hz, 3H), 7.00- 6.92 (m, 2H), 2.40 (s, 3H), 2.38 (s, 3H), 0.28 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 140.58, 140.11, 136.60, 135.57, 134.17, 130.20, 

130.01, 128.48, 128.25, 124.21, 26.36, 22.84, 21.20, -1.95. 

HRMS (EI) (m/z): [M] calculated for C17H22Si, 254.1491, found, 254.1489. 

 

(2,5-dimethylphenyl)dimethyl(phenyl)silane (1-85d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-85 (58 mg, 0.198 mmol) and 

dimethyphenlsilane (156 μL, 1 mmol). Yield determined by NMR of the 

crude reaction mixture using CH2Br2 as an internal standard (47%). 

1H NMR (500MHz, Chloroform-d) δ 7.56- 7.44 (m, 2H), 7.41- 7.28 (m, 4H), 7.13 (dd, J= 

7.7, 2.1 Hz, 1H), 7.05 (dd, J= 7.7, 2.0 Hz, 1H), 2.33 (s, 3H), 2.22 (s, 3H), 0.58 (s, 6H). 
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13C NMR (126 MHz, Chloroform-d) δ 141.07, 139.24, 136.15, 134.32, 134.15, 134.11, 

130.43, 129.99, 128.99, 127.93, 22.77, 21.24, -1.18. 

HRMS (EI) (m/z): [M] calculated for C16H20Si, 240.1334, found, 240.1344. 

 

triethyl(4-(trifluoromethyl)phenyl)silane (1-86a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-86 (68 mg, 0.205 mmol) and triethylsilane 

(160 μL, 1 mmol). Yield determined by NMR of the crude reaction 

mixture using fluorobenzene as an internal standard (50%). The spectral data matches that 

previously reported in the literature.94 

1H NMR (401 MHz, Chloroform-d) δ 7.60 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 

0.96 (t, J = 7.7 Hz, 9H), 0.81 (q, J = 7.7 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 155.84, 142.74, 134.56, 130.82 (q, J = 31.8 Hz), 

124.28 (q, J = 3.7 Hz), 7.43, 3.32. 

19F NMR (377 MHz, Chloroform-d) δ -62.91. 

 

benzyldimethyl(4-(trifluoromethyl)phenyl)silane (1-86c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-86 (66 mg, 0.199 mmol) and 

dimethybenzylsilane (63 μL, 0.4 mmol). Yield determined by NMR 

of the crude reaction mixture using fluorobenzene as an internal standard (52%). 

Purification by preparative TLC (100% hexanes) gave the title compound as a clear oil. 

1H NMR (500 MHz, Chloroform-d) δ 7.58 (d, J = 7.8 Hz, 2H), 7.55 (d, J = 7.9 Hz, 2H), 
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7.19 (t, J = 7.4 Hz, 2H), 7.08 (t, J = 7.4 Hz, 1H), 6.92 (d, J = 7.6 Hz, 2H), 2.32 (s, 2H), 

0.29 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 143.57, 139.11, 134.14, 131.02, 128.41, 128.37, 

124.48, 124.34 (q, J = 3.8 Hz), 26.00, -3.42. 

19F NMR (471 MHz, Chloroform-d) δ -62.92. 

HRMS (EI) (m/z): [M] calculated for C16H17F3Si, 294.1052, found, 294.1062. 

 

dimethyl(phenyl)(4-(trifluoromethyl)phenyl)silane (1-86d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-86d (65 mg, 0.196 mmol) and 

dimethyphenlsilane (62 μL, 0.4 mmol). Yield determined by NMR of 

the crude reaction mixture using fluorobenzene as an internal standard (47%). Purification 

by preparative TLC (100% hexanes) gave the title compound as a clear oil. The spectral 

data matches that previously reported in the literature.247 

1H NMR (401 MHz, Chloroform-d) δ 7.64 (d, J = 7.9 Hz, 1H), 7.59 (d, J = 7.9 Hz, 1H), 

7.55 – 7.48 (m, 1H), 7.45 – 7.33 (m, 1H), 0.59 (s, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 143.54, 137.21, 134.57, 134.26, 131.19 (d, J = 32.4 

Hz), 129.61, 128.14, 124.45 (q, J = 3.7 Hz), -2.45. 

19F NMR (471 MHz, Chloroform-d) δ -62.95. 

 

triethyl(4-methoxyphenyl)silane (1-87a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-87 (58 mg, 0.198 mmol) and triethylsilane 
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(160 μL, 1 mmol). Yield determined by NMR of the crude reaction mixture using CH2Br2 

as an internal standard (98%). The spectral data matches that previously reported in the 

literature.250 

1H NMR (500MHz, Chloroform-d) δ 7.42 (d, J= 8.6 Hz), 2H), 6.91(d, J= 8.6 Hz, 2H), 

3.81 (s, 3H), 0.96 (t, J= 7.9 Hz, 9H), 0.76 (q, J= 7.9 Hz, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 160.30, 135.70, 128.28, 113.59, 55.11, 7.34, 3.65. 

 

benzyl(4-methoxyphenyl)dimethylsilane (1-87c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-87 (58 mg, 0.198 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Yield determined by NMR 

of the crude reaction mixture using CH2Br2 as an internal standard (98%). 

1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.33 (m, 2H), 7.23 – 7.14 (m, 2H), 7.12 – 

7.04 (m, 1H), 7.00 – 6.88 (m, 3H), 3.83 (s, 3H), 2.29 (s, 2H), 0.24 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 160.57, 139.96, 135.29, 129.39, 128.44, 128.20, 

124.14, 113.63, 55.16, 26.61, -3.12. 

HRMS (ESI) (m/z): [M+Na] calculated for C16H20OSi, 279.1176, found, 279.1179. 

 

(4-methoxyphenyl)dimethyl(phenyl)silane (1-87d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-87 (58 mg, 0.198 mmol) and 

dimethyphenlsilane (156 μL, 1 mmol). Yield determined by NMR of the crude reaction 

mixture using CH2Br2 as an internal standard (92%). The spectral data matches that 
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previously reported in the literature.247 

1H NMR (500 MHz, Chloroform-d) δ 7.58 – 7.51 (m, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.37 

(m, J = 5.8 Hz, 3H), 6.94 (d, J = 8.0 Hz, 2H), 3.83 (s, 3H), 0.56 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 160.63, 138.82, 135.78, 134.27, 129.13, 127.91, 

113.74, 55.16, -2.04. 

 

3-(4-methoxyphenyl)-1,1,1,3,5,5,5-heptamethyltrisiloxane (1-87e) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-87 (29 mg, 0.096 mmol) and 1,1,1, 

3, 5, 5, 5-heptamethyltrisiloxane (136 μL, 0.5 mmol). Yield 

determined by NMR of the crude reaction mixture using CH2Br2 as an internal standard 

(59%). The spectral data matches that previously reported in the literature.97 

1H NMR (500 MHz, Chloroform-d) δ 7.48 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 

3.82 (s, 3H), 0.25 (s, 3H), 0.10 (s, 18H). 

13C NMR (126 MHz, Chloroform-d) δ 160.79, 134.91, 129.96, 113.42, 55.13, 2.02, 0.33. 

 

triethyl(4-phenoxyphenyl)silane (1-88a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-88 (70 mg, 0.197 mmol) and triethylsilane 

(160 μL, 1 mmol). Purification by flash chromatography (100% 

hexanes) gave the title compound as a colorless oil in 89% yield (50 mg, 0.176 mmol). 
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1H NMR (500 MHz, Chloroform-d) δ 7.44 (d, J = 7.4 Hz, 2H), 7.39 – 7.31 (m, 2H), 7.11 

(t, J = 7.4 Hz, 1H), 7.04 (d, J = 8.7 Hz, 2H), 6.98 (d, J = 7.4 Hz, 2H), 0.97 (t, J = 7.9 Hz, 

9H), 0.78 (q, J = 7.9 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 158.24, 156.98, 135.85, 129.86, 123.53, 119.43, 

119.02, 118.01, 7.56, 3.63. 

HRMS (EI) (m/z): [M] calculated for C18H24OSi, 284.1596, found, 284.1609. 

 

benzyldimethyl(4-phenoxyphenyl)silane (1-88c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-88 (73 mg, 0.206 mmol) and 

dimethybenzylsilane (64 μL, 0.4 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a white solid in 72% yield (47 

mg, 0.148 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.42 (d, J = 7.2 Hz, 2H), 7.37 (t, J = 8.1 Hz, 2H), 

7.20 (t, J = 6.6 Hz, 29H), 7.15 (t, J = 7.9, 1H), 7.09 (d, J = 6.9 Hz, 1H), 7.05 (d, J = 7.8 

Hz, 2H), 7.00 (d, J = 6.6 Hz, 2H), 6.96 (d, J = 7.1 Hz, 2H), 2.31 (s, 0H), 0.27 (s, 1H). 

13C NMR (126 MHz, Chloroform-d) δ 158.46, 156.95, 139.77, 135.46, 132.53, 129.90, 

128.44, 128.24, 124.22, 123.59, 119.37, 118.10, 26.50, -3.16. 

HRMS (ESI) (m/z): [M+Na] calculated for C21H22OSi, 341.1332, found, 341.1338. 

 

dimethyl(4-phenoxyphenyl)(phenyl)silane (1-88d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-88 (70 mg, 0.197 mmol), 30 mg of 4Å 
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molecular sieves powder, IPr*OMe: (free carbene) (9.4 mg, 0.1 equiv, 0.01 mmol), and 

dimethyphenylsilane (156 μL, 1 mmol). Purification by flash chromatography (100% 

hexanes) gave the title compound in an inseparable mixture with phenyldimethyldisilane 

as a colorless oil. 68% yield (41 mg, 0.1348 mmol) by NMR analysis. 

1H NMR (401 MHz, Chloroform-d) δ 7.53 (ddd, J = 7.4, 5.1, 2.1 Hz, 3H), 7.47 (d, J = 8.1 

Hz, 2H), 7.41 – 7.30 (m, 5H), 7.12 (t, J = 7.4 Hz, 1H), 7.03 (d, J = 8.1 Hz, 2H), 6.98 (d, J 

= 8.4 Hz, 2H), 0.54 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 158.60, 156.84, 138.44, 135.93, 134.27, 132.24, 

129.89, 129.25, 127.97, 123.65, 119.49, 118.08, -2.09. 

HRMS (EI) (m/z): [M] calculated for C20H20OSi, 304.1283, found, 304.1294. 

 

tert-butyldimethyl((4-(triethylsilyl)benzyl)oxy)silane (1-89a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-89 (80 mg, 0.196 mmol), 30 mg of 4Å 

molecular sieves powder, IPr*OMe: (free carbene) (18.8 mg, 0.1 equiv, 0.01 

mmol), triethylsilane (160 μL, 1 mmol). Purification by flash chromatography (100% 

hexanes) gave the title compound as a yellow solid in 46% yield (31 mg, 0.091 mmol). 

1H NMR (401 MHz, Chloroform-d) δ 7.46 (d, J = 7.6 Hz, 2H), 7.31 (d, J = 7.5 Hz, 2H), 

4.74 (s, 2H), 0.96 (t, J = 7.8 Hz, 9H), 0.95 (s, 9H), 0.78 (q, J = 7.8 Hz, 6H), 0.10 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 142.05, 135.80, 134.29, 125.46, 65.08, 26.13, 

18.60, 7.56, 3.54, -5.11. 

HRMS (ESI) (m/z): [M+Na] calculated for C19H36OSi2, 359.2197, found, 359.2197. 
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tert-butyl((4-(dimethyl(phenyl)silyl)benzyl)oxy)dimethylsilane (1-89d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-89 (81 mg, 0.199 mmol), 30 mg of 4Å 

molecular sieves powder, IPr*OMe: (free carbene) (9.4 mg, 0.1 equiv, 

0.01 mmol), and dimethyphenylsilane (156 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as an off white solid in 57% 

yield (40 mg, 0.113 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.51 (dd, J = 3.0, 1.6 Hz, 2H), 7.49 (d, J = 8.6 Hz, 

2H), 7.34 (m, 3H), 7.31 (d, J = 7.7 Hz, 2H), 4.74 (s, 2H), 0.94 (s, 9H), 0.54 (s, 6H), 0.10 

(s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 142.57, 138.54, 136.60, 134.31, 134.29, 129.18, 

127.92, 125.57, 65.01, 26.12, 18.59, -2.18, -5.11. 

HRMS (ESI) (m/z): [M+Na] calculated for C21H32OSi2, 379.1884, found, 379.1895. 

 

tert-butyldimethyl((4'-(triethylsilyl)-[1,1'-biphenyl]-4-yl)oxy)silane (1-90a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-90 (97 mg, 0.207 mmol) and 

triethylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a colorless oil in 56% yield 

(46 mg, 0.115 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.54 (m, 4H), 7.48 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 

8.6 Hz, 2H), 1.00 (s, 9), 0.82 (q, J = 7.4 Hz, 6H), 0.23 (s, 6H). 
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13C NMR (100 MHz, Chloroform-d) δ 155.46, 141.23, 135.52, 134.78, 134.37, 128.19, 

126.10, 120.47, 25.86, 18.40, 7.60, 3.59, -4.21. 

HRMS (EI) (m/z): [M] calculated for C24H38OSi2, 398.2461, found, 398.2473. 

 

benzyl(4'-((tert-butyldimethylsilyl)oxy)-[1,1'-biphenyl]-4-yl)dimethylsilane (1-90c) 

The general procedure for silylation was followed using 

N,N,N-trimethylanilimium iodide 1-90 (251 mg, 0.535 

mmol) and dimethybenzylsilane (421 μL, 2.66 mmol). 

Purification by flash chromatography (100% hexanes to 98:2 hexanes/EtOAc) gave the 

title compound as a colorless oil in 76% yield (175 mg, 0.404 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.54 (d, J = 7.7 Hz, 2H), 7.52 – 7.44 (m, 4H), 7.19 

(t, J = 7.5 Hz, 2H), 7.07 (t, J = 7.3 Hz, 1H), 6.96 (d, J = 7.6 Hz, 2H), 6.91 (d, J = 8.3 Hz, 

2H), 2.33 (s, 2H), 1.01 (s, 9H), 0.27 (s, 6H), 0.23 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 155.57, 141.61, 139.83, 136.55, 134.32, 134.21, 

128.48, 128.27, 128.23, 126.16, 124.22, 120.50, 26.40, 25.86, -3.22, -4.21. 

HRMS (ESI) (m/z): [M+Na] calculated for C27H36OSi2, 455.2197, found, 455.2200. 

 

4-(4-(triethylsilyl)phenyl)morpholine (1-91a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-91 (73 mg, 0.210 mmol) and 

triethylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (95:5 hexanes/EtOAc) gave the title compound as a white solid in 86% 

yield (51 mg, 0.184 mmol). 
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1H NMR (500 MHz, Chloroform-d) δ 7.41 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 8.6 Hz, 2H), 

3.86 (dd, J = 5.8, 3.9 Hz, 4H), 3.20 (dd, J = 5.9, 3.8 Hz, 4H), 0.97 (t, J = 7.8 Hz, 9H), 0.77 

(q, J = 7.6 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 151.55, 135.44, 127.01, 114.78, 67.08, 48.83, 7.59, 

3.66. 

HRMS (ESI) (m/z): [M+H] calculated for C16H27NOSi, 278.1940, found, 278.1936. 

 

4-(4-(benzyldimethylsilyl)phenyl)morpholine (1-91c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-91 (70 mg, 0.201 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (95:5 to 90:10 hexanes/EtOAc) gave the title compound as a white solid 

in 76% yield (47 mg, 0.151 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.36 (d, J = 7.8 Hz, 2H), 7.18 (t, J = 7.5 Hz, 2H), 

7.06 (t, J = 7.3 Hz, 1H), 6.94 (d, J = 7.6 Hz, 2H), 6.90 (d, J = 8.2 Hz, 2H), 3.89 – 3.84 (m, 

4H), 3.20 (t, J = 4.9 Hz, 4H), 2.28 (s, 2H), 0.21 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 151.86, 140.08, 135.01, 128.46, 128.19, 128.08, 

124.10, 114.80, 67.04, 48.85, 26.61, -3.15. 

HRMS (ESI) (m/z): [M+H] calculated for C19H25NOSi, 312.1784, found, 312.1786. 

 

4-(4-(dimethyl(phenyl)silyl)phenyl)morpholine (1-91d) 
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The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-91 (67 mg, 0.198 mmol) and 

dimethyphenylsilane (156 μL, 1 mmol). Purification by flash 

chromatography (95:5 hexanes/EtOAc) gave the title compound as a white solid in 78% 

yield (46 mg, 0.155 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.55 – 7.48 (m, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.34 

(d, J = 6.2 Hz, 3H), 6.90 (d, J = 8.0 Hz, 2H), 3.85 (t, J = 4.6 Hz, 4H), 3.19 (t, J = 4.7 Hz, 

4H), 0.52 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 151.89, 138.99, 135.49, 134.28, 129.06, 127.86, 

127.66, 114.84, 67.02, 48.77, -2.07. 

HRMS (ESI) (m/z): [M+Na] calculated for C18H23NOSi, 298.1622, found, 298.1628. 

 

4-(3-(triethylsilyl)phenyl)morpholine (1-92a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-92 (70 mg, 0.201 mmol) and 

triethylsilane (160 μL, 1 mmol). Purification by flash chromatography (100% hexanes to 

95:5 hexanes/EtOAc) gave the title compound as a white solid in 81% yield (45 mg, 0.162 

mmol). The spectral data matches that previously reported in the literature.115 

1H NMR (401 MHz, Chloroform-d) δ 7.29 (d, J = 7.7 Hz, 1H), 7.06 (d, J = 2.6 Hz, 1H), 

7.03 (dd, J = 7.2, 1.1 Hz, 1H), 6.91 (dd, J = 8.2, 2.6 Hz, 1H), 3.92 – 3.84 (m, 4H), 3.17 (dd, 

J = 5.8, 3.8 Hz, 4H), 0.97 (t, J = 7.7 Hz, 9H), 0.79 (q, J = 7.8 Hz, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 150.71, 138.52, 128.61, 126.25, 121.76, 116.37, 

67.17, 49.73, 7.61, 3.55. 
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HRMS (ESI) (m/z): [M+H] calculated for C18H23NOSiO, 298.1627, found, 298.1628. 

 

4-(3-(benzyldimethylsilyl)phenyl)morpholine (1-92c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-92c (69 mg, 0.198 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (95:5 hexanes/EtOAc) gave the title compound as a white solid in 85% 

yield (53 mg, 0.167 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.29 (d, J = 7.5 Hz, 1H), 7.23 – 7.13 (m, 2H), 7.06 

(t, J = 7.2 Hz, 1H), 7.00 (d, J = 7.1 Hz, 1H), 6.98 – 6.88 (m, 4H), 3.90 – 3.82 (m, 4H), 3.16 

– 3.10 (m, 4H), 2.29 (s, 2H), 0.24 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 150.66, 139.88, 139.48, 128.73, 128.49, 128.24, 

125.62, 121.32, 116.73, 67.13, 49.66, 26.38, -3.20. 

HRMS (ESI) (m/z): [M+H] calculated for C19H25NOSi, 312.1784, found, 312.1791. 

 

4-(3-(dimethyl(phenyl)silyl)phenyl)morpholine (1-92d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-92 (70 mg, 0.201 mmol) and 

dimethyphenylsilane (156 μL, 1 mmol). Purification by flash 

chromatography (95:5 hexanes/EtOAc) gave the title compound as a white solid in 70% 

yield (42 mg, 0.141 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.56 – 7.49 (m, 2H), 7.40 – 7.32 (m, 3H), 7.29 (d, J 

= 7.6 Hz, 1H), 7.11 – 7.02 (m, 2H), 6.97 – 6.88 (m, 1H), 3.89 – 3.81 (m, 4H), 3.17 – 3.10 
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(m, 4H), 0.54 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 150.78, 139.21, 138.42, 134.32, 129.21, 128.83, 

127.92, 126.19, 121.65, 116.69, 67.12, 49.59, -2.17. 

 

1-propyl-4-(4-(triethylsilyl)phenyl)-1H-pyrazole (1-93a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-93 (73 mg, 0.197 mmol) and 

triethylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (90:10 hexanes/EtOAc) gave the title compound as 

a white solid in 81% yield (48 mg, 0.160 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.80 (s, 1H), 7.64 (s, 1H), 7.49 (d, J = 8.1 Hz, 2H), 

7.47 (d, J = 8.1 Hz, 2H), 4.11 (t, J = 7.0 Hz, 2H), 1.93 (h, J = 7.2 Hz, 2H), 0.98 (t, J = 7.8 

Hz, 9H), 0.94 (t, J = 7.4 Hz, 3H), 0.80 (q, J = 7.9 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 136.76, 135.23, 134.90, 133.19, 126.14, 124.87, 

122.89, 54.20, 23.89, 11.30, 7.56, 3.53. 

HRMS (ESI) (m/z): [M+H] calculated for C18H28N2OSi, 301.2100, found, 301.2092. 

 

4-(4-(benzyldimethylsilyl)phenyl)-1-propyl-1H-pyrazole (1-93c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-93 (36 mg, 0.097 mmol) and 

dimethybenzylsilane (80 μL, 0.5 mmol). Purification by flash 

chromatography (90:10 hexanes/EtOAc) gave the title compound 

as a white solid in 93% yield (30 mg, 0.090 mmol). 
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1H NMR (500 MHz, Chloroform-d) δ 7.80 (s, 1H), 7.65 (s, 1H), 7.47 (d, J = 8.0 Hz, 2H), 

7.44 (d, J = 7.8 Hz, 2H), 7.18 (t, J = 7.6 Hz, 2H), 7.10 – 7.04 (m, 1H), 6.95 (d, J = 7.5 Hz, 

2H), 4.12 (t, J = 7.1 Hz, 2H), 2.31 (s, 2H), 1.94 (q, J = 7.2 Hz, 2H), 0.96 (dd, J = 7.9, 6.8 

Hz, 3H), 0.26 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 139.78, 136.76, 136.18, 134.43, 133.53, 128.45 (d, 

J = 2.5 Hz), 128.23, 126.18, 124.86, 124.19, 54.21, 26.38, 23.88, 11.31, -3.26. 

HRMS (ESI) (m/z): [M+H] calculated for C21H26N2Si, 335.1944, found, 335.1938. 

 

4-(4-(dimethyl(phenyl)silyl)phenyl)-1-propyl-1H-pyrazole (1-93d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-93 (36 mg, 0.097 mmol) and 

dimethyphenylsilane (78 μL, 0.5 mmol). Purification by flash 

chromatography (90:10 hexanes/EtOAc) gave the title compound 

as a white solid in 72% yield (22 mg, 0.069 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.79 (s, 1H), 7.64 (s, 1H), 7.57 – 7.49 (m, 4H), 7.49 

– 7.45 (m, 2H), 7.40 – 7.33 (m, 3H), 4.11 (t, J = 7.1 Hz, 2H), 1.93 (q, J = 7.3 Hz, 2H), 0.95 

(t, J = 7.4 Hz, 3H), 0.57 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 138.44, 136.78, 135.93, 134.90, 134.29, 133.62, 

129.21, 128.96, 127.94, 126.20, 124.98, 54.20, 23.87, 11.29, -2.21. 

HRMS (ESI) (m/z): [M+H] calculated for C20H24N2Si, 321.1787, found, 321.1781. 

 

4-(4-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)phenyl)-1-propyl-1H-pyrazole (1-93e) 
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The general procedure for silylation was followed using 

N,N,N-trimethylanilimium iodide 1-93 (35 mg, 0.094 mmol) 

and 1,1,1, 3, 5, 5, 5-heptamethyltrisiloxane (136 μL, 0.5 

mmol). Purification by flash chromatography (90:10 to 80:20 

hexanes/EtOAc) gave the title compound as a white solid in 27% yield (10 mg, 0.018 

mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.80 (s, 1H), 7.65 (s, 1H), 7.54 (d, J = 7.8 Hz, 2H), 

7.47 (d, J = 7.8 Hz, 2H), 4.11 (t, J = 7.1 Hz, 2H), 1.93 (h, J = 7.3 Hz, 2H), 0.95 (t, J = 7.4 

Hz, 3H), 0.27 (s, 3H), 0.11 (s, 18H). 

13C NMR (126 MHz, Chloroform-d) δ 136.80, 136.35, 133.96, 133.83, 126.19, 124.75, 

122.86, 54.22, 23.90, 11.32, 2.03, 0.22. 

HRMS (ESI) (m/z): [M+H] calculated for C19H34N2O2Si3, 407.2006, found, 407.2003. 

 

triethyl(2',3',4',5'-tetrahydro-[1,1'-biphenyl]-4-yl)silane (1-94a) 

The general procedure for silylation was 

followed using N,N,N-trimethylanilimium 

iodide 1-94 (137 mg, 0.399 mmol) and 

triethylsilane (192 μL, 1.2 mmol). Reaction was run under a stream of nitrogen in order to 

prevent hydrogenation of the product. Purification by flash chromatography (100% 

hexanes) gave the title compound as a white solid in 45% yield (49 mg, 0.180 mmol) and 

the hydrogenated product in 10% yield (11mg, 0.040 mmol). 

1-94a: 1H NMR (500 MHz, Chloroform-d) δ 7.43 (d, J = 7.8 Hz, 2H), 7.37 (d, J = 7.7 Hz, 

2H), 6.16 (tt, J = 3.9, 1.7 Hz, 1H), 2.42 (tq, J = 6.5, 2.3 Hz, 2H), 2.21 (dh, J = 6.1, 2.8 Hz, 
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2H), 1.81 – 1.73 (m, 2H), 1.70 – 1.62 (m, 2H), 0.96 (t, J = 7.8 Hz, 9H), 0.78 (q, J = 7.8 Hz, 

6H). 

13C NMR (100 MHz, Chloroform-d) δ 142.94, 136.61, 135.42, 134.33, 125.04, 124.25, 

27.36, 26.08, 23.23, 22.35, 7.58, 3.56. 

1-94a’: 1H NMR (500 MHz, Chloroform-d) δ 7.41 (d, J = 6.6 Hz, 2H), 7.19 (d, J = 6.9 Hz, 

2H), 2.58 – 2.42 (m, 1H), 1.96 – 1.80 (m, 3H), 1.74 (d, J = 13.1 Hz, 1H), 1.41 (h, J = 12.4 

Hz, 3H), 1.31 – 1.18 (m, 1H), 0.96 (t, J = 7.7 Hz, 9H), 0.77 (q, J = 8.0 Hz, 7H). 

13C NMR (126 MHz, Chloroform-d) δ 148.64, 134.37, 134.34, 126.37, 44.66, 34.48, 

27.10, 26.36, 7.62, 3.62. 

HRMS (EI) (m/z): [M] calculated for C18H30Si, 274.2117, found, 274.2125. 

 

benzyldimethyl(2',3',4',5'-tetrahydro-[1,1'-biphenyl]-4-yl)silane (1-94c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-94 (136 mg, 0.396 mmol) and 

dimethybenzylsilane (190 μL, 1.2 mmol). Reaction was run under 

a stream of nitrogen in order to prevent hydrogenation of the product. Purification by flash 

chromatography (100% hexanes to 98:2 hexanes/EtOAc) gave the title compound as a 

white solid in 59% yield (72 mg, 0.234 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.40 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 

7.18 (t, J = 7.5 Hz, 2H), 7.06 (t, J = 7.3 Hz, 1H), 6.94 (d, J = 7.3 Hz, 2H), 6.16 (tt, J = 4.1, 

1.7 Hz, 1H), 2.42 (dq, J = 6.1, 3.8, 3.1 Hz, 2H), 2.30 (s, 2H), 2.22 (dq, J = 6.3, 3.5 Hz, 2H), 

1.79 (ddt, J = 12.0, 8.6, 4.5 Hz, 1H), 1.71 – 1.62 (m, 2H), 0.23 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 143.40, 139.91, 136.60, 133.84, 128.46, 128.23, 
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125.30, 124.37, 124.17, 27.39, 26.39, 26.08, 23.20, 22.32, -3.24. 

HRMS (EI) (m/z): [M] calculated for C21H26Si, 306.1804, found, 306.1811. 

 

dimethyl(phenyl)(2',3',4',5'-tetrahydro-[1,1'-biphenyl]-4-yl)silane (1-94d) 

The general procedure for silylation was 

followed using N,N,N-trimethylanilimium 

iodide 1-94 (138 mg, 0.402 mmol) and 

dimethyphenylsilane (187 μL, 1.2 mmol). Reaction was run under a stream of nitrogen in 

order to prevent hydrogenation of the product. Purification by flash chromatography (100% 

hexanes to 98:2 hexanes/EtOAc) gave the title compound as a white solid in 56% yield (65 

mg, 0.222 mmol) and the hydrogenated product in 27% yield (32mg, 0.109 mmol). 

1-94d: 1H NMR (500 MHz, Chloroform-d) δ 7.58 – 7.49 (m, 2H), 7.47 (d, J = 8.2 Hz, 2H), 

7.36 (dt, J = 10.5, 3.6 Hz, 5H), 6.15 (tt, J = 5.7, 2.6 Hz, 1H), 2.41 (tq, J = 6.4, 2.1 Hz, 2H), 

2.21 (dddd, J = 8.9, 6.6, 4.4, 2.5 Hz, 2H), 1.78 (ddt, J = 8.4, 6.1, 3.8 Hz, 2H), 1.70 – 1.61 

(m, 2H), 0.54 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 143.48, 136.10, 134.31, 133.14, 129.39, 129.16, 

127.91, 127.84, 125.34, 124.47, 27.38, 26.06, 23.19, 22.30, -2.19. 

HRMS (EI) (m/z): [M] calculated for C20H24Si, 292.1647, found, 292.1646. 

1-94d’: 1H NMR (500 MHz, Chloroform-d) δ 7.53 (dd, J = 4.8, 2.5 Hz, 2H), 7.45 (d, J = 

7.7 Hz, 2H), 7.40 – 7.32 (m, 5H), 7.20 (d, J = 7.5 Hz, 2H), 2.49 (dt, J = 11.6, 5.7 Hz, 1H), 

1.93 – 1.79 (m, 4H), 1.74 (d, J = 13.1 Hz, 1H), 1.49 – 1.32 (m, 4H), 1.32 – 1.19 (m, 1H), 

0.54 (s, 6H). 
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13C NMR (126 MHz, Chloroform-d) δ 149.16, 134.38, 134.32, 129.23, 129.13, 127.94, 

127.89, 126.55, 44.70, 34.45, 27.05, 26.32, -2.15. 

HRMS (EI) (m/z): [M] calculated for C20H26Si, 294.1804, found, 294.1812. 

 

benzo[d][1,3]dioxol-5-yltriethylsilane (1-95a) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-95 (60 mg, 0.195 mmol) and triethylsilane 

(160 μL, 1 mmol). Purification by flash chromatography (100% hexanes) gave the title 

compound as a colorless oil in 68% yield (32 mg, 0.135 mmol). The spectral data matches 

that previously reported in the literature.248 

1H NMR (400 MHz, Chloroform-d) δ 6.96 (d, J = 7.6 Hz, 1H), 6.94 (s, 1H), 6.84 (d, J = 

7.6 Hz, 1H), 5.93 (s, 2H), 0.95 (t, J = 7.8 Hz, 9H), 0.75 (q, J = 7.9 Hz, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 148.26, 147.42, 130.44, 128.18, 113.57, 108.66, 

100.55, 7.52, 3.66. 

 

benzo[d][1,3]dioxol-5-yl(benzyl)dimethylsilane (1-95c) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-95c (60 mg, 0.195 mmol) and 

dimethybenzylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a colorless oil in 79% yield 

(42 mg, 0.155 mmol). 
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1H NMR (500 MHz, Chloroform-d) δ 7.19 (t, J = 7.6 Hz, 2H), 7.07 (t, J = 7.3 Hz, 1H), 

6.97 – 6.90 (m, 4H), 6.90 (s, 1H), 6.84 (d, J = 7.6 Hz, 1H), 5.95 (s, 2H), 2.27 (s, 2H), 0.22 

(s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 148.54, 147.45, 139.75, 128.42, 128.24, 127.86, 

124.23, 113.19, 108.65, 100.67, 26.54, -3.08. 

HRMS (EI) (m/z): [M] calculated for C16H18O2Si, 270.1076, found, 270.1084. 

 

benzo[d][1,3]dioxol-5-yldimethyl(phenyl)silane (1-95d) 

The general procedure for silylation was followed using N,N,N-

trimethylanilimium iodide 1-95 (61 mg, 0.199 mmol) and 

dimethyphenylsilane (156 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a colorless oil in 60% yield 

(31 mg, 0.119 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 7.56 – 7.47 (m, 2H), 7.40 – 7.31 (m, 3H), 7.01 (d, J 

= 7.6 Hz, 1H), 6.96 (s, 1H), 6.84 (d, J = 7.6 Hz, 1H), 5.93 (s, 2H), 0.53 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 148.63, 147.53, 138.45, 134.24, 131.36, 129.25, 

128.39, 127.96, 113.65, 108.74, 100.69, -2.05. 

HRMS (EI) (m/z): [M] calculated for C15H16O2Si, 256.0920, found, 256.0921. 

4.2.5 Reduction Substrates: 

biphenyl (1-81b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-81 (36 mg, 0.100 mmol) and triethylsilane (80 

μL, 0.5 mmol) in DMF at room temperature for overnight. The crude reaction mixture was 
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passed through a short silica gel plug with EtOAc. The yield was determined by GC-FID 

analysis using tridecane as an internal standard due to volatility of the product (98%). 

 

tert-butylbenzene (1-84b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-84 (32 mg, 0.100 mmol) and triethylsilane 

(80 μL, 0.5 mmol) in dioxane at 40 ºC. The crude reaction mixture was 

passed through a short silica gel plug with EtOAc. The yield was determined by GC-FID 

analysis using tridecane as an internal standard due to volatility of the product (75%). 

 

p-xylene (1-85b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-85 (29 mg, 0.100 mmol) and triethylsilane (80 μL, 

0.5 mmol) in dioxane at 60 ºC. The crude reaction mixture was passed through 

a short silica gel plug with EtOAc. The yield was determined by GC-FID analysis using 

tridecane as an internal standard due to volatility of the product (15%). 

 

trifluorotoluene (1-86b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-86 (33 mg, 0.100 mmol) and triethylsilane (80 

μL, 0.5 mmol) in dioxane at 40 ºC. The crude reaction mixture was passed 

through a short silica gel plug with EtOAc. The yield was determined by GC-FID analysis 

using tridecane as an internal standard due to volatility of the product (67%). 
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anisole (1-87c) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-87 (29 mg, 0.989 mmol) and triethylsilane (80 

μL, 0.5 mmol) in DMF at room temperature for 2 hours. The crude reaction 

mixture was passed through a short silica gel plug with EtOAc. The yield was determined 

by GC-FID analysis using tridecane as an internal standard due to volatility of the product 

(20%). 

 

diphenylether (1-88b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-88 (36 mg, 0.101 mmol) and triethylsilane (80 

μL, 0.5 mmol) in DMF at room temperature for 2 hours. The crude reaction mixture was 

passed through a short silica gel plug with EtOAc. The yield was determined by GC-FID 

analysis using tridecane as an internal standard due to volatility of the product (60%). 

 

(benzyloxy)(tert-butyl)dimethylsilane (1-89b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-89 (41 mg, 0.101 mmol) and triethylsilane (80 

μL, 0.5 mmol) in dioxane at 60 ºC. The crude reaction mixture was passed 

through a short silica gel plug with EtOAc and the solution was evaporated under reduced 

pressure. The yield was determined using CH2Br2 (7 L) as an internal standard (68%) by 

1H NMR. The spectral data matches that previously reported in the literature. 251 
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1H NMR (401 MHz, Chloroform-d) δ 7.33 (d, J = 4.4 Hz, 5H), 4.75 (s, 2H), 1.24 (s, 9H), 

0.10 (s, 6H). 

 

([1,1'-biphenyl]-4-yloxy)(tert-butyl)dimethylsilane (1-90b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-90 (48 mg, 0.102 mmol) and 

triethylsilane (80 μL, 0.5 mmol) in dioxane at 40 ºC. The crude 

reaction mixture was passed through a short silica gel plug with EtOAc and the solution 

was evaporated under reduced pressure. The yield was determined using CH2Br2 (7 L) as 

an internal standard (80%) by 1H NMR. The spectral data matches that previously reported 

in the literature.115 

1H NMR (500 MHz, Chloroform-d) δ 7.59 – 7.51 (m, 2H), 7.50 – 7.45 (m, 2H), 7.41 (t, J 

= 7.7 Hz, 2H), 7.35 – 7.27 (m, 1H), 6.91 (d, J = 8.6 Hz, 1H), 1.01 (s, 9H), 0.24 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 155.42, 141.04, 134.43, 128.81, 128.22, 126.88, 

126.78, 120.46, 25.86, 18.39, -4.22. 

 

4-phenylmorpholine (1-91b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-91 (67 mg, 0.192 mmol) and triethylsilane 

(160 μL, 1 mmol) at 60 ºC. Purification by flash chromatography (95:5% 

hexanes/EtOAc) gave the title compound as a white solid in 90% yield (20 mg, 0.150 

mmol). The spectral data matches that previously reported in the literature.252 
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1H NMR (500 MHz, Chloroform-d) δ 7.29 (t, J = 7.8 Hz, 2H), 6.93 (d, J = 8.1 Hz, 2H), 

6.89 (t, J = 7.3 Hz, 1H), 3.87 (t, J = 4.8 Hz, 4H), 3.17 (t, J = 4.8 Hz, 4H). 

13C NMR (126 MHz, Chloroform-d) δ 151.42, 129.32, 120.18, 115.85, 67.09, 49.51. 

 

4-phenyl-1-propyl-1H-pyrazole (1-93b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-98 (77 mg, 0.207 mmol) and triethylsilane 

(160 μL, 1 mmol). Purification by flash chromatography (90:10% 

hexanes/EtOAc) gave the title compound as a white solid in 90% yield 

(35 mg, 0.189 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.78 (s, 1H), 7.63 (s, 1H), 7.48 (d, J = 8.3 Hz, 2H), 

7.43 – 7.30 (m, 2H), 7.25 – 7.16 (m, 1H), 4.11 (t, J = 7.1 Hz, 2H), 2.35 – 1.83 (m, 2H), 

0.95 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 136.71, 132.93, 128.97, 126.40, 126.07, 125.61, 

122.89, 54.22, 23.91, 11.33. 

HRMS (ESI) (m/z): [M+H] calculated for C12H14N2, 187.1235, found, 187.1226. 

 

2,4-difluoro-1,1'-biphenyl (1-96b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-96 (75 mg, 0.200 mmol) and 

triethylsilane (160 μL, 1 mmol) at room temperature. Purification by 

flash chromatography (100% hexanes/) gave the title compound as a white solid in 67% 

yield (25 mg, 0.134 mmol) with approximately 10% of an impurity that could not be 
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separated by silica chromatography. The spectral data matches that previously reported in 

the literature.253 

1H NMR (400 MHz, Chloroform-d) δ 7.51 (d, J = 7.9 Hz, 2H), 7.49 – 7.41 (m, 3H), 7.41 

– 7.34 (m, 1H), 7.01 – 6.83 (m, 2H). 

19F NMR (376 MHz, Chloroform-d) δ -111.62 (p, J = 8.0 Hz), -113.66 (q, J = 9.2 Hz). 

 

naphthalene (1-97b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-97 (63 mg, 0.201 mmol) and triethylsilane (160 

μL, 1 mmol) in DMF at 40 ºC. The crude reaction mixture was passed through 

a short silica gel plug with EtOAc. The yield was determined by GC-FID analysis using 

tridecane as an internal standard due to volatility of the product (81%). 

 

pyridine (1-98b) 

The general procedure for reduction was followed using N,N,N-

trimethylanilimium iodide 1-98 (26 mg, 0.098 mmol) and triethylsilane (80 μL, 

0.5 mmol) in dioxane at 90 ºC. The crude reaction mixture was passed through 

a short silica gel plug with EtOAc. The yield was determined by GC-FID analysis using 

tridecane as an internal standard due to volatility of the product (37%). 

4.2.6 Synthetic Demonstrations: 

1-(((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)-4-nitrobenzene (1-99a) 
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A solution of (–)-menthol (3.4g, 21.7 mmol, 

2.0 equiv) in DMF (4 mL) was added 

dropwise to a flame dried 20 mL scintillation 

vial equipped with a stir bar containing a 

solution of NaH (60% dispersion in mineral 

oil) (120mg, 30 mmol, 3.0 equiv) in DMF (1 mL) at 0 ºC. After 30min the vial was allowed 

to warm to room temperature. 4-fluoro-nitrobenzene (1.06 mL, 10 mmol, 1.0 equiv) was 

added slowly and the vial was sealed with a Teflon cap and headed to 90 ºC for 48 hours. 

The solution was then cooled to room temperature, transferred to a separatory funnel, and 

diluted with 30 mL diethyl ether. The organics were then washed 2x50 mL 5M NaOH 

solution and 1x50 mL brine. The organic layer was dried with sodium sulfate before 

concentrating. The product can be obtained via Kugelrohr distillation at 0.5 bar at 80 ºC 

through the removal of unreacted 4-fluoro-nitrobenzene and excess menthol. The product 

was obtained as a yellow crystalline solid. The discoloration was removed through 

Purification by flash chromatography (90:10 hexanes/EtOAc) to give the title compound 

as a white crystalline solid in 30% yield (1.72 g, 6.2 mmol). 

1H NMR (401 MHz, Chloroform-d) δ 8.18 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 

4.16 (td, J = 10.6, 4.2 Hz, 1H), 2.20 – 2.04 (m, 2H), 1.85 – 1.69 (m, 2H), 1.63 – 1.46 (m, 

2H), 1.18 – 1.01 (m, 3H), 0.93 (t, J = 7.5 Hz, 6H), 0.75 (d, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 163.85, 141.13, 126.22, 115.13, 78.53, 47.96, 

40.00, 34.43, 31.54, 26.38, 23.90, 22.19, 20.74, 16.77. 

HRMS (ESI) (m/z): [M+Na] calculated for C16H23NO3, 300.1570, found, 300.1580. 
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4-(((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)aniline (1-99b) 

To a round bottom equipped with 

a stir bar was added 1-99a (400 

mg, 1.44 mmol) and palladium 

on carbon (10%) (40 mg, 2.5 

mol%). The flask was backfilled 

three times with nitrogen before adding methanol (15 mL) and EtOAc (2 mL). The flask 

was then backfilled three times with H2 before attaching a H2 balloon. The reaction was 

left to stir at room temperature overnight. The contents of the flask were then filtered 

through Celite with EtOAc. The filtrate was concentrated to give the title compound as a 

reddish solid in 97% yield (344 mg, 1.39 mmol). 

1H NMR (700 MHz, Chloroform-d) δ 6.75 (d, J = 8.6 Hz, 2H), 6.63 (d, J = 8.7 Hz, 1H), 

3.82 (td, J = 10.5, 4.2 Hz, 1H), 3.42 (s, 2H), 2.28 (pd, J = 7.0, 2.7 Hz, 1H), 2.11 (dtd, J = 

12.6, 3.8, 1.9 Hz, 1H), 1.69 (dt, J = 14.3, 3.7 Hz, 2H), 1.45 (ddt, J = 13.3, 10.4, 3.2 Hz, 

1H), 1.39 (tdq, J = 12.6, 6.6, 3.3 Hz, 1H), 1.10 – 1.02 (m, 1H), 1.01 – 0.94 (m, 1H), 0.92 

(dd, J = 24.6, 6.8 Hz, 7H), 0.80 (d, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 151.50, 140.24, 118.09, 116.51, 79.17, 48.34, 

40.73, 34.70, 31.60, 26.03, 23.70, 22.32, 21.02, 16.58. 

HRMS (ESI) (m/z): [M+H] calculated for C16H25NO, 248.2009, found, 248.2016. 

 

4-(((1R,2R,5R)-2-isopropyl-5-methylcyclohexyl)oxy)-N,N-dimethylaniline (1-99c) 
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To a round bottom equipped 

with a stir bar was dissolved 1-

99b (344 mg, 1.39 mmol, 1.0 

equiv) in acetonitrile (5 mL). 

K2CO3 (384 mg, 2.78 mmol, 

2.0 equiv) and an aqueous formaldehyde solution (37%) (0.62 mL, 8.34 mmol, 6.0 equiv) 

were added and the reaction was stirred for 30 min. The reaction was then cooled in an ice 

bath for 5 min before adding sodium triacetoxyborohydride (883 mg, 4.17 mmol, 3.0 equiv) 

in 200 mg portions over 5 min. Acetic acid (1 mL) was slowly added and the reaction was 

warmed and allowed to stir at room temperature overnight. Quench the reaction with 15mL 

H2O and 15 mL EtOAc. Basify with sat. NaHCO3 and extract 3x25 mL EtOAc. Wash 

organic layers with 1x25 mL brine and dry over sodium sulfate before concentrating. The 

product was obtained as a light brown crystalline solid in 88% yield (336 mg, 1.21 mmol) 

with no need for further purification.254 

1H NMR (400 MHz, Chloroform-d) δ 6.84 (d, J = 9.0 Hz, 2H), 6.72 (d, J = 8.9 Hz, 2H), 

3.85 (td, J = 10.5, 4.2 Hz, 1H), 2.87 (s, 6H), 2.29 (pd, J = 7.1, 2.7 Hz, 1H), 2.12 (d, J = 

12.4 Hz, 1H), 1.70 (dt, J = 14.6, 3.8 Hz, 2H), 1.55 – 1.33 (m, 3H), 1.07 (td, J = 13.2, 9.6 

Hz, 2H), 0.98 (m, 1H), 0.92 (dd, J = 15.7, 6.7 Hz, 6H), 0.80 (d, J = 6.9 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 150.57, 145.97, 117.81, 114.88, 79.02, 48.34, 

41.91, 40.76, 34.73, 31.61, 26.06, 23.74, 22.34, 21.04, 16.62. 

HRMS (ESI) (m/z): [M+H] calculated for C18H29NO, 276.2327, found, 276.2323. 
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4-(((1R,2R,5R)-2-isopropyl-5-methylcyclohexyl)oxy)-N,N,N-

trimethylammoniumaniline iodide (1-100) 

To a dry vial with a stirbar was added 1-

99c (336 mg, 1.21 mmol, 1 equiv) and MeI 

(0.75 mL, 12.10 mmol, 10 equiv). The vial 

was sealed with a Teflon cap and stirred 

until the reaction solidified (~5 hours). 

The contents were suspended in Et2O and filtered, washing with 3x10 mL Et2O to remove 

any unreacted starting material. The ammonium salt was dried on high vac for ~2 hours 

and used as is for subsequent reactions. The product was obtained as a white powder in 

83% yield (419 mg, 1.00 mmol) and used without further purification. 

 

triethyl(4-(((1R,2R,5R)-2-isopropyl-5-methylcyclohexyl)oxy)phenyl)silane (1-100a) 

The general procedure for 

silylation was followed using 

N,N,N-trimethylanilimium 

iodide 1-100 (87 mg, 0.208 

mmol) and triethylsilane (160 

μL, 1 mmol). Purification by flash chromatography (100% hexanes) gave the title 

compound as a clear oil in 58% yield (40 mg, 0.121 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.38 (d, J = 8.1 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 

4.06 (td, J = 10.5, 4.3 Hz, 1H), 2.20 (ddt, J = 16.5, 12.8, 3.7 Hz, 1H), 1.72 (dd, J = 11.8, 
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3.1 Hz, 1H), 1.60 – 1.38 (m, 1H), 1.10 (qd, J = 12.6, 2.9 Hz, 1H), 1.05 – 0.87 (m, 12H), 

0.84 – 0.71 (m, 7H). 

13C NMR (126 MHz, Chloroform-d) δ 159.10, 135.73, 127.87, 115.28, 77.04, 48.18, 

40.46, 34.70, 31.58, 26.17, 23.87, 22.30, 20.96, 16.76, 7.61, 3.71. 

HRMS (EI) (m/z): [M] calculated for C22H38OSi, 346.2692, found, 346.2682. 

 

1-(allyloxy)-4-nitrobenzene (1-101a) 

To a solution of 1-101 (1g, 7.19 mmol, 1.00 

equiv) in DMF (3 mL, 2.4M) was added K2CO3 

(1g, 7.19 mmol, 1.00 equiv). Allylbromide (0.68 

mL, 7.90 mmol, 1.10 equiv) was added and a 

reflux condenser was added before heating to 60 ºC overnight. Upon cooling to room 

temperature, 20 mL H2O and 20 mL Et2O were added and the reaction mixture was 

extracted 2x20 mL Et2O. The combined organics were then washed 2x20 mL 1M NaOH, 

1x20 mL brine, and dried over MgSO4 before concentrating. The product was obtained via 

Kugelrohr distillation to give a yellow oil that was carried on to the next step without 

further purification.255 

1H NMR (401 MHz, Chloroform-d) δ 8.20 (d, J = 9.3 Hz, 1H), 6.97 (d, J = 9.2 Hz, 1H), 

6.04 (ddt, J = 17.4, 10.6, 5.3 Hz, 1H), 5.44 (dt, J = 17.3, 1.5 Hz, 1H), 5.35 (dt, J = 10.6, 

1.4 Hz, 1H), 4.64 (dt, J = 5.4, 1.6 Hz, 2H). 

13C NMR (100 MHz, Chloroform-d) δ 163.71, 141.73, 132.01, 126.03, 118.82, 114.84, 

69.54. 
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2-allyl-4-nitrophenol (1-101b) 

Crude 1-101a (~1.3g) and an equal weight of 

diphenylether were added to a round bottom 

equipped with a reflux condenser. The mixture 

was heated to 210 ºC for 36 hours. The reaction 

was cooled to room temperature and diluted with 30 mL Et2O. The organics were extracted 

3x30 mL 6M NaOH. The combined aqueous layers were acidified with conc. HCl. The 

acidic aqueous solution was then extracted 3X30 mL Et2O. The ether layers were combined 

and dried over MgSO4. The product can be recrystallized. Product was obtained as a yellow 

crystalline solid in 46% over two steps (593 mg, 3.31 mmol).255 

1H NMR (500 MHz, Chloroform-d) δ 8.06 (m, 2H), 6.89 (d, J = 8.7 Hz, 1H), 6.01 (ddt, J 

= 16.8, 10.4, 6.6 Hz, 1H), 5.88 (br, 1H), 5.30 – 5.16 (m, 2H), 3.47 (d, J = 6.4 Hz, 2H). 

13C NMR (126 MHz, Chloroform-d) δ 159.90, 141.77, 134.72, 126.60, 126.54, 124.44, 

118.19, 116.01, 34.79. 

 

2-allyl-1-methoxy-4-nitrobenzene (1-101c) 

In a dry round bottom, 1-101b (1.00 g, 

5.58 mmol, 1 equiv) was dissolved in 

DMF (10 mL). K2CO3 (1.77g, 12.84 

mmol, 2.3 equiv) was added followed 

by MeI (0.80 mL, 12.84 mmol, 2.3 equiv). The mixture was stirred at room temperature 

overnight. The reaction was quenched with 50 ml Et2O and 50 ml H2O. The organics were 

washed 2x40 mL 1M NaOH, then 1x40 mL brine followed by drying of the organics over 
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MgSO4.  The product was obtained as pure a yellow oil in 97% yield (1.05 g, 5.41 mmol) 

with no need for further purification.256 

1H NMR (500 MHz, Chloroform-d) δ 8.14 (dd, J = 9.0, 2.8 Hz, 1H), 8.05 (d, J = 2.8 Hz, 

1H), 6.90 (d, J = 9.0 Hz, 1H), 5.96 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.21 – 5.03 (m, 2H), 

3.94 (s, 3H), 3.41 (d, J = 6.6 Hz, 2H). 

13C NMR (176 MHz, Chloroform-d) δ 162.41, 141.44, 135.16, 130.04, 125.44, 124.16, 

117.14, 109.80, 56.23, 34.07. 

HRMS (ESI) (m/z): [M+H] calculated for C10H15NO, 194.0812, found, 194.0811. 

 

4-methoxy-3-propylaniline (1-102) 

To a round bottom equipped with a 

stir bar was added 1-102 (1.05 g, 

5.43 mmol) and palladium on carbon 

(10%) (144 mg, 2.5 mol%). The 

flask was backfilled three times with nitrogen before adding methanol (50 mL). The flask 

was then backfilled three times with H2 before attaching a H2 balloon. The reaction was 

left to stir at room temperature overnight. The contents of the flask were then filtered 

through Celite with DCM. The filtrate was concentrated to give the title compound in 

quantitative yield as an off-white crystalline solid. 

1H NMR (400 MHz, Chloroform-d) δ 6.68 (d, J = 8.3 Hz, 1H), 6.57 – 6.47 (m, 2H), 3.75 

(s, 3H), 3.37 (s, 2H), 2.55 – 2.47 (m, 3H), 1.58 (h, J = 7.3 Hz, 3H), 0.95 (t, J = 7.3 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 151.02, 139.68, 132.35, 117.86, 113.26, 111.96, 

56.21, 32.40, 23.24, 14.26. 



227 

 

HRMS (ESI) (m/z): [M+H] calculated for C10H15NO, 166.1226, found, 166.1225. 

 

4-methoxy-N,N-dimethyl-3-propylaniline (1-102b) 

To a round bottom equipped with a 

stir bar was dissolved 1-102a (897 

mg, 5.43 mmol, 1.0 equiv) in 

acetonitrile (25 mL). K2CO3 (1.5 g, 

10.86 mmol, 2.0 equiv) and an aqueous formaldehyde solution (37%) (2.42 mL, 32.58 

mmol, 6.0 equiv) were added and the reaction was stirred for 30 min. The reaction was 

then cooled in an ice bath for 5 min before adding sodium triacetoxyborohydride (3.45 mg, 

16.29 mmol, 3.0 equiv) in 500 mg portions over 5 min. Acetic acid (2.5 mL) was slowly 

added and the reaction was warmed and allowed to stir at room temperature overnight. 

Quench the reaction with 50mL H2O and 50 mL EtOAc. Basify with sat. NaHCO3 and 

extract 3x50 mL EtOAc. Wash organic layers with 1x25 mL brine and dry over sodium 

sulfate before concentrating. The product was obtained as a crystalline solid in 83% yield 

(876 mg, 4.51 mmol) with no need for further purification. 

1H NMR (400 MHz, Chloroform-d) δ 6.78 (d, J = 8.8 Hz, 1H), 6.66 (d, J = 3.2 Hz, 1H), 

6.60 (dd, J = 8.8, 3.1 Hz, 1H), 3.77 (s, 3H), 2.86 (s, 6H), 2.57 (dd, J = 8.8, 6.7 Hz, 2H), 

1.62 (h, J = 7.4 Hz, 2H), 0.97 (t, J = 7.3 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 150.36, 145.66, 132.02, 116.69, 111.85, 111.83, 

56.24, 42.06, 32.93, 23.49, 14.33. 

HRMS (ESI) (m/z): [M+H] calculated for C12H19NO, 194.1545, found, 194.1536. 

 



228 

 

4-methoxy- 3-propyl-N,N,N-trimethylammoniumaniline iodide (1-103) 

To a dry vial with a stirbar was added 1-102c 

(860 mg, 4.53 mmol, 1 equiv) and MeI (2.82 

mL, 45.30 mmol, 10 equiv). The vial was sealed 

with a Teflon cap and stirred until the reaction solidified (~5 hours). The contents were 

suspended in Et2O and filtered, washing with 3x15 mL Et2O to remove any unreacted 

starting material. The ammonium salt was dried on high vac for ~2 hours and used as is for 

subsequent reactions. The product was obtained as a white crystalline powder in 88% yield 

(1.33g, 3.99 mmol) and used without further purification. 

 

triethyl(4-methoxy-3-propylphenyl)silane (1-103a) 

The general procedure for silylation 

was followed using N,N,N-

trimethylanilimium iodide 1-103 

(67 mg, 0.200 mmol) and triethylsilane (160 μL, 1 mmol). Purification by flash 

chromatography (100% hexanes) gave the title compound as a clear oil in 77% yield (41 

mg, 0.154 mmol). 

1H NMR (401 MHz, Chloroform-d) δ 7.30 (dd, J = 8.0, 1.6 Hz, 1H), 7.22 (d, J = 1.7 Hz, 

1H), 6.85 (d, J = 8.1 Hz, 1H), 3.82 (s, 3H), 2.75 – 2.36 (m, 2H), 1.61 (q, J = 7.5 Hz, 2H), 

1.11 – 0.87 (m, 9H), 0.76 (q, J = 7.9 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 158.31, 136.02, 133.28, 130.39, 127.70, 109.84, 

55.18, 32.60, 23.20, 14.27, 7.63, 3.72. 

HRMS (ESI) (m/z): [M+Na] calculated for C16H28OSi, 287.1802, found, 287.1802. 
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(4-(dimethylamino)phenyl)(phenyl)methanone (1-104a) 

To a suspension of AlCl3 (520 mg, 3.92 mmol, 

1.00 equiv) in DCM (12.5 mL) at 0 ºC was slowly 

added benzoylchloride (0.46 mL, 3.92 mmol, 

1.00 equiv). Dimethylaniline (0.52 mL, 4.12 

mmol, 1.05 equiv was then added dropwise and the reaction was stirred at 0 ºC for 4 hours 

before stirring at room temperature for 3 hours. Dilute reaction mixture with DCM and add 

~15 mL H2O. Wash organic layer 2x20 mL H2O, 2x20 mL sat. NaHCO3, 1x20 mL brine. 

Dry organic layer over Na2SO4 and concentrate. Purification by flash chromatography 

(90:10 hexanes/EtOAc) gave the title compound as a yellow solid in 43% yield (401 mg, 

1.69 mmol) (p-/o- benzoylation observed in ~2:1 ratio).257 

1H NMR (401 MHz, Chloroform-d) δ 7.80 (d, J = 9.0 Hz, 2H), 7.75 – 7.68 (m, 2H), 7.57 

– 7.50 (m, 1H), 7.48 – 7.42 (m, 2H), 6.68 (d, J = 9.0 Hz, 2H), 3.08 (s, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 195.26, 153.42, 139.44, 132.86, 131.22, 129.57, 

128.12, 124.91, 110.67, 40.19. 

 

4-benzyl-N,N-dimethylaniline (1-104b) 

NaOH (1.02g, 25.5 mmol, 5 equiv) and 

hydrazine hydrate (1.25g, 25.5 mmol, 5 

equiv) were added to a round bottom 

containing 1-104a (1.17g, 5.1 mmol, 1 

equiv) in ethylene glycol (30 mL). A reflux condenser was attached, and the mixture was 



230 

 

heated to 155 ºC overnight. The reaction mixture was cooled to room temperature and 

diluted with 50 mL EtOAc and 50 mL H2O. The mixture was then extracted 2x50 mL 

EtOAc. The organic layers were dried over Na2SO4 and concentrated. Purification by flash 

chromatography (95:5 hexanes/EtOAc) gave the title compound as a clear oil in 80% yield 

(860 mg, 4.08 mmol).257 

1H NMR (500 MHz, Chloroform-d) δ 7.28 (d, J = 8.0 Hz, 2H), 7.20 – 7.15 (m, 3H), 7.07 

(d, J = 8.9 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 3.90 (s, 2H), 2.91 (s, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 149.28, 142.20, 129.67, 129.38, 128.94, 128.47, 

113.09, 41.06, 40.98. 

HRMS (EI) (m/z): [M] calculated for C17H34O2Si, 377.1759, found, 377.1764. 

 

4-benzyl-N,N,N-trimethylammoniumaniline iodide (1-105) 

To a dry vial with a stirbar was added 1-104b (860 mg, 

4.07 mmol, 1 equiv) and MeI (2.55 mL, 41.00 mmol, 

10 equiv). The vial was sealed with a Teflon cap and 

stirred until the reaction solidified (~5 hours). The 

contents were suspended in Et2O and filtered, washing with 3x15 mL Et2O to remove any 

unreacted starting material. The ammonium salt was dried on high vac for ~2 hours and 

used as is for subsequent reactions. The product was obtained as a white crystalline powder 

in 83% yield (1.2g, 2.80 mmol) and used without further purification. 

 

benzyl(4-benzylphenyl)dimethylsilane (1-104c) 
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The general procedure for silylation was 

followed using N,N,N-

trimethylanilimium iodide 1-105 (76 

mg, 0.215 mmol) and 

benzyldimethylsilane (158 μL, 1 mmol). Purification by flash chromatography (100% 

hexanes) gave an inseparable mixture of the title compound in 66% yield (45 mg, 0.142 

mmol) and 1,2-dibenzyl-1,1,2,2-tetramethyldisilane (12 mg, 0.040 mmol). 

1H NMR (500 MHz, Chloroform-d) δ 7.39 (dd, J = 8.1, 2.6 Hz, 2H), 7.31 (td, J = 7.7, 7.2, 

2.3 Hz, 2H), 7.20 (dq, J = 14.3, 6.1 Hz, 7H), 7.11 – 7.03 (m, 2H), 6.95 (dd, J = 8.0, 2.7 Hz, 

2H), 4.00 (s, 2H), 2.30 (d, J = 2.7 Hz, 2H), 0.23 (d, J = 2.8 Hz, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 142.15, 141.07, 139.88, 135.93, 134.06, 129.11, 

128.61, 128.50, 128.45, 128.23, 128.14, 126.24, 124.18, 124.04, 42.09, 32.20, 28.99, 

26.37, 0.74, -3.25. 

HRMS (EI) (m/z): [M] calculated for C22H24Si, 316.1647, found, 316.1641. 

4.2.7 Large Scale Silylation: 

 

To a 50 mL round 

bottom was added 

Ni(COD)2 (45 mg, 

0.16 mmol, 0.05 equiv), N,N’-bis(2,6-bis(diphenylmethyl)-4-methoxyphenyl)imidazolium 

chloride (IPr*OMe·HCl) (160 mg, 0.16 mmol, 0.05 equiv), NaO-t-Bu (787 mg, 8.17 mmol, 

2.5 equiv), and 1-87 (3.27 mmol, 1 equiv) were combined under inert atmosphere and 

suspended in 15 mL of dioxane at rt. Silane (2.61 mL, 16.35 mmol, 5 equiv) was added 

and the vial was sealed with a Teflon cap before removing from the glovebox to heat to 40 
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ºC overnight. Upon completion, the reaction mixture was filtered through Celite with 

DCM, the solvent was removed by rotary evaporation, and the crude reaction mixture was 

purified by silica gel chromatography (100% hexanes to 95:5 hexanes/ EtOAc) to give the 

title compound as a clear oil in 78% yield (569 mg, 2.55 mmol). 

 

4.3 Experimental Details for Chapter 2 

4.3.1 Synthesis of Catalysts and Ligands: 

Synthesis of discrete i-PrBiOxNiCl2 catalyst: 

To a 50 

mL oven-

dried 

round-bottom flask with a Teflon-coated magnetic stir bar in a glovebox was added 

NiCl2•DME (91.6 mg, 0.42 mmol, 1.0 equiv) and i-PrBiOx (112 mg, 0.5 mmol, 1.2 equiv) 

and DCM (15 mL, 0.03 M). The mixture turned homogenous and reaction was stirred for 

4 hours before stripping the solvent by high vacuum. The brownish residue was then taken 

up in 3 mL DCM and Et2O was added to precipitate a white solid, which was filtered off. 

Pentanes were then added to the mother liquor resulting in further precipitation. This 

precipitate was then washed with pentanes and Et2O and dried under high vacuum for 1 

hour to give an off-white powder (94.8 mg, 0.267 mmol, 64%). The powder was dissolved 

in C6D6 and was observed to be paramagnetic by NMR. 

1H NMR (401 MHz, Chloroform-d) δ 23.03 ppm (br, 2H) 19.02 ppm, (br, 2H) 2.63 ppm 

(br, 3H), 2.00 (br, 4H), 1.70ppm (br, 6H), and 0.87 ppm (br, 1H). 
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UV‐Vis (EtOAc, ambient temperature): λmax = 272 nm (4,100 M‐1cm‐1) 

and 228 nm (3,600 M‐1cm‐1) 

IR (neat, ambient temperature): 1651 cm-1 (C=N) 

 

Synthesis of bpy and ppy ligands for photocatalyts: 

To a round-

bottom with 

equipped 

with a 

Teflon-

coated magnetic stir bar and a reflux condenser was added 2-bromo-5-

trifluoromethylpyridine (1.51 g, 6.70 mmol, 1.0 equiv), boronic acid (8.02 mmol, 1.2 

equiv), Pd(OAc)2 (45 mg, 0.201 mmol, 3 mol%), PPh3 (105 mg, 0.402 mmol, 6 mol%), 

and K2CO3 (2.78 g, 20.10 mmol, 3.0 equiv). The flask was backfilled with N2 three times 

before adding toluene (6.7 mL, 1 M), H2O (6.7 mL, 1 M), and EtOH (1.2 mL, 5.6 M) and 

heating to reflux overnight. The flask was cooled to room temperature and diluted with 20 

mL H2O and extracted 3 x 30 mL EtOAc. The organic layers were dried with 50 mL brine 

and then Na2SO4 before removing the solvent by rotary evaporation. The crude reaction 

mixture was purified by silica gel chromatography (100% hexanes to 97.5:2.5 

hexanes/EtOAc to 80:20 hexanes/EtOAc) to give a white crystalline solid (1.307 g, 4.489 

mmol 67% yield for FCF3(CF3)ppy or 1.389g, 5.36 mmol, 80% yield for dF(CF3)ppy). The 

spectral data matched that previously reported in the literature.155 
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To a round-bottom with 

equipped with a Teflon-

coated magnetic stir bar 

and equipped to a reflux condenser was added Pd(OAc)2 (25 mg, 0.11 mmol, 2.5 mol%), 

indium powder (255 mg, 2.22 mmol, 0.5 equiv), 2-bromo-4-trifluoromethylpyridine (1.0 

g, 4.44 mmol, 1.0 equiv), and LiCl (283 mg, 6.66 mmol, 1.5 equiv). The flask was 

backfilled with N2 three times before adding DMF (10 mL, 0.44 M). The reaction was 

heated to 100 ºC for 40 minutes. The flask was cooled to room temperature and the mixture 

diluted with 25 mL H2O and extracted 3 x 30 mL Et2O, the organics were washed 2 x 50 

mL H2O, then dried with 50 mL brine and then MgSO4 before removing the solvent by 

rotary evaporation. The crude reaction mixture was purified by silica gel chromatography 

(100% hexanes to 90:10 hexanes/EtOAc) to give a white solid (450 mg, 1.54 mmol, 69% 

yield). The spectral data matched that previously reported in the literature.230 

1H NMR (401 MHz, Chloroform-d) δ 8.96 (s, 1H), 8.63 (d, J = 8.3 Hz, 1H), 8.09 (d, J = 

8.4 Hz, 1H). 

13C NMR (126 MHz, Chloroform-d) δ 157.85, 146.46 (q, J = 4.2 Hz), 134.46 (q, J = 3.6 

Hz), 127.43, 127.17, 123.66 (q, J = 272.3 Hz), 121.41. 

19F NMR (471 MHz, Chloroform-d) δ -62.53. 

4.3.2 General Procedures for PCET Reactions: 

To an oven-dried 1 dram vial equipped with a Teflon-coated magnetic stir bar in a N2 filled 

glovebox was added benzamide (0.200 mmol, 1.00 equiv), [Ir(dF(CF3)ppy)2(5,5’-

(dCF3)bpy)]PF6 (4.6 mg, 0.004 mmol, 0.02 equiv), (BuO)2OP(O)(NBu4) (4.5 mg, 0.004 

mmol, 0.02 equiv), and dimethylfumerate (58 mg, 0.4 mmol, 2 equiv) were combined and 
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suspended in 1.0 mL of dry, degassed PhCF3 at room temperature. The vial was sealed 

with a Teflon cap before removing from the glovebox. The reaction was stirred at 900 rpm 

overnight in a recrystallization dish filled with water (for cooling) and irradiated with a 34 

W blue LED lamp placed 1 cm away. Upon completion, the reaction mixture was quenched 

with 1 mL EtOAc and run through a silica gel plug with 5 mL EtOAc. The solvent was 

removed by rotary evaporation and the crude reaction mixture was purified by silica gel 

chromatography.155 

4.3.3 Synthesis of Phosphate Bases: 

To a 25 mL oven-

dried round-bottom 

flask under N2 equipped with a Teflon-coated magnetic stir bar was added 

dibutylphosphate (1.41 mL, 7.13 mmol, 1.0 equiv) and tetrabutylammonium hydroxide 

(37% in methanol) (6.31 mL, 7.13 mmol, 1.0 equiv). The reaction was stirred overnight. 

The next day the solvent was stripped, and the gooey residue dried under high vacuum in 

a heating block set to 50 ºC for several days or until the goo solidified. The solid was then 

finely ground and further dried under high vacuum overnight. The product was then stored 

in the glovebox (very hydroscopic!). The spectral data matched that previously reported in 

the literature.258 

 

To a 25 mL oven-dried 

round-bottom flask 

under N2 equipped 

with a Teflon-coated magnetic stir bar was added phenyldihydrogenphosphate (587 mg, 
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3.37 mmol, 1.0 equiv) and tetrabutylammonium hydroxide (37% in methanol) (5.20 mL, 

6.75 mmol, 2.0 equiv). The reaction was stirred overnight. The next day the solvent was 

stripped, and the gooey residue dried under high vacuum in a heating block set to 50 ºC for 

a week. The product was then stored in the glovebox (very hydroscopic!). The spectral data 

matched that previously reported in the literature.202 

4.3.4 General Procedures for the Synthesis of BiOx Ligands: 

Method A: 

To a 100 mL 

oven-dried 

round-bottom flask under N2 equipped with a reflux condenser and a Teflon-coated 

magnetic stir bar was added diethyl oxalate (0.56 mL, 4.14 mmol, 1.0 equiv) and dry 

toluene (32 mL, 0.12 M). Amino alcohol (8.28 mmol, 2.0 equiv) was added and the reaction 

was heated to 60 ºC for 4 hours. A white precipitate formed, and the reaction was cooled 

to room temperature before filtering. The white precipitate was then washed with toluene 

and dried under high vacuum in a 100 mL round-bottom flask. The flask was backfilled 

with N2 three times before adding DCM (32 mL, 0.13 M) and cooling to 0 ºC in an ice 

bath. SOCl2 (1.80 mL, 24.80 mmol, 6.0 equiv) was added slowly and the reaction was 

warmed to reflux and stirred overnight. The reaction was then carefully concentrated under 

reduced pressure using rotary evaporation. Residual SOCl2 was removed by taking up the 

residue with benzene and concentrating under reduced pressure using rotary evaporation. 

The crude product was carried on to the next step without further purification. 
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To a 100 mL 

oven-dried round-

bottom flask equipped with a Teflon-coated magnetic stir bar was added crude dichloride 

(4.14 mmol, 1.0 equiv) and KOH (580 mg, 10.35 mmol, 2.5 equiv). The flask was 

backfilled with N2 three times before adding MeOH (32 mL, 0.13 M). The mixture was 

then stirred at reflux overnight. The reaction was then cooled to room temperature and 

concentrated under reduced pressure using rotary evaporation. The residue was taken up in 

50 mL DCM and washed with 50 mL H2O and then 50 mL brine before drying the organic 

layer with Na2SO4. The solvent was removed by rotary evaporation and the white solid was 

then purified by silica gel chromatography. 

 

Method B: 

To a 100 mL 

oven-dried 

round-bottom flask under N2 equipped with a Teflon-coated magnetic stir bar and a reflux 

condenser was added diethyl oxalate (0.56 mL, 4.14 mmol, 1.0 equiv) and dry toluene (32 

mL, 0.12 M). Amino alcohol (8.28 mmol, 2.0 equiv) was added and the reaction was heated 

to 60 ºC for 4 hours. A white precipitate formed, and the reaction was cooled to room 

temperature before filtering. The white precipitate was then washed with toluene and dried 

under high vacuum in a 100 mL round-bottom flask. The crude reaction was carried on to 

the next step without further purification. 
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To a 50 mL oven-

dried round-

bottom flask equipped with a Teflon-coated magnetic stir bar was added crude diol (1.00 

mmol, 1.0 equiv) and the flask was backfilled with N2 three times before adding DCM (20 

mL, 0.05 M). The mixture was cooled to -78 ºC in a dryice/ acetone bath and DAST (0.37 

mL, 2.80 mmol, 2.8 equiv) was added dropwise. The reaction was stirred for 1 hour before 

adding K2CO3 (553 mg, 4.00 mmol, 4.0 equiv). The reaction was then warmed to room 

temperature and stirred for 2 hours. The reaction was quenched with 20 mL H2O and 

extracted 3 x 20 mL DCM. The organics were dried with 50 mL brine before drying with 

Na2SO4. The solvent was removed by rotary evaporation and the crude reaction mixture 

was purified by silica gel chromatography.232 

4.3.5 Synthesis of Starting Materials: 

4-methylpentanamide 

 

To a 100 mL 

oven-dried 

round-bottom flask equipped with a Teflon-coated magnetic stir bar was added 4-methyl 

valeric acid (2.0 mL, 15.90 mmol, 1.0 equiv). The flask was backfilled with N2 three times 

before adding DCM (30 mL, 0.5 M) and cooling to 0 ºC in an ice bath. Oxalyl chloride 

(1.6 mL, 19.08mmol, 1.2 equiv) was then added followed by DMF (3-5 drops). The 

reaction was then allowed to warm to room temperature and stirred for 4 hours. The 

reaction was then concentrated under reduced pressure using rotary evaporation and used 

in the following step without further purification. 



239 

 

To a 250 mL round-bottom flask equipped with a Teflon-coated magnetic stir bar 

was added the crude acid chloride and THF (32 mL, 0.5 M). The flask was cooled to 0 ºC 

in an ice bath and aq. ammonium (28%) (32 mL) was added dropwise. After the addition 

of aq. ammonium, the reaction was stirred for 1 hour and then extracted 3 x 100 mL EtOAc. 

The organic layers were dried with 150 mL brine and then Na2SO4. The solvent was 

removed by rotary evaporation to give the title compound as a white flakey solid (1.65 g, 

14.31 mmol, 90% yield). 

1H NMR (400 MHz, Chloroform-d) δ 6.00 (s, 1H), 5.59 (s, 1H), 2.20 (t, J = 7.8 Hz, 2H), 

1.55 (m, 3H), 0.89 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, Chloroform-d) δ 176.66, 34.44, 34.03, 27.79, 22.34. 

 

4-methylpentan-1-amine 

To a 100 mL oven-dried 

round-bottom flask 

equipped with a Teflon-coated magnetic stir bar was added 4-methylpentanamide (1.65 g, 

14.31 mmol, 1.0 equiv) and THF (48 mL, 0.3 M). The reaction was cooled to 0 ºC and 

LAH (1.03 g, 27.19 mmol, 1.9 equiv) in 250 mg portions. The reaction was then warmed 

to room temperature and stirred overnight. The reaction was cooled to 0 ºC and carefully 

quenched with 1 mL H2O/ 1 g LAH, then 1 mL 1 M NaOH/ 1 g LAH. The reaction was 

stirred for 30 minutes and then filtered and the solvent removed by rotary evaporation to 

give the crude amine (approximately 45% yield), which was used as is in subsequent 

steps.154 
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4.3.6 General Procedures for the Synthesis of Benzamides: 

To a 100 mL 

oven-dried 

round-bottom 

flask equipped with a Teflon-coated magnetic stir bar was added benzoic acid (5.00 mmol, 

1.00 equiv). The flask was backfilled with N2 three times before adding DCM (25 mL, 0.2 

M) and cooling to 0 ºC in an ice bath. Oxalyl chloride (0.55 mL, 6.50 mmol, 1.30 equiv) 

was then added followed by DMF (3-5 drops). The reaction was then allowed to warm to 

room temperature and stirred for 4 hours. The reaction was then concentrated under 

reduced pressure using rotary evaporation. The residue was then taken up in fresh DCM 

(25 ml, 0.2 M) and cooled to 0 ºC. Et3N (0.70 mL, 5.00 mmol, 1.00 equiv) was added 

dropwise followed by amine (5.00 mmol, 1.00 equiv) and DMAP (12 mg, 0.1 mmol, 0.02 

equiv). The reaction was then allowed to warm to room temperature and stirred overnight. 

The reaction was quenched with quenched with 10 mL H2O and 25 mL DCM and the 

organics were washed 2 x 25 mL 1M HCl, 2 x 25 mL 1M NaOH, dried with 25 mL brine, 

and then over Na2SO4. The solvent was removed by rotary evaporation and the crude 

reaction mixture was purified by silica gel chromatography.259 

 

N-hexyl-4-methoxybenzamide (2-91) 

The general procedure for benzamide synthesis coupling 

was followed using 4-methoxybenzoic acid (600 mg, 

3.94 mmol, 1.00 equiv), oxalyl chloride (0.43 mL, 5.13 

mmol, 1.30 equiv), DCM (20 mL, 0.2 M), DMF (3 drops), Et3N (0.55 mL, 3.94 mmol, 1.00 
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equiv), n-hexylamine (0.52 mL, 3.94 mmol, 1.00 equiv) and DMAP (10 mg, 0.10 mmol, 

0.02 equiv). Purification by aqueous work-up gave the title compound as a white solid (870 

mg, 3.70 mmol, 94% yield over two steps). The spectral data matches that previously 

reported in the literature. 

Rf: 0.20 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.72 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 

6.02 (s, 1H), 3.84 (s, 3H), 3.43 (q, J = 6.7 Hz, 2H), 1.60 (p, J = 7.2 Hz, 2H), 1.53 – 1.19 

(m, 6H), 1.06 – 0.79 (t, J = 6.5 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 167.12, 162.04, 128.73, 127.26, 113.70, 55.43, 

40.15, 31.62, 29.79, 26.78, 22.65, 14.10. 

 

N-hexylbenzamide 

To a 100 mL oven-dried round-bottom flask equipped with a 

Teflon-coated magnetic stir bar under N2 was added 

benzoylchloride (1 mL, 8.60 mmol, 1.00 equiv) and DCM (25 ml, 0.2 M). The flask was 

cooled to 0 ºC and Et3N (1.20 mL, 8.60 mmol, 1.00 equiv) was added dropwise followed 

by n-hexylamine (1.14 mL, 8.60 mmol, 1.00 equiv) and DMAP (20 mg, 0.17 mmol, 0.02 

equiv). The reaction was then allowed to warm to room temperature and stirred overnight. 

The reaction was quenched with quenched with 10 ml H2O and 25 mL DCM and the 

organics were washed 2 x 25 mL 1M HCl, 2 x 25 mL 1M NaOH, dried with 25 mL brine, 

and then over Na2SO4. The solvent was removed by rotary evaporation and the crude 

reaction mixture was purified by silica gel chromatography (100% hexanes to 80:20 
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hexanes/EtOAc) to give the title compound as a white solid (1.628 g, 7.91 mmol, 92% 

yield). 

Rf: 0.15 (80:20 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.76 (d, J = 7.3 Hz, 2H), 7.61 – 7.38 (m, 3H), 6.09 

(s, 1H), 3.46 (q, J = 6.7 Hz, 2H), 1.61 (h, J = 7.2 Hz, 2H), 1.48 – 1.16 (m, 6H), 0.95 – 0.84 

(t, J = 6.5 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 167.64, 134.89, 131.17, 128.40, 126.97, 40.17, 

31.54, 29.64, 26.71, 22.58, 14.03. 

 

N-hexyl-4-methylbenzamide 

The general procedure for benzamide synthesis coupling 

was followed using 4-methylbenzoic acid (681 mg, 5.00 

mmol, 1.00 equiv), oxalyl chloride (0.55 mL, 6.50 mmol, 1.30 equiv), DCM (25 mL, 0.2 

M), DMF (3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 equiv), n-hexylamine (0.66 mL, 5.00 

mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 equiv). Purification by silica gel 

chromatography (80:20 hexanes/EtOAc) gave the title compound as a white solid (1.024 

g, 4.65 mmol, 93% yield over two steps). 

Rf: 0.25 (80:20 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.65 (s, 1H), 7.21 (d, J = 7.8 Hz, 2H), 6.15 (s, 1H), 

3.43 (td, J = 7.3, 5.8 Hz, 2H), 2.38 (s, 3H), 1.59 (p, J = 7.4 Hz, 2H), 1.37 (dq, J = 12.1, 6.9, 

6.5 Hz, 2H), 1.33 – 1.28 (m, 4H), 0.88 (t, J = 6.6 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 167.55, 141.48, 132.05, 129.06, 126.96, 40.11, 

31.56, 29.68, 26.73, 22.59, 21.40, 14.04. 
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N-hexyl-4-(trifluoromethyl)benzamide 

The general procedure for benzamide synthesis coupling 

was followed using 4-trifluoromethylbenzoic acid (500 

mg, 2.63 mmol, 1.00 equiv), oxalyl chloride (0.29 mL, 3.42 mmol, 1.30 equiv), DCM (11 

mL, 0.2 M), DMF (3 drops), Et3N (0.48 mL, 3.42 mmol, 1.00 equiv), n-hexylamine (0.45 

mL, 3.42 mmol, 1.00 equiv) and DMAP (10 mg, 0.1 mmol, 0.02 equiv). Purification by 

aqueous work-up followed by silica gel chromatography (80:20 hexanes/EtOAc) gave the 

title compound as a yellowish crystalline solid (573 mg, 2.74 mmol, 80% yield over two 

steps). 

Rf: 0.20 (80:20 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.87 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 

6.11 (s, 1H), 3.47 (q, J = 6.9 Hz, 2H), 1.63 (p, J = 7.4 Hz, 2H), 1.56 – 1.21 (m, 6H), 0.91 

(t, J = 6.5 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 166.52 (d, J = 3.3 Hz), 138.25, 133.07 (q, J = 32.5 

Hz), 127.51, 125.54 (q, J = 3.8 Hz), 123.77 (q, J = 272.5 Hz), 40.45, 31.58, 29.61, 26.77, 

22.63, 14.04. 

19F NMR (471 MHz, Chloroform-d) δ -63.05. 

 

4-chloro-N-hexylbenzamide  

The general procedure for benzamide synthesis coupling 

was followed using 4-chlorobenzoic acid (783 mg, 5.00 

mmol, 1.00 equiv), oxalyl chloride (0.55 mL, 6.50 mmol, 1.30 equiv), DCM (25 mL, 0.2 
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M), DMF (3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 equiv), n-hexylamine (0.66 mL, 5.00 

mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 equiv). Purification by silica gel 

chromatography (80:20 hexanes/EtOAc) gave the title compound as a white solid (1.079 

g, 4.50 mmol, 93% yield over two steps). 

Rf: 0.20 (80:20 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.69 (d, J = 8.4 Hz, 2H), 7.37 (dd, J = 8.6, 2.3 Hz, 

2H), 6.28 (s, 1H), 3.41 (q, J = 7.5, 6.7 Hz, 2H), 1.59 (p, J = 7.3 Hz, 2H), 1.49 – 1.09 (m, 

6H), 0.87 (t, J = 6.5 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 166.64, 137.51, 133.31, 128.75, 128.46, 40.33, 

31.59, 29.66, 26.77, 22.64, 14.09. 

 

N-hexyl-4-phenoxybenzamide 

The general procedure for benzamide synthesis coupling 

was followed using 4-phenoxybenzoic acid (1.07 g, 5.00 

mmol, 1.00 equiv), oxalyl chloride (0.55 mL, 6.50 mmol, 

1.30 equiv), DCM (25 mL, 0.2 M), DMF (3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 equiv), 

n-hexylamine (0.66 mL, 5.00 mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 

equiv). Purification by silica gel chromatography (90:10 hexanes/EtOAc) gave the title 

compound as a white solid (1.367 g, 4.60 mmol, 92% yield over two steps). 

Rf: 0.20 (90:10 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.75 (dd, J = 13.6, 8.5 Hz, 2H), 7.39 (dt, J = 13.5, 

7.9 Hz, 2H), 7.30 – 7.23 (m, 1H), 7.18 (dt, J = 14.6, 7.4 Hz, 1H), 7.04 (ddd, J = 19.7, 13.3, 
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8.2 Hz, 3H), 6.02 (s, 1H), 3.45 (dp, J = 11.4, 5.9, 4.8 Hz, 2H), 1.77 – 1.51 (m, 2H), 1.44 – 

1.22 (m, 6H), 0.90 (m, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 166.94, 160.32, 156.16, 130.05, 129.44, 128.87, 

124.26, 119.79, 117.89, 40.24, 31.63, 29.79, 26.79, 22.67, 14.13. 

HRMS: (ESI) (m/z): [M+H] calculated for C19H23NO2, 298.1807, found 298.1859. 

 

N-hexyl-2-methylbenzamide (2-161) 

The general procedure for benzamide synthesis coupling was 

followed using 2-methylbenzoic acid (681 mg, 5.00 mmol, 

1.00 equiv), oxalyl chloride (0.55 mL, 6.50 mmol, 1.30 equiv), 

DCM (25 mL, 0.2 M), DMF (3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 equiv), n-

hexylamine (0.66 mL, 5.00 mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 equiv). 

Purification by silica gel chromatography (80:20 hexanes/EtOAc) gave the title compound 

as a white solid (992 mg, 4.50 mmol, 90% yield over two steps). 

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.36 – 7.26 (m, 2H), 7.23 – 7.15 (m, 2H), 5.77 (s, 

1H), 3.41 (dd, J = 7.0, 3.4 Hz, 2H), 2.43 (s, 1H), 1.58 (q, J = 7.1, 6.5 Hz, 2H), 1.35 (m, 

6H), 0.89 (t, J = 6.8 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 170.13, 136.88, 135.83, 130.85, 129.60, 126.65, 

125.62, 39.82, 31.52, 29.64, 26.66, 22.60, 19.71, 14.05. 

 

methyl 3-(hexylcarbamoyl)benzoate 
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The general procedure for benzamide synthesis 

coupling was followed using 3-

(methoxycarbonyl)benzoic acid (900 mg, 5.00 mmol, 

1.00 equiv), oxalyl chloride (0.55 mL, 6.50 mmol, 1.30 equiv), DCM (25 mL, 0.2 M), DMF 

(3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 equiv), n-hexylamine (0.66 mL, 5.00 mmol, 

1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 equiv). Purification by silica gel 

chromatography (70:30 hexanes/EtOAc to 1:1 hexanes/EtOAc) gave the title compound as 

a white solid (1.119 g, 4.25 mmol, 85% yield over two steps). 

Rf: 0.10 (70:30 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 8.34 (s, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.00 (d, J = 

7.8 Hz, 1H), 7.46 (t, J = 7.7 Hz, 1H), 6.57 – 6.34 (m, 1H), 3.89 (s, 3H), 3.42 (d, J = 6.9 Hz, 

2H), 1.58 (q, J = 7.5 Hz, 2H), 1.40 – 1.15 (m, 6H), 0.85 (t, J = 6.5 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.56, 166.47, 135.24, 132.25, 131.89, 130.41, 

128.87, 127.60, 52.42, 40.35, 31.58, 29.67, 26.76, 22.64, 14.11. 

 

N-hexyl-3,4,5-trimethoxybenzamide 

The general procedure for benzamide synthesis 

coupling was followed using 3,4,5-trimethoxybenzoic 

acid (910 mg, 5.00 mmol, 1.00 equiv), oxalyl chloride 

(0.55 mL, 6.50 mmol, 1.30 equiv), DCM (25 mL, 0.2 M), DMF (3 drops), Et3N (0.70 mL, 

5.00 mmol, 1.00 equiv), n-hexylamine (0.66 mL, 5.00 mmol, 1.00 equiv) and DMAP (12 

mg, 0.10 mmol, 0.02 equiv). Purification by aqueous work-up gave the title compound as 

a white solid (1.255 g, 4.25 mmol, 92% yield over two steps). 
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Rf: 0.20 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 6.98 (s, 2H), 6.13 (t, J = 5.6 Hz, 1H), 3.89 (s, 3H), 

3.87 (s, 6H), 3.42 (q, J = 6.8 Hz, 3H), 1.60 (p, J = 7.3 Hz, 2H), 1.48 – 1.19 (m, 6H), 0.88 

(t, J = 6.7 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 167.26, 153.11, 140.61, 130.36, 104.30, 60.90, 

56.23, 40.32, 31.56, 29.69, 26.73, 22.59, 14.07. 

HRMS: (ESI) (m/z): [M+H] calculated for C16H25NO4, 296.1862, found 296.1879. 

 

N-hexyl-3,5-bis(trifluoromethyl)benzamide 

The general procedure for benzamide synthesis coupling 

was followed using 2-methylbenzoic acid (681 mg, 5.00 

mmol, 1.00 equiv), oxalyl chloride (0.55 mL, 6.50 mmol, 

1.30 equiv), DCM (25 mL, 0.2 M), DMF (3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 equiv), 

n-hexylamine (0.66 mL, 5.00 mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 

equiv). Purification by silica gel chromatography (80:20 hexanes/EtOAc) gave the title 

compound as a clear oil (1.280 g, 3.75 mmol, 70% yield over two steps). 

Rf: 0.15 (95:5 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 8.20 (s, 2H), 7.98 (s, 1H), 6.47 (s, 1H), 3.47 (q, J = 

6.6 Hz, 2H), 1.63 (p, J = 7.3 Hz, 2H), 1.51 – 1.17 (m, 6H), 0.88 (t, J = 6.6 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 165.16, 136.95, 132.09 (q, J = 33.9 Hz), 127.55 (q, 

J = 3.8 Hz), 124.98 – 124.63 (m), 123.03 (q, J = 272.9 Hz), 40.76, 31.57, 29.50, 26.79, 

22.61, 13.96. 

19F NMR (471 MHz, Chloroform-d) δ -63.25. 
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N-hexyl-1-methyl-1H-indole-3-carboxamide 

The general procedure for benzamide synthesis coupling 

was followed using 1-methylindole-3-carboxylic acid (876 

mg, 5.00 mmol, 1.00 equiv), oxalyl chloride (0.55 mL, 6.50 

mmol, 1.30 equiv), DCM (25 mL, 0.2 M), DMF (3 drops), Et3N (0.70 mL, 5.00 mmol, 1.00 

equiv), n-hexylamine (0.66 mL, 5.00 mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 

0.02 equiv). Purification by silica gel chromatography (80:20 hexanes/EtOAc) gave the 

title compound as a white solid (1.245 g, 4.80 mmol, 96% yield over two steps). 

Rf: 0.25 (80:20 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.91 (dd, J = 8.2, 3.4 Hz, 1H), 7.65 (s, 1H), 7.36 (d, 

J = 7.9 Hz, 1H), 7.32 – 7.24 (m, 1H), 5.91 (s, 1H), 3.82 (s, 3H), 3.60 – 3.39 (m, 2H), 1.70 

– 1.52 (m, 2H), 1.50 – 1.19 (m, 6H), 0.96 – 0.81 (m, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 165.27, 137.14, 131.95, 125.60, 122.38, 121.25, 

120.34, 110.92, 109.92, 39.55, 33.08, 31.60, 29.98, 26.80, 22.61, 14.07. 

IR (neat, cm-1): 3303, 2951, 2924, 2855, 1608, 1540, 1522, 1461, 1125, 741. 

HRMS: (ESI) (m/z): [M+Na+] calculated for C16H22N2O, 259.1810, found 281.1626. 

 

N-benzylbenzamide (2-162) 

To a 100 mL oven-dried round-bottom flask equipped with a Teflon-

coated magnetic stir bar under N2 was added benzoylchloride (0.5 

mL, 4.30 mmol, 1.00 equiv) and DCM (20 ml, 0.2 M). The flask was 

cooled to 0 ºC and Et3N (0.60 mL, 4.30 mmol, 1.00 equiv) was added dropwise followed 



249 

 

by benzylamine (0.47 mL, 4.30 mmol, 1.00 equiv) and DMAP (12 mg, 0.10 mmol, 0.02 

equiv). The reaction was then allowed to warm to room temperature and stirred overnight. 

The reaction was quenched with quenched with 10 mL H2O and 25 mL DCM and the 

organics were washed 2 x 25 mL 1M HCl, 2 x 25 mL 1M NaOH, dried with 25 mL brine, 

and then over Na2SO4. The solvent was removed by rotary evaporation to give the title 

compound as a white powder (845 mg, 4.00 mmol, 93% yield). 

Rf: 0.15 (90:10 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 7.83 – 7.77 (m, 2H), 7.55 – 7.48 (m, 1H), 7.43 (dd, 

J = 8.2, 6.9 Hz, 2H), 7.36 (d, J = 4.3 Hz, 4H), 7.31 (p, J = 4.6 Hz, 1H), 6.40 (s, 1H), 4.66 

(d, J = 5.6 Hz, 2H). 

13C NMR (126 MHz, Chloroform-d) δ 167.51, 138.36, 134.45, 131.56, 128.79, 128.60, 

127.91, 127.58, 127.10, 44.11. 

 

N-ethylbenzamide (2-163) 

To an oven-dried 100-mL round-bottom flask containing a Teflon-

coated magnetic stir bar and equipped to a reflux condenser was added 

benzamide (500 mg, 4.10 mmol, 1.00 equiv). The flask was backfilled 

with N2 three times before adding cyclopentyl ether (20 mL, 0.2 M) and triethylphosphate 

(2.10 mL, 12.40 mmol, 3.00 equiv). n-BuLi (2.5 M in hexanes) (3.0 mL, 7.40 mmol, 1.80 

equiv) was added dropwise and the reaction was heated to 115 ºC for 24 hours. The reaction 

was carefully quenched with 20 mL brine and then extracted 3 x 30 mL EtOAc. The 

organics were then dried over Na2SO4 and the solvent was removed by rotary evaporation. 

Purification by silica gel chromatography (70:30 hexanes/EtOAc to 1:1 hexanes/EtOAc) 
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gave the title compound as a white sticky solid (274 mg, 1.84 mmol, 45% yield). The 

spectral data matched that previously reported in the literature.260 

Rf: 0.10 (1:1 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 7.76 (d, J = 7.1 Hz, 2H), 7.54 – 7.35 (m, 3H), 6.11 

(s, 1H), 3.51 (qd, J = 7.3, 5.6 Hz, 2H), 1.26 (t, J = 7.3 Hz, 2H). 

13C NMR (126 MHz, Chloroform-d) δ 167.56, 134.62, 128.14, 126.90, 34.74, 14.62. 

 

N-(3-hydroxypropyl)-4-methoxybenzamide 

The general procedure for benzamide synthesis coupling was 

followed using 4-methoxybenzoic acid (5.00 g, 32.86 mmol, 

1.00 equiv), oxalyl chloride (3.62 mL, 42.72 mmol, 1.30 

equiv), DCM (150 mL, 0.2 M), DMF (5 drops), Et3N (4.58 mL, 32.86 mmol, 1.00 equiv), 

3-aminopropane (2.51 mL, 32.86 mmol, 1.00 equiv) and DMAP (80 mg, 0.66 mmol, 0.02 

equiv). The reaction was then allowed to warm to room temperature and stirred overnight. 

The reaction was quenched with quenched with 100 mL H2O and 100 mL DCM the 

organics were washed 2 x 100 mL 1M HCl, 2 x 100 mL 1M NaOH, dried with 150 mL 

brine, and then over Na2SO4. The solvent was removed by rotary evaporation and the crude 

reaction mixture was purified by silica gel chromatography (1:1 hexanes/EtOAc, then 95:5 

DCM/MeOH to 90:10 DCM/MeOH) to give a white powder (1.987 g, 9.53 mmol, 29% 

yield). 

Rf: 0.15 (95:5 DCM/MeOH) 
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1H NMR (400 MHz, Methanol-d4) δ 7.77 (d, J = 8.8 Hz, 2H), 6.96 (dt, J = 9.1, 3.2 Hz, 

2H), 3.82 (s, 3H), 3.63 (t, J = 6.3 Hz, 2H), 3.45 (t, J = 6.9 Hz, 2H), 1.81 (p, J = 6.6 Hz, 

2H). 

13C NMR (176 MHz, Methanol-d4) δ 169.91, 163.82, 130.02, 127.66, 114.67, 60.60, 55.88, 

38.03, 33.29. 

 

N-(3-((tert-butyldimethylsilyl)oxy)propyl)-4-methoxybenzamide 

To an oven-dried 25-mL round-bottom flask containing a Teflon-coated magnetic stir bar 

was added N-(3-hydroxypropyl)-4-methoxybenzamide (300 mg, 1.43 mmol, 1.00 equiv) 

and DCM (7 mL, 0.2 M). TBSCl (215 mg, 1.43 mmol, 1.00 equiv) and imidazole (195 mg, 

2.86 mmol, 2.0 equiv) were added and the reaction was stirred overnight. The reaction was 

quenched with sat. NaHCO3 and extracted 3 x 30 mL DCM. The organics were dried 1 x 

30 mL brine and Na2SO4. The solvent was removed by rotary evaporation and the crude 

reaction mixture was purified by silica gel chromatography (70:30 hexanes/EtOAc) to give 

the product as a white solid (302 mg, 0.930 mmol, 65% yield). 

Rf: 0.45 (1:1 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.72 (d, J = 8.2 Hz, 1H), 6.90 (d, J = 8.0 Hz, 1H), 

6.82 (s, 1H), 3.84 (s, 1H), 3.81 (d, J = 5.5 Hz, 1H), 3.58 (q, J = 5.9 Hz, 1H), 1.83 (p, J = 

5.8 Hz, 1H), 0.90 (s, 5H), 0.08 (s, 2H). 

13C NMR (126 MHz, Chloroform-d) δ 167.02, 161.99, 128.73, 127.30, 113.61, 63.04, 

55.40, 39.09, 31.62, 26.04, 18.45, -5.27. 

HRMS: (ESI) (m/z): [M+H] calculated for C17H29NO3Si, 324.1995, found 324.2050. 
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N-(3-chloropropyl)-4-methoxybenzamide 

To an oven-dried 25-mL round-bottom flask containing a Teflon-coated magnetic stir bar 

was added N-(3-hydroxypropyl)-4-methoxybenzamide (300 mg, 1.43 mmol, 1.00 equiv). 

The flask was backfilled with N2 three times before adding toluene (7 mL, 0.2 M) and 

SOCl2 (0.31 mL, 4.29 mmol, 3.00 equiv). The reaction was heated to 60 ºC and stirred for 

1 hour. The reaction was carefully quenched with sat. NaHCO3 and H2O and extracted 3 x 

30 mL DCM. The organics were dried 1 x 30 mL brine and Na2SO4. The solvent was 

removed by rotary evaporation and the crude reaction mixture was purified by silica gel 

chromatography (1:1 hexanes/EtOAc to 90:10 DCM/MeOH) to give the product as a white 

powder (151 mg, 0.658 mmol, 46% yield). 

Rf: 0.2 (1:1 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.73 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 

6.25 (s, 1H), 3.85 (s, 3H), 3.63 (m, 4H), 2.12 (p, J = 6.5 Hz, 2H). 

13C NMR (126 MHz, Chloroform-d) δ 167.42, 162.28, 128.81, 126.75, 113.83, 55.50, 

42.87, 37.68, 32.26. 

HRMS: (ESI) (m/z): [M+H] calculated for C11H14ClNO2, 228.0791, found 228.0788. 

 

3-(4-methoxybenzamido)propyl acetate 
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To a 25 mL oven-dried round-bottom flask equipped with a Teflon-coated magnetic stir 

bar was added N-(3-hydroxypropyl)-4-methoxybenzamide (300 mg, 1.43 mmol, 1.00 

equiv). The flask was backfilled with N2 three times before adding DCM (7 mL, 0.2 M) 

and cooling to 0 ºC in an ice bath. Acetyl chloride (0.11 mL, 1.57 mmol, 1.10 equiv) was 

then added followed by pyridine (0.17 mL, 2.14 mmol, 1.50 equiv). The reaction was then 

allowed to warm to room temperature and stirred overnight. The reaction was quenched 

with water and extracted 3 x 20 mL DCM, washed 1 x 40 mL brine, then the organics were 

dried over Na2SO4. The solvent was removed by rotary evaporation and the crude reaction 

mixture was purified by silica gel chromatography (1:1 hexanes/EtOAc to 100% EtOAc) 

to give the title compound as an off-white solid (252 mg, 1.00 mmol, 70% yield).261 

Rf: 0.10 (1:1 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.75 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 

6.47 (s, 1H), 4.22 (t, J = 6.0 Hz, 2H), 3.85 (s, 3H), 3.50 (q, J = 6.4 Hz, 2H), 2.08 (s, 3H), 

1.94 (p, J = 6.3 Hz, 2H). 

13C NMR (126 MHz, Chloroform-d) δ 171.54, 167.11, 162.20, 128.75, 126.88, 113.78, 

62.16, 55.46, 36.71, 28.89, 21.05. 

IR (neat, cm-1): 3324, 2970, 2898, 2845, 1723, 1652, 1627, 1606, 1505, 1475, 1246, 1189, 

1021, 849. 

HRMS: (ESI) (m/z): [M+H] calculated for C13H17NO4, 252.1236, found 252.1231. 

 

N-hexyl-4-methoxy-N-methylbenzamide (2-153) 
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To an oven-dried 25-mL round-bottom flask containing a Teflon-coated magnetic stir bar 

and equipped to a reflux condenser was added 2-91 (348 mg, 1.48 mmol, 1.00 equiv). The 

flask was backfilled with N2 three times before adding THF (5 mL, 0.2 M) and NaH (60% 

in mineral oil) (89 mg, 2.21 mmol, 1.50 equiv). MeI (1.8 mL, 2.96 mmol, 2.00 equiv) was 

added dropwise and the reaction was stirred at room temperature for 24 hours. The reaction 

was carefully quenched with 10 mL brine and then extracted 3 x 30 mL EtOAc. The 

organics were then dried over Na2SO4 and the solvent was removed by rotary evaporation. 

Purification by silica gel chromatography (80:20 hexanes/EtOAc) gave the title compound 

as a yellow oil (219 mg, 0.873 mmol, 59% yield). Rotamers caused line broadening of the 

methyl and alkyl chain in the proton NMR spectra as well as unresolved peaks in the carbon 

NMR despite heating to 52 ºC.262 

Rf: 0.20 (80:20 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 7.36 (d, J = 8.2 Hz, 3H), 6.90 (d, J = 8.7 Hz, 2H), 

3.83 (s, 3H), 3.45 (br s, 1H), 3.27 (br s, 1H), 3.01 (br s, 3H), 1.73 – 1.46 (br m, 2H), 1.38 

– 1.08 (br m, 6H), 0.86 (br s, 3H). 

13C NMR (100 MHz, Chloroform-d, 52 ºC) δ 160.58, 129.34, 128.80, 113.72, 55.37, 

31.53, 27.77, 26.40, 22.57, 13.96. 

HRMS: (ESI) (m/z): [M+H] calculated for C15H23NO2, 250.1807, found 250.1875. 
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4.3.7 Controls and Additive Screening: 

 

 

Figure 4-12 Controls for α-arylation of benzamides. 

Figure 4-13 Evaluation of sub-stoichiometric additives. PIFA= [Bis(trifluoroacetoxy)iodo]benzene 

Figure 4-11 Evaluation of different aryl sources in the α-arylation of benzamides. 
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Figure 4-15 Examination of different bases in the α-arylation of benzamides. 

Figure 4-14 Attempted trapping of carbocation or radical intermediates. 
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Figure 4-16 Evaluation of different solvents in the α-arylation of benzamides. 
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4.3.8 UV-Vis Data:  

 

4.3.9 General Procedures for the -Arylation of Benzamides: 

To an oven-dried 1 dram vial equipped with a Teflon-coated magnetic stir bar in a 

N2 filled glovebox was added [Ir(FCF3(CF3)ppy)2(4,4’-di-t-bubpy)]PF6 (PC6) (5.1mg, 
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Figure 4-18 UV-Vis of 2-160. 

Figure 4-17 UV-Vis of PC1 with and without 2-160. 
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0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 mg, 0.01 mmol, 0.05 equiv), bisoxazoline 

(BiOx) (1.4 mg, 0.01 mmol, 0.05 equiv), K3PO4 (85 mg, 0.4 mmol, 2.0 equiv), and 

benzamide (0.2 mmol, 1.00 equiv) were combined and suspended in 1.0 mL of dry, 

degassed EtOAc at room temperature. The mixture was stirred for 10 minutes before 

adding aryl bromide (1.5 mmol, 7.50 equiv). The vial was sealed with a Teflon cap before 

removing from the glovebox. The reaction was stirred at 900 rpm overnight in a 

recrystallization dish filled with water (for cooling) and irradiated with a 34 W blue LED 

lamp placed 1 cm away. Upon completion, the reaction mixture was quenched with 1 mL 

EtOAc and run through a silica gel plug with 5 mL EtOAc. The solvent was removed by 

rotary evaporation and the crude reaction mixture was purified by silica gel 

chromatography. 

 

N-(hydroxymethyl)-4-methoxybenzamide (2-95) 

1H NMR (300 MHz, CDCl3): δ (ppm) = 3.67-3.77 (bm, 1H), 3.85 

(s, 3H), 4.94 (t, 2H, J = 6.79 Hz), 6.92 (d, 2H, J = 8.30 Hz), 7.12 

(bs, 2H), 7.76 (d, 2H, J = 9.06 Hz).  

13C NMR (75 MHz, CDCl3 + DMSO-d6): δ (ppm) = 54.5, 63.4, 112.6, 125.7, 128.4, 161.3, 

166.5.  

HRMS: (ESI) (m/z): calculated for C9H11O3N (M+ + Na) 204.06328, found 204.06325 

 

4-methoxy-N-(1-phenylhexyl)benzamide (2-96) 
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The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx 

(1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1.0 mL EtOAc. Analysis by GCFID 

using tridecane as an internal standard showed 56% yield of the desired product. 

Purification by silica gel chromatography (70:30 hexanes/EtOAc) gave the title compound 

as a white solid (32.0 mg, 0.102 mmol, 51% yield). 

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.73 (d, J = 8.5 Hz, 2H), 7.49 – 7.14 (m, 5H), 6.91 

(d, J = 8.6 Hz, 2H), 6.21 (d, J = 8.1 Hz, 1H), 5.15 (q, J = 7.6 Hz, 1H), 3.84 (s, 3H), 2.01 – 

1.76 (m, 2H), 1.50 – 1.20 (m, 6H), 0.86 (t, J = 6.8 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 166.27, 162.28, 142.74, 128.83 (two overlapping 

peaks), 127.46, 127.12, 126.78, 113.87, 55.58, 53.96, 36.45, 31.75, 26.13, 22.65, 14.16. 

IR (neat, cm-1): 3317, 2953, 2931, 2855, 1623, 1609, 1505, 1259, 1025, 843, 701. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H25NO2, 312.1963, found 312.1994. 

 

4-methoxy-N-(1-(4-(trifluoromethyl)phenyl)hexyl)benzamide (2-97) 

The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx 
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(1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 4-

bromobenzotrifluoride (210 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by 

silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title compound as a 

white solid (40.5 mg, 0.106 mmol, 53% yield) and recovered 2-91 (18.0 mg, 0.076 mmol, 

38% recovery). 

Rf: 0.40 (70:30 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.85 (d, J = 8.0 Hz, 2H), 7.77 – 7.57 (m, 2H), 7.28 

(q, J = 4.5 Hz, 1H), 6.45 (d, J = 7.9 Hz, 1H), 5.15 (q, J = 7.7 Hz, 1H), 2.04 – 1.82 (m, 2H), 

1.44 – 1.14 (m, 8H), 0.86 (t, J = 6.7 Hz, 3H). 

13 C NMR (126 MHz, Chloroform-d) δ 166.54, 162.45, 147.07, 129.94, 129.68, 129.42, 

129.16, 128.90, 127.50, 127.50, 127.01, 126.64, 125.72, 125.69, 125.66, 125.34, 123.18, 

121.01, 113.91, 55.54, 53.77, 36.38, 31.64, 26.08, 22.60, 14.10. 

19F NMR (377 MHz, Chloroform-d) δ -62.50. 

IR (neat, cm-1): 3306, 2954, 2868, 1628, 1606, 1540, 1505, 1326, 1253, 1116, 1068, 847. 

HRMS: (ESI) (m/z): [M+H] calculated for C21H24F3NO2, 380.1837, found 380.1893. 

 

4-methoxy-N-(1-(p-tolyl)hexyl)benzamide (2-98) 

The general procedure for the -arylation of benzamides 

was followed using 2-98 (24 mg, 0.100 mmol, 1.00 

equiv), PC6 (2.5 mg, 0.002 mmol, 0.02 equiv), 

NiCl2•DME (1.1 mg, 0.005 mmol, 0.05 equiv), i-PrBiOx 

(1.1 mg, 0.005 mmol, 0.05 equiv), K3PO4 (43 mg, 0.200 mmol, 2.00 equiv), and 4-

methylbromobenzene (92.3 uL, 0.750 mmol, 7.50 equiv) in 0.5 mL EtOAc/DMAc (9:1). 
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Purification by silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title 

compound as a white solid (16.6 mg, 0.051 mmol, 51% yield). 

Rf: 0.45 (70:30 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.73 (d, J = 6.6 Hz, 2H), 7.25 (d, J = 6.8 Hz, 2H), 

7.15 (d, J = 7.3 Hz, 2H), 6.89 (d, J = 7.7 Hz, 2H), 6.31 (d, J = 7.9 Hz, 1H), 5.11 (q, J = 7.9 

Hz, 1H), 3.83 (s, 3H), 2.33 (s, 3H), 2.02 – 1.71 (m, 2H), 1.52 – 1.08 (m, 6H), 0.87 (t, J = 

6.6 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 166.22, 162.18, 139.75, 137.00, 129.44, 128.81, 

127.17, 126.69, 113.77, 55.49, 53.70, 36.35, 31.74, 26.14, 22.63, 21.19, 14.14. 

IR (neat, cm-1): 3299, 2926, 2856, 1626, 1606, 1503, 1251, 1175, 1030, 842. 

HRMS: (ESI) (m/z): [M+H] calculated for C21H27NO2, 326.2120, found 326.2132. 

 

4-methoxy-N-(1-(o-tolyl)hexyl)benzamide (2-99) 

The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx 

(1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 2-

methylbromobenzene (180 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by 

silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title compound as a 

white solid (21.4 mg, 0.066 mmol, 33% yield) and recovered 2-91 (35.7 mg, 0.152 mmol, 

76% recovery). 

Rf: 0.40 (70:30 hexanes/EtOAc) 
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1H NMR (400 MHz, Chloroform-d) δ 7.70 (d, J = 9.0 Hz, 2H), 7.28 (d, J = 7.4 Hz, 2H), 

7.23 – 7.10 (m, 3H), 6.88 (d, J = 8.8 Hz, 2H), 6.17 (d, J = 8.1 Hz, 1H), 5.36 (q, J = 7.6 Hz, 

1H), 3.81 (s, 3H), 2.43 (s, 3H), 1.84 (tdd, J = 15.3, 11.3, 5.7 Hz, 1H), 1.28 (p, J = 11.8 Hz, 

6H), 0.84 (t, 6.6 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 166.12, 162.24, 140.89, 136.44, 130.89, 128.79, 

127.26, 127.03, 126.40, 125.04, 113.84, 55.54, 50.03, 36.20, 31.84, 26.20, 22.67, 19.63, 

14.18. 

HRMS: (ESI) (m/z): [M+H] calculated for C21H27NO2, 326.2120, found 326.2125. 

 

4-methoxy-N-(1-(3-methoxyphenyl)hexyl)benzamide (2-100) 

The general procedure for the -arylation of benzamides 

was followed 2-91 (47 mg, 0.200 mmol, 1.00 equiv), 

PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 

mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 

mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and methyl-3-bromoanisole 

(190 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel 

chromatography (99:1 DCM/acetone to 97:3 DCM/acetone) gave the title compound as a 

white solid (28.9 mg, 0.084 mmol, 42% yield) and recovered 2-91 (20.7 mg, 0.088 mmol, 

44% recovery). 

Rf: 0.20 (99:1 DCM/acetone) 

1H NMR (700 MHz, Chloroform-d) δ 7.73 (d, J = 8.7 Hz, 2H), 7.34 – 7.18 (m, 1H), 7.01 

– 6.91 (m, 1H), 6.91 – 6.83 (m, 3H), 6.80 (d, J = 8.3 Hz, 1H), 6.26 (d, J = 8.2 Hz, 1H), 
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5.11 (q, J = 7.6 Hz, 1H), 3.83 (s, 2H), 3.80 (s, 3H), 1.99 – 1.78 (m, 2H), 1.44 – 1.16 (m, 

6H), 0.86 (t, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.28, 162.26, 159.95, 144.44, 129.83, 128.82, 

127.08, 119.02, 113.84, 112.84, 112.50, 55.44 (d, J = 30.3 Hz), 53.97, 36.44, 31.74, 26.12, 

22.64, 14.16. 

HRMS: (ESI) (m/z): [M+H] calculated for C21H27NO3, 342.2069, found 342.2095. 

 

N-(1-(4-((tert-butyldimethylsilyl)oxy)phenyl)hexyl)-4-methoxybenzamide (2-101) 

The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 

mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and (4-

bromophenoxy)(tert-butyl)dimethylsilane (431 mg, 1.500 mmol, 7.50 equiv) in 1 mL 

EtOAc. Purification by silica gel chromatography (25:75 Et2O/hexanes to 1:1 

Et2O/hexanes) gave the title compound as a clear oil (23.6 mg, 0.054 mmol, 27% yield) 

and recovered 2-91 (32.1 mg, 0.136 mmol, 68% recovery). 

Rf: 0.25 (25:75 Et2O/hexanes) 

1H NMR (700 MHz, Chloroform-d) δ 7.72 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 8.2 Hz, 2H), 

6.90 (d, J = 8.8 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 6.18 (d, J = 8.2 Hz, 1H), 5.09 (q, J = 7.6 

Hz, 1H), 3.83 (s, 3H), 1.94 – 1.78 (m, 2H), 1.39 – 1.23 (m, 6H), 0.97 (s, 9H), 0.85 (t, J = 

6.9 Hz, 3H), 0.18 (s, 6H). 
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13C NMR (176 MHz, Chloroform-d) δ 166.18, 162.21, 154.95, 135.34, 128.80, 127.86, 

127.22, 120.24, 113.83, 55.53, 53.37, 36.33, 31.74, 26.12, 25.81, 22.65, 18.31, 14.15, -4.27 

(d, J = 1.4 Hz). 

HRMS: (ESI) (m/z): [M+H] calculated for C26H39NO3Si, 442.2777, found 442.2788. 

 

methyl 3-(1-(4-methoxybenzamido)hexyl)benzoate (2-102) 

 

The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx 

(1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and methyl-

3-bromobenzoate (323 mg, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica 

gel chromatography (100% hexanes to 80:20 hexanes/EtOAc) gave the title compound as 

a white solid (36.3 mg, 0.098 mmol, 49% yield) and recovered 2-91 (13.4 mg, 0.056 mmol, 

28% recovery). 

Rf: 0.20 (2.5:97.5 acetone/DCM) 

1H NMR (700 MHz, Chloroform-d) δ 8.02 (s, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.79 – 7.65 

(m, 2H), 7.54 (d, J = 7.8 Hz, 1H), 7.38 (t, J = 7.7 Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H), 6.45 

(d, J = 7.9 Hz, 1H), 5.16 (q, J = 7.5 Hz, 1H), 3.89 (s, 3H), 3.82 (s, 3H), 1.95 – 1.81 (m, 

2H), 1.45 – 1.22 (m, 6H), 0.84 (t, J = 6.8 Hz, 3H). 
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13C NMR (176 MHz, Chloroform-d) δ 167.12, 166.41, 162.31, 143.49, 131.83, 130.62, 

128.88, 128.79, 128.59, 127.44, 126.80, 55.51, 53.78, 52.24, 36.46, 31.63, 29.39, 26.11, 

22.59, 14.10.  

IR (neat, cm-1): 3300, 2931, 2857, 1719, 1629, 1606, 1502, 1251, 1176, 1029, 843. 

HRMS: (ESI) (m/z): [M+H] calculated for C22H27NO4, 370.2018, found 370.1994 

 

N-(1-(4-(N,N-dimethylsulfamoyl)phenyl)hexyl)-4-methoxybenzamide (2-103) 

The general procedure for the -arylation of benzamides was followed using 2-91 (23 mg, 

0.100 mmol, 1.00 equiv), PC1 (2.2 mg, 0.004 mmol, 

0.02 equiv), NiCl2•DME (1.1 mg, 0.010 mmol, 0.05 

equiv), b-PrBiOx (1.1 mg, 0.010 mmol, 0.05 equiv), 

K3PO4 (43 mg, 0.200 mmol, 2.00 equiv), and 4-bromo-

N,N-dimethylbenzenesulfonamide (212 mg, 0.750 

mmol, 7.50 equiv) in 0.5 mL EtOAc. Purification by silica gel chromatography (70:30 

hexanes/EtOAc to 100% EtOAc) gave the title compound as a white solid (22.1 mg, 0.053 

mmol, 53% yield). 

Rf: 0.15 (1:1 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.76 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H), 

7.50 (d, J = 8.0 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H), 6.59 (d, J = 7.9 Hz, 1H), 5.18 (q, J = 7.5 

Hz, 1H), 3.82 (s, 3H), 2.68 (s, 6H), 1.86 (tt, J = 8.8, 4.2 Hz, 2H), 1.51 – 1.17 (m, 6H), 0.85 

(t, J = 6.7 Hz, 4H). 

13C NMR (126 MHz, Chloroform-d) δ 166.59, 162.46, 148.42, 134.34, 128.94, 128.15, 

127.28, 126.46, 113.89, 55.54, 53.62, 37.99, 36.37, 31.56, 26.07, 22.55, 14.08. 



267 

 

HRMS: (ESI) (m/z): [M+H] calculated for C22H30N2O4S, 419.2004, found 419.2014. 

 

4-methoxy-N-(1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)hexyl)benzamide (2-104) 

The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC6  (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx 

(1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 

mmol, 2.0 equiv), and 2-(4-bromophenyl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (424 mg, 1.500 mmol, 7.5 equiv) in 1 mL EtOAc. 

Reaction was stopped at 12 hours to avoid Suzuki-Miura coupling of the product with a 

second equivalent of aryl bromide. Purification by silica gel chromatography (90:10 to 

70:30 hexanes/EtOAc) gave the title compound as a white solid (30.5 mg, 0.098 mmol, 

49% yield) and recovered 2-91 (13.1 mg, 0.056 mmol, 28% recovery). 

Rf: 0.25 (70:30 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.78 (d, J = 7.6 Hz, 2H), 7.71 (d, J = 8.3 Hz, 2H), 

7.35 (d, J = 7.5 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 6.40 (d, J = 8.1 Hz, 1H), 5.14 (q, J = 7.8 

Hz, 1H), 3.81 (s, 3H), 1.87 (m, 2H), 1.51 – 1.20 (m, 18H), 0.84 (t, J = 6.6 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.33, 162.18, 145.89, 136.39, 135.28, 128.82, 

126.96, 126.12, 113.76, 83.84, 55.47, 54.05, 36.29, 31.68, 26.06, 24.94, 22.60, 14.13. 

11B NMR (225 MHz, Chloroform-d) δ 30.86. 

IR (neat, cm-1): 3289, 2930, 2858, 1629, 1607, 1503, 1358, 1252, 1143, 1088, 730. 
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HRMS: (ESI) (m/z): [M+H] calculated for C26H36BNO4, 438.2815, found 438.2863. 

 

N-(1-(4-chlorophenyl)hexyl)-4-methoxybenzamide (2-105) 

The general procedure for the -arylation of benzamides 

was followed using 2-91 (47 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 

mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 4-bromo-1-

chlorobenzene (287 mg, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica 

gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title compound as a white 

solid (24.2 mg, 0.070 mmol, 35% yield) and recovered 2-91 (21.5 mg, 0.092 mmol, 46% 

recovery). 

Rf: 0.40 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, J = 8.7 Hz, 2H), 7.37 – 7.23 (m, 4H), 6.90 

(d, J = 8.8 Hz, 2H), 6.15 (d, J = 7.8 Hz, 1H), 5.08 (q, J = 7.5 Hz, 1H), 3.83 (s, 3H), 1.84 

(m, 2H), 1.26 m, 2H), 0.85 (t, J = 6.8 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.36, 162.37, 141.41, 133.06, 128.89, 128.84, 

128.13, 126.82, 113.89, 55.55, 53.42, 36.32, 31.67, 26.07, 22.62, 14.13. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H24ClNO2, 346.1574, found 346.1569. 

 

N-(1-(2-bromophenyl)hexyl)-4-methoxybenzamide (2-106) 
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The general procedure for the -arylation of benzamides 

was followed 2-91 (47 mg, 0.200 mmol, 1.00 equiv), 

PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 

mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 

mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 1,2-dibromobenzene (181 

uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel chromatography 

(90:10 to 80:20 hexanes/EtOAc) gave the title compound as a white solid (61.1 mg, 0.156 

mmol, 78% yield) and recovered 2-91 (5.2 mg, 0.022 mmol, 11% recovery). 

Rf: 0.30 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.76 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 7.9 Hz, 1H), 

7.36 – 7.23 (m, 2H), 7.11 (t, J = 7.9 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 6.54 (d, J = 7.8 Hz, 

1H), 5.41 (q, J = 7.6 Hz, 1H), 3.85 (s, 3H), 1.90 (m, 2H), 1.48 – 1.15 (m, 6H), 0.87 (t, J = 

6.6 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.19, 162.30, 141.72, 133.62, 128.89, 128.74, 

128.38, 127.75, 126.87, 123.08, 113.86, 55.52, 54.27, 35.48, 31.61, 26.25, 22.63, 14.13. 

IR (neat, cm-1): 3304, 2958, 2930, 2857, 1633, 1505, 1250, 1188, 1024, 754. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H24BrNO2, 390.1068, found 390.1078. 

 

N-(1-(furan-3-yl)hexyl)-4-methoxybenzamide (2-107) 

The general procedure for the -arylation of benzamides 

was followed 2-91 (47 mg, 0.200 mmol, 1.00 equiv), 

PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 

mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 
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mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 3-bromofurane (135 uL, 

1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel chromatography (80:20 

hexanes/EtOAc to 70:30 hexanes/EtOAc) gave the title compound as a white solid (14.2 

mg, 0.048 mmol, 24% yield). 

Rf: 0.30 (70:30 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 7.73 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 5.0 Hz, 2H), 

6.91 (d, J = 8.3 Hz, 2H), 6.38 (s, 1H), 6.05 (d, J = 8.6 Hz, 1H), 5.17 (q, J = 7.6 Hz, 1H), 

3.84 (s, 3H), 2.18 – 1.72 (m, 2H), 1.52 – 1.09 (m, 6H), 0.87 (t, J = 5.2 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 166.32, 162.31, 143.47, 139.46, 128.80, 127.12, 

127.02, 113.89, 109.29, 55.55, 45.85, 35.40, 31.73, 25.93, 22.67, 14.16. 

HRMS: (ESI) (m/z): [M+H] calculated for C18H23NO3, 302.1756, found 302.1756. 

 

4-methoxy-N-(1-(thiophen-3-yl)hexyl)benzamide (2-108) 

The general procedure for the -arylation of benzamides 

was followed 2-91 (47 mg, 0.200 mmol, 1.00 equiv), 

PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 

mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 

mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 3-bromothiophene (140 

uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel chromatography 

(100% hexanes to 80:20 hexanes/EtOAc) gave the title compound as a white solid (18.4 

mg, 0.058 mmol, 29% yield) and recovered 2-91 (29.3 mg, 0.126 mmol, 63% recovery). 

Rf: 0.30 (70:30 hexanes/EtOAc) 
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1H NMR (400 MHz, Chloroform-d) δ 7.73 (d, J = 8.7 Hz, 2H), 7.30 (dd, J = 5.0, 3.0 Hz, 

1H), 7.19 (s, 1H), 7.08 (d, J = 5.0 Hz, 1H), 6.92 (d, J = 8.6 Hz, 2H), 6.10 (d, J = 8.6 Hz, 

1H), 5.30 (q, J = 7.8 Hz, 1H), 3.84 (s, 3H), 2.04 – 1.80 (m, 2H), 1.48 – 1.20 (m, 6H), 0.88 

(t, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.25, 162.29, 143.81, 128.83, 127.03, 126.53, 

126.26, 121.17, 113.86, 55.54, 49.50, 35.93, 31.75, 26.01, 22.66, 14.16. 

HRMS: (ESI) (m/z): [M+H] calculated for C18H23NO2S, 318.1527, found 318.1537. 

 

tert-butyl-5-(1-(4-methoxybenzamido)hexyl)-1H-indole-1-carboxylate (2-109) 

The general procedure for the -arylation of benzamides 

was followed 2-91 (47 mg, 0.200 mmol, 1.00 equiv), 

PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 

mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 

mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 5-bromo-N-boc-indole 

(444 mg, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). Purification by silica gel 

chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title compound as a white solid 

(21.7 mg, 0.048 mmol, 24% yield) and recovered 2-91 (34.3 mg, 0.146 mmol, 73% 

recovery). 

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 8.10 (d, J = 8.6 Hz, 1H), 7.72 (d, J = 8.4 Hz, 2H), 

7.66 – 7.51 (m, 2H), 7.31 (d, J = 8.7 Hz, 1H), 6.90 (d, J = 8.5 Hz, 2H), 6.54 (d, J = 3.7 Hz, 

1H), 6.24 (d, J = 8.0 Hz, 1H), 5.22 (q, J = 7.6 Hz, 1H), 3.83 (s, 3H), 2.04 – 1.86 (m, 1H), 

1.66 (s, 9H), 1.29 (m, 6H), 0.85 (t, J = 6.7 Hz, 3H). 
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13C NMR (126 MHz, Chloroform-d) δ 166.22, 162.18, 149.81, 137.13, 134.53, 130.91, 

128.81, 126.47, 123.07, 119.20, 115.48, 113.79 (d, J = 3.6 Hz), 83.82, 55.49, 54.14, 36.54, 

31.76, 28.30, 26.21, 22.64, 14.15. 

HRMS: (ESI) (m/z): [M+H] calculated for C27H34N2O4, 451.2597, found 451.2607. 

 

4-methoxy-N-(1-(6-(trifluoromethyl)pyridin-3-yl)hexyl)benzamide (2-110) 

The general procedure for the -arylation of benzamides 

was followed 2-91 (47 mg, 0.200 mmol, 1.00 equiv), 

PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 

mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 

mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 5- bromo-2-

trifluoromethylpyridine (339 mmg, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). 

Purification by silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title 

compound as a white solid (37.2 mg, 0.098 mmol, 49% yield) and recovered 2-91 (9.0 mg, 

0.038 mmol, 19% recovery). 

Rf: 0.40 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 8.84 (s, 1H), 7.97 – 7.85 (m, 1H), 7.80 (d, J = 8.4 

Hz, 2H), 7.42 (d, J = 8.2 Hz, 1H), 7.24 (s, 1H), 6.93 (d, J = 8.4 Hz, 2H), 5.33 (q, J = 7.3 

Hz, 1H), 3.85 (s, 3H), 1.92 (dd, J = 15.1, 7.5 Hz, 2H), 1.27 (m, 6H), 0.85 (d, J = 6.6 Hz, 

3H). 

13C NMR (100 MHz, Chloroform-d) δ 166.40, 164.62, 162.39, 146.44 (q, J = 4.3 Hz), 

133.89, 128.96, 126.77, 122.18, 113.88, 55.55, 54.34, 36.57, 31.73, 25.45, 22.60, 14.12. 

19F NMR (376 MHz, Chloroform-d) δ -62.33. 
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IR (neat, cm-1): 3293, 2933, 2856, 1633, 1608, 1331, 1257, 1119, 1080, 1018, 853. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H23F3N2O2, 381.1790, found 381.1783. 

 

N-(1-phenylhexyl)benzamide (2-111) 

The general procedure for the -arylation of benzamides was 

followed using N-hexylbenzamide (43 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME 

(2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 mmol, 

0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 

mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). Purification by silica gel chromatography 

(100% hexanes to 85:15 hexanes/EtOAc) gave the title compound as a white solid (22.5 

mg, 0.080 mmol, 40% yield) and recovered N-hexylbenzamide (16.3 mg, 0.080 mmol, 

40% recovery). 

Rf: 0.60 (70:30 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.76 (d, J = 7.6 Hz, 2H), 7.48 (t, J = 7.5 Hz, 1H), 

7.41 (t, J = 7.5 Hz, 2H), 7.38 – 7.31 (m, 5H), 7.27 (d, J = 8.0 Hz, 1H), 6.40 (d, J = 9.2 Hz, 

1H), 5.16 (q, J = 7.7 Hz, 1H), 1.90 (ddt, J = 23.5, 16.9, 8.3 Hz, 2H), 1.33 (q, J = 19.6, 11.8 

Hz, 6H), 0.86 (t, J = 6.3 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 166.79, 142.56, 134.82, 131.53, 128.81, 128.65, 

127.48, 127.03, 126.75, 54.06, 36.38, 31.71, 26.12, 22.63, 14.15. 

 

4-methyl-N-(1-phenylhexyl)benzamide (2-112) 
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The general procedure for the -arylation of benzamides 

was followed using N-hexyl-4-methylbenzamide (44 mg, 

0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 

equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), 

BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel 

chromatography (95:5 to 80:20 hexanes/EtOAc) gave the title compound as a white solid 

(29.7 mg, 0.100 mmol, 50% yield) and recovered N-hexyl-4-methylbenzamide (14.7 mg, 

0.068 mmol, 34% recovery). 

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 7.67 (d, J = 8.1 Hz, 2H), 7.37 – 7.26 (m, 5H), 7.19 

(d, J = 7.7 Hz, 2H), 6.43 (t, J = 7.1 Hz, 1H), 5.16 (q, J = 7.7 Hz, 1H), 2.37 (s, 3H), 1.89 

(dq, J = 15.5, 8.3, 6.7 Hz, 2H), 1.30 (q, J = 10.4, 8.9 Hz, 6H), 0.87 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.71, 142.69, 141.85, 131.92, 129.24, 128.74, 

127.37, 127.03, 126.73, 53.94, 36.37, 31.70, 26.11, 22.61, 21.53, 14.13. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H25NO, 296.2014, found 296.2022. 

 

N-(1-phenylhexyl)-4-(trifluoromethyl)benzamide (2-113) 

The general procedure for the -arylation of benzamides 

was followed using N-hexyl-4-

(trifluoromethyl)benzamide (54 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), 
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K3PO4 (85 mg, 0.400 mmol, 2.0 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.5 

equiv) in 1 mL EtOAc/DMAc (9:1). Purification by silica gel chromatography (90:10 to 

80:20 hexanes/EtOAc) gave the title compound as a white solid (24.1 mg, 0.068 mmol, 

34% yield) and recovered N-hexyl-4-(trifluoromethyl)benzamide (27.4 mg, 0.100 mmol, 

50% recovery). 

Rf: 0.45 (80:20 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.85 (d, J = 8.0 Hz, 2H), 7.75 – 7.42 (m, 2H), 7.35 

(d, J = 4.4 Hz, 4H), 7.28 (q, J = 4.5 Hz, 1H), 6.45 (d, J = 7.9 Hz, 1H), 5.15 (q, J = 7.7 Hz, 

1H), 2.04 – 1.79 (m, 2H), 1.49 – 1.19 (m, 6H), 0.86 (t, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 165.58, 142.14, 138.09, 133.41, 133.15, 128.93, 

127.71, 127.54, 126.76, 125.71 (q, J = 3.6 Hz), 123.78 (q, J = 272.3 Hz), 54.40, 36.26, 

31.68, 26.13, 22.63, 14.13. 

19F NMR (377 MHz, Chloroform-d) δ -63.03. 

IR (neat, cm-1): 3316, 2930, 2858, 1623, 1635, 1548, 1327, 1127, 1067, 860. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H22F3NO, 350.1731, found 350.1745. 

 

4-chloro-N-(1-phenylhexyl)benzamide (2-114) 

The general procedure for the -arylation of benzamides 

was followed using 4-chloro-N-hexylbenzamide (48 mg, 

0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 

equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), 

BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1.0 mL EtOAc. Purification by silica 
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gel chromatography (70:30 hexanes/EtOAc) gave the title compound as a white solid (16.9 

mg, 0.054 mmol, 27% yield) and recovered 4-chloro-N-hexylbenzamide (11.5 mg, 0.048 

mmol, 24% recovery). 

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.70 (d, J = 8.1 Hz, 2H), 7.40 (s, 1H), 7.37 – 7.26 

(m, 5H), 6.26 (d, J = 8.0 Hz, 1H), 5.13 (q, J = 7.7 Hz, 1H), 1.90 (dt, J = 15.8, 9.3 Hz, 2H), 

1.54 – 1.16 (m, 7H), 0.87 (d, J = 7.0 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 165.76, 142.36, 137.74, 133.18, 128.88, 128.86, 

128.50, 127.59, 126.76, 54.24, 36.29, 31.69, 26.13, 22.62, 14.13. 

HRMS: (ESI) (m/z): [M+H] calculated for C19H22ClNO, 316.1468, found 316.1466. 

 

4-phenoxy-N-(1-phenylhexyl)benzamide (2-115) 

The general procedure for the -arylation of benzamides 

was followed N-hexyl-4-phenoxybenzamide (60 mg, 

0.200 mmol, 1.00 equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 

equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), 

BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). Purification 

by silica gel chromatography (100% toluene to 96:4 toluene/Et2O) gave the title compound 

as a white solid (30.1 mg, 0.080 mmol, 40% yield) and recovered N-hexyl-4-

phenoxybenzamide (25.5 mg, 0.086 mmol, 43% recovery). 

Rf: 0.35 (95:5 toluene/Et2O) 
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1H NMR (401 MHz, Chloroform-d) δ 7.74 (d, J = 8.4 Hz, 2H), 7.41 – 7.30 (m, 5H), 7.27 

(d, J = 6.4 Hz, 2H), 7.16 (t, J = 7.5 Hz, 1H), 7.03 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 8.9 Hz, 

2H), 6.27 (d, J = 8.1 Hz, 1H), 5.15 (q, J = 7.6 Hz, 1H), 1.90 (dt, J = 14.9, 8.5 Hz, 2H), 1.55 

– 1.12 (m, 6H), 0.87 (t, J = 6.5 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.11, 160.49, 156.14, 142.59, 130.09, 129.21, 

128.95, 128.84, 127.50, 126.75, 124.32, 119.82, 117.97, 54.06, 36.39, 31.72, 26.13, 22.65, 

14.17. 

HRMS: (ESI) (m/z): [M+H] calculated for C25H27NO2, 374.2120, found 374.2150. 

 

2-methyl-N-(1-phenylhexyl)benzamide (2-116) 

The general procedure for the -arylation of benzamides was 

followed using N-hexyl-2-methylbenzamide (46 mg, 0.200 

mmol, 1.00 equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv),  

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 

0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and bromobenzene (156 

uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). Purification by silica gel 

chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title compound as a white solid 

(18.6 mg, 0.062 mmol, 31% yield) and recovered N-hexyl-2-methylbenzamide (24.0 mg, 

0.110 mmol, 55% recovery). 

Rf: 0.25 (80:20 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.47 – 7.11 (m, 9H), 6.00 (d, J = 8.3 Hz, 1H), 5.15 

(p, J = 7.4 Hz, 1H), 2.39 (s, 2H), 1.86 (p, J = 7.4, 6.8 Hz, 3H), 1.51 – 1.17 (m, 6H), 0.88 

(t, J = 6.4 Hz, 3H). 
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13C NMR (126 MHz, Chloroform-d) δ 169.37, 142.57, 136.78, 136.17, 131.07, 129.89, 

128.81, 128.62, 127.47, 126.66, 125.81, 53.80, 36.44, 31.68, 26.12, 22.66, 19.86, 14.14. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H25NO, 296.2014, found 296.2026. 

 

methyl 3-((1-phenylhexyl)carbamoyl)benzoate (2-117) 

The general procedure for the -arylation of 

benzamides was followed using methyl 3-

(hexylcarbamoyl)benzoate (53 mg, 0.200 mmol, 1.00 

equiv), PC6 (5.1 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), 

K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 

equiv) in 1 mL EtOAc/DMAc (9:1). Purification by silica gel chromatography (70:30 

hexanes/EtOAc) gave the title compound as a white solid (10.5 mg, 0.030 mmol, 15% 

yield) and recovered methyl 3-(hexylcarbamoyl)benzoate (39.0 mg, 0.148 mmol, 74% 

recovery). 

Rf: 0.35 (80:20 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 8.35 (s, 1H), 8.14 (d, J = 7.6 Hz, 1H), 8.03 (d, J = 

7.8 Hz, 1H), 7.51 (t, J = 7.8 Hz, 1H), 7.40 – 7.30 (m, 5H), 7.28 (d, J = 3.1 Hz, 1H), 6.44 

(d, J = 8.2 Hz, 2H), 5.17 (q, J = 7.6 Hz, 2H), 3.93 (s, 3H), 1.93 (dq, J = 16.4, 9.4, 7.1 Hz, 

2H), 1.33 (m, 6H), 0.86 (t, J = 6.7 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.55, 165.69, 142.26, 135.08, 132.52, 132.14, 

130.54, 129.08, 128.91, 127.66, 127.48, 126.84, 54.30, 52.57, 36.26, 31.71, 26.16, 22.65, 

14.17. 



279 

 

HRMS: (ESI) (m/z): [M+H] calculated for C21H25NO3, 340.1912, found 340.1913. 

 

3,4,5-trimethoxy-N-(1-phenylhexyl)benzamide (2-118) 

The general procedure for the -arylation of benzamides 

was followed using N-hexyl-3,4,5-trimethoxybenzamide 

(59 mg, 0.200 mmol, 1.00 equiv), PC6 (5.1 mg, 0.004 

mmol, 0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 

0.05 equiv), BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 

equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). 

Purification by silica gel chromatography (80:20% hexanes/EtOAc) gave the title 

compound as a white solid (33.8 mg, 0.091 mmol, 45% yield) and recovered N-hexyl-

3,4,5-trimethoxybenzamide (16.9 mg, 0.057 mmol, 29% recovery). 

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.61 – 7.18 (m, 5H), 6.98 (d, J = 2.0 Hz, 2H), 6.26 

(d, J = 8.2 Hz, 1H), 5.14 (q, J = 8.6 Hz, 1H), 3.87 (m, 9H), 1.92 (h, J = 8.2, 6.8 Hz, 2H), 

1.52 – 1.14 (m, 6H), 0.87 (t, J = 7.1, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.50, 153.14, 142.58, 140.86, 130.07, 128.67, 

127.36, 126.75, 104.52, 60.91, 56.28, 54.21, 36.09, 31.62, 26.16, 22.56, 14.08. 

HRMS: (ESI) (m/z): [M+H] calculated for C22H29NO4, 372.2175, found 372.2097. 

 

N-(1-phenylhexyl)-3,5-bis(trifluoromethyl)benzamide (2-119) 
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The general procedure for the -arylation of benzamides 

was followed using N-hexyl-3,5-

bis(trifluoromethyl)benzamide (68 mg, 0.200 mmol, 1.00 

equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), 

K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 

equiv) in 1 mL EtOAc. Purification by silica gel chromatography (100% hexanes to 95:5 

hexanes/EtOAc) gave the title compound as a clear sticky oil (53.3 mg, 0.128 mmol, 64% 

yield) and recovered N-hexyl-3,5-bis(trifluoromethyl)benzamide (21.5 mg, 0.062 mmol, 

31% recovery). 

Rf: 0.35 (95:5 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 8.18 (s, 2H), 7.98 (s, 1H), 7.36 (d, J = 4.3 Hz, 4H), 

7.30 (m, 1H), 6.52 (d, J = 8.0 Hz, 1H), 5.15 (q, J = 7.7 Hz, 1H), 2.04 – 1.79 (m, 2H), 1.34 

(m, 6H), 0.87 (t, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 163.89, 141.66, 136.83, 132.31 (q, J = 33.8 Hz), 

129.03, 127.94, 127.58 – 126.91 (m), 126.88, 125.48 – 124.80 (m), 124.11, 121.94, 54.80, 

35.99, 31.65, 26.15, 22.61, 14.12. 

19F NMR (471 MHz, Chloroform-d) δ -62.93. 

IR (neat, cm-1): 3296, 2931, 2860, 1639, 1615, 1545, 1275, 1176, 1131, 1109, 907. 

HRMS: (ESI) (m/z): [M+H] calculated for C21H21F6NO, 418.1605, found 418.1621. 
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1-methyl-N-(1-phenylhexyl)-1H-indole-3-carboxamide (2-120) 

The general procedure for the -arylation of benzamides 

was followed N-hexyl-1-methyl-1H-indole-3-carboxamide 

(52 mg, 0.200 mmol, 1.00 equiv), PC6 (5.1 mg, 0.004 

mmol, 0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 

equiv), BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), 

and bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc/DMAc (9:1). 

Purification by silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title 

compound as a white solid (27.4 mg, 0.082 mmol, 41% yield) and recovered N-hexyl-1-

methyl-1H-indole-3-carboxamide (16.8 mg, 0.066 mmol, 33% recovery). 

Rf: 0.15 (70:30 hexanes/EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 7.5 Hz, 1H), 7.63 (s, 1H), 7.31 (m, 8H), 

6.18 (d, J = 8.2 Hz, 1H), 5.22 (q, J = 7.6 Hz, 1H), 3.77 (s, 3H), 1.92 (m, 2H), 1.51 – 1.15 

(m, 6H), 0.85 (t, J = 6.8 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 164.46, 143.21, 137.37, 132.53, 128.76, 127.26, 

126.75, 125.42, 122.60, 121.54, 120.11, 111.07, 110.23, 53.41, 36.77, 33.35, 31.79, 26.17, 

22.66, 14.16. 

IR (neat, cm-1): 3288, 2953, 2930, 2858, 1724, 1635, 1482, 1261, 730. 

HRMS: (ESI) (m/z): [M+H] calculated for C22H26N2O, 335.2123, found 335.2167. 

  

N-benzhydrylbenzamide (2-121) 
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The general procedure for the -arylation of benzamides was 

followed using N-benzylbenzamide (42 mg, 0.200 mmol, 1.00 

equiv), PC1 (2.2 mg, 0.002 mmol, 0.01 equiv), NiCl2•DME (4.4 mg, 

0.020 mmol, 0.10 equiv), BiOx (2.8 mg, 0.020 mmol, 0.10 equiv), 

K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 

equiv) in 1.0 mL DMAc. Purification by silica gel chromatography (100% hexanes to 90:10 

hexanes/EtOAc) gave the title compound as a white solid (24.1 mg, 0.068 mmol, 18% 

yield). 

Rf: 0.25 (80:20 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.88 – 7.79 (m, 2H), 7.53 – 7.48 (m, 1H), 7.44 (td, 

J = 7.8, 1.9 Hz, 2H), 7.39 – 7.34 (m, 5H), 7.34 – 7.27 (m, 5H), 6.73 (d, J = 7.9 Hz, 1H), 

6.46 (d, J = 7.8 Hz, 1H). 

13C NMR (176 MHz, Chloroform-d) δ 166.61, 141.56, 134.34, 131.82, 128.87, 128.75, 

127.70, 127.63, 127.18, 57.57. 

 

N-(1-phenylethyl)benzamide (2-122) 

The general procedure for the -arylation of benzamides was followed 

using N-ethylbenzamide (32 mg, 0.200 mmol, 1.00 equiv), PC6 (5.1 

mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 

equiv), BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 

mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL 

EtOAc/DMAc (9:1). Purification by silica gel chromatography (80:20 hexanes/EtOAc) 

gave the title compound as a white solid (18.9 mg, 0.084 mmol, 42% yield). 
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Rf: 0.40 (70:30 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.79 – 7.75 (m, 2H), 7.48 (t, J = 7.5 Hz, 1H), 7.40 

(dd, J = 14.2, 7.5 Hz, 3H), 7.35 (t, J = 7.6 Hz, 3H), 7.28 (d, J = 7.5 Hz, 1H), 6.48 (d, J = 

11.1 Hz, 1H), 5.34 (p, J = 7.1 Hz, 1H), 1.60 (d, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.69, 143.25, 134.67, 131.55, 128.83, 128.63, 

127.53, 127.05, 126.36, 49.31, 21.84. 

 

N-(3-((tert-butyldimethylsilyl)oxy)-1-phenylpropyl)-4-methoxybenzamide (2-123) 

The general procedure for the -arylation of benzamides 

was followed using N-(3-((tert-

butyldimethylsilyl)oxy)propyl)-4-methoxybenzamide (32 

mg, 0.100 mmol, 1.00 equiv), PC1 (2.2 mg, 0.002 mmol, 

0.02 equiv), NiCl2•DME (1.1 mg, 0.005 mmol, 0.05 equiv), BiOx (0.7 mg, 0.005 mmol, 

0.05 equiv), K3PO4 (43 mg, 0.200 mmol, 2.00 equiv), and bromobenzene (78 uL, 0.750 

mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel chromatography (80:20 to 

70:30 hexanes/EtOAc) gave the title compound as a white solid (13.8 mg, 0.035 mmol, 

35% yield) and recovered N-(3-((tert-butyldimethylsilyl)oxy)propyl)-4-

methoxybenzamide (8.9 mg, 0.028 mmol, 28% recovery). 

Rf: 0.30 (70:30 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.78 (d, J = 8.6 Hz, 2H), 7.65 (d, J = 7.0 Hz, 1H), 

7.37 – 7.28 (m, 3H), 7.23 (d, J = 6.4 Hz, 1H), 6.90 (d, J = 8.3 Hz, 2H), 5.36 (q, J = 6.3 Hz, 

1H), 3.84 (s, 3H), 3.76 – 3.38 (m, 2H), 2.20 (ddt, J = 13.8, 9.0, 4.6 Hz, 1H), 2.02 (dq, J = 

15.1, 4.7 Hz, 1H), 0.90 (s, 9H), 0.06 (d, J = 11.2 Hz, 6H). 
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13C NMR (126 MHz, Chloroform-d) δ 166.29, 162.17, 142.09, 128.96, 128.54, 127.21, 

127.03, 126.38, 113.67, 61.00, 55.49, 53.05, 38.07, 26.12, 18.57, -5.24 (d, J = 2.7 Hz). 

HRMS: (ESI) (m/z): [M+H] calculated for C23H33NO3Si, 400.2308, found 400.2296. 

 

N-(3-chloro-1-phenylpropyl)-4-methoxybenzamide (2-124) 

The general procedure for the -arylation of benzamides was 

followed using N-(3-chloropropyl)-4-methoxybenzamide (23 

mg, 0.100 mmol, 1.00 equiv), PC1 (2.2 mg, 0.002 mmol, 

0.02 equiv), NiCl2•DME (1.1 mg, 0.005 mmol, 0.05 equiv), 

BiOx (0.7 mg, 0.005 mmol, 0.05 equiv), K3PO4 (43 mg, 0.200 mmol, 2.00 equiv), and 

bromobenzene (78 uL, 0.750 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel 

chromatography (80:20 to 70:30 hexanes/EtOAc) gave the title compound as a white solid 

(13.5 mg, 0.044 mmol, 44% yield) and recovered N-(3-chloropropyl)-4-

methoxybenzamide (7.5 mg, 0.035 mmol, 35% recovery). 

Rf: 0.60 (1:1 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.74 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 4.4 Hz, 4H), 

7.30 (dt, J = 8.8, 4.3 Hz, 1H), 6.91 (d, J = 8.9 Hz, 2H), 6.48 (dd, J = 16.7, 8.1 Hz, 1H), 

5.38 (q, J = 7.5 Hz, 1H), 3.84 (s, 3H), 3.57 (dt, J = 11.1, 6.8 Hz, 1H), 3.51 (dt, J = 11.1, 

6.8 Hz, 1H), 2.46 (dq, J = 14.2, 7.0 Hz, 1H), 2.35 (dq, J = 13.7, 6.8 Hz, 1H). 

13C NMR (176 MHz, Chloroform-d) δ 166.39, 162.42, 140.99, 129.12, 128.91, 128.00, 

126.72, 126.57, 113.91, 55.57, 52.10, 41.72, 38.98. 

IR (neat, cm-1): 3327, 2968, 1623, 1609, 1505, 1260, 1180, 1025, 859. 

HRMS: (ESI) (m/z): [M+H] calculated for C17H18ClNO2, 304.1104, found 304.1102. 
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3-(4-methoxybenzamido)-3-phenylpropyl acetate (2-125) 

The general procedure for the -arylation of benzamides 

was followed using 3-(4-methoxybenzamido)propyl acetate 

(50 mg, 0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 

0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), 

BiOx (1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica gel 

chromatography (70:30 to 1:1 hexanes/EtOAc) gave the title compound as a white solid 

(43.6 mg, 0.134 mmol, 67% yield) and recovered 3-(4-methoxybenzamido)propyl acetate 

(17.3 mg, 0.066 mmol, 34% recovery). 

Rf: 0.35 (1:1 hexanes/EtOAc) 

1H NMR (500 MHz, Chloroform-d) δ 7.75 (d, J = 7.3 Hz, 2H), 7.50 – 7.13 (m, 5H), 6.89 

(d, J = 7.3 Hz, 2H), 6.68 (d, J = 8.2 Hz, 1H), 5.32 (q, J = 6.5 Hz, 1H), 4.12 (td, J = 7.1, 6.4, 

3.3 Hz, 2H), 3.82 (s, 3H), 2.25 (m, 2H), 1.99 (s, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 171.11, 166.40, 162.34, 141.52, 128.92, 128.88, 

127.69, 126.73, 126.58, 113.84, 61.73, 55.50, 51.34, 34.94, 21.03. 

IR (neat, cm-1): 3359, 2974m 1731, 1633, 1607, 1531, 1504, 1304, 1250, 1180, 1109. 

HRMS: (ESI) (m/z): [M+H] calculated for C19H21NO4, 328.1549, found 328.1522. 

4.3.10 Enantioselective -Arylation of Benzamides: 

General Procedures for the Enantioselective -Arylation of Benzamides: 

To an oven-dried 1 dram vial equipped with a Teflon-coated magnetic stir bar in a 

N2 filled glovebox was added [Ir(dF(CF3)ppy)2(4,4’-di-t-bubpy)]PF6 (PC1) (2.3 mg, 0.002 
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mmol, 0.02 equiv), NiCl2•DME (1.1 mg, 0.005 mmol, 0.05 equiv), (4S,4'S)-4,4'-

diisopropyl-4,4',5,5'-tetrahydro-2,2'-bioxazole (i-PrBiOx) (1.1 mg, 0.01 mmol, 0.05 

equiv), K3PO4 (43 mg, 0.2 mmol, 2.00 equiv), and benzamide (0.1 mmol, 1 equiv) were 

combined and suspended in 1.0 mL of dry, degassed EtOAc at room temperature. The 

mixture was stirred for 10 minutes before adding aryl bromide (1.5 mmol, 7.50 equiv). The 

vial was sealed with a Teflon cap before removing from the glovebox. The reaction was 

stirred at 900 rpm for 48 hours in an aluminum block equipped with a 34 W blue LED 

placed 1 cm away and cooled to approximately -10 ºC using a cryocool and a recirculating 

pump. Upon completion, the reaction mixture was quenched with 1 mL EtOAc and run 

through a silica gel plug with 5 mL EtOAc. The solvent was removed by rotary evaporation 

and the crude reaction mixture was purified by silica gel chromatography. 

 

 (S)-4-methoxy-N-(1-(4-(trifluoromethyl)phenyl)hexyl)benzamide (2-97) 

The general procedure for the enantioselective -

arylation of benzamides was followed using 2-91 (47 

mg, 0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 

0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 

equiv), i-PrBiOx (2.2 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 

equiv), and 4-bromobenzotrifluoride (210 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc at 

-15 ºC for 48 hours. Purification by silica gel chromatography (90:10 to 80:20 

hexanes/EtOAc) gave the title compound as a white solid (37.8 mg, 0.100 mmol, 50% 

yield, 88% ee) and recovered 2-91 (22.4 mg, 0.095 mmol, 48% recovery). 

SFC: Racemic standard 
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 area percent area time 

peak 1 50.0282% 6590.599 5.32min 

peak 2 49.9718% 6583.1598 5.89min 

 

SFC: Enantioenriched product 

 

 area percent area time 

peak 1 93.9107% 4550.9786 5.29min 

peak 2 6.0893% 295.0914 5.83min 

 

methyl (S)-3-(1-(4-methoxybenzamido)hexyl)benzoate (2-102) 
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 The general procedure for the enantioselective -

arylation of benzamides was followed using 2-91 (47 mg, 

0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 

0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 

equiv), i-PrBiOx (2.2 mg, 0.010 mmol, 0.05 equiv), 

K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and methyl-3-bromobenzoate (323 mg, 1.500 

mmol, 7.50 equiv) in 1 mL EtOAc at -15 ºC for 48 hours. Purification by silica gel 

chromatography (100% hexanes to 80:20 hexanes/EtOAc) gave the title compound as a 

white solid (34.0  mg, 0.092 mmol, 46% yield, 91% ee) and recovered 2-91 (25.4 mg, 0.108 

mmol, 54% recovery). 

 

SFC: Racemic standard 

 

 area percent area time 

peak 1 50.3684% 4289.5713 1.9 min 

peak 2 49.6316% 4226.8231 2.12 min 

 

SFC: Enantioenriched product 
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 area percent area time 

peak 1 95.1039% 3943.3333 1.72 min 

peak 2 4.8961% 203.0101 1.97 min 

 

(S)-4-methoxy-N-(1-phenylhexyl)benzamide (2-96) 

 Using an in situ generated nickel catalyst: 

The general procedure for the enantioselective -

arylation of benzamides was followed using 2-91 (47 

mg, 0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 

0.02 equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), i-PrBiOx (2.2 mg, 0.010 mmol, 

0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and methyl-3-bromobenzoate (323 

mg, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc at -10 ºC for 48 hours. Purification by silica 

gel chromatography (70:30 hexanes/EtOAc) gave the title compound as a white solid (24.9 

mg, 0.080 mmol, 40% yield, 77% ee) and recovered 2-91 (26.3 mg, 0.112 mmol, 56% 

recovery). 

Using a discrete nickel catalyst: The general procedure for the enantioselective -arylation 

of benzamides was followed 2-91 (23 mg, 0.100 mmol, 1.00 equiv), PC1 (2.2 mg, 0.002 

mmol, 0.02 equiv), i-PrBiOxNiCl2 (2-160) (1.7 mg, 0.005 mmol, 0.05 equiv), K3PO4 (43 
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mg, 0.200 mmol, 2.00 equiv), and bromobenzene (78 uL, 0.750 mmol, 7.50 equiv) in 0.5 

mL EtOAc at -10 ºC for 24 hours. Purification by silica gel chromatography (70:30 

hexanes/EtOAc) gave the title compound as a white solid (9.7 mg, 0.031 mmol, 31% yield, 

88% ee). 

 

SFC:Racemic standard 

 

 area percent area time 

peak 1 51.0861% 2190.4958 3.16 min 

peak 2 48.9139% 2097.3522 3.95 min 

 

SFC: Enantioenriched product 
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 area percent area time 

peak 1 88.5167% 4983.895 3.14min 

peak 2 11.4833% 646.564 3.95min 

 

 

 area percent area time 

peak 1 94.6938% 2559.8757 3.05min 

peak 2 5.3062% 143.4447 3.84min 

 

(S)-N-(1-phenylhexyl)-4-(trifluoromethyl)benzamide (2-113) 

 The general procedure for the enantioselective -

arylation of benzamides was followed using N-hexyl-4-

(trifluoromethyl)benzamide (55 mg, 0.200 mmol, 1.00 

equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), i-PrBiOx (2.2 mg, 0.010 mmol, 0.05 equiv), 

K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 

equiv) in 1 mL EtOAc at -15 ºC for 48 hours. Purification by silica gel chromatography 

(100% hexanes to 80:20 hexanes/EtOAc) gave the title compound as a white solid (32.0 
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mg, 0.092 mmol, 46% yield, 92% ee) and recovered N-hexyl-4-

(trifluoromethyl)benzamide (29.0 mg, 0.106 mmol, 53% recovery). 

SFC:Racemic standard 

 

 area percent area time 

peak 1 48.9376% 2072.4988 4.72min 

peak 2 51.0624% 2162.4811 4.97min 

 

SFC: Enantioenriched product 

 

 area percent area time 

peak 1 96.0144% 2943.4592 4.52 min 

peak 2 3.9856 122.1829 4.82 min 
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(S)-4-methyl-N-(1-phenylhexyl)benzamide (2-112) 

 The general procedure for the enantioselective -

arylation of benzamides was followed using N-hexyl-4-

methylbenzamide (44 mg, 0.200 mmol, 1.00 equiv), PC1 

(4.5 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 mg, 

0.010 mmol, 0.05 equiv), i-PrBiOx (2.2 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 

mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc 

at -10 ºC for 24 hours. Purification by silica gel chromatography (100% hexanes to 80:20 

hexanes/EtOAc) gave the title compound as a white solid (20.3 mg, 0.068 mmol, 34% 

yield, 89% ee) and recovered N-hexyl-4-methylbenzamide (28.4 mg, 0.130 mmol, 65% 

recovery). 

 

SFC:Racemic standard 

 

 area percent area time 

peak 1 53.1797% 1966.4067 2.72 min 

peak 2 46.8203% 1731.2571 3.62 min 

 

SFC: Enantioenriched product 
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 area percent area time 

peak 1 94.7201% 2939.6525 2.73 min 

peak 2 5.2799% 163.8622 3.61 min 

 

(S)-4-chloro-N-(1-phenylhexyl)benzamide (2-114) 

 The general procedure for the enantioselective -arylation 

of benzamides was followed using N-hexyl-4-

methylbenzamide (48 mg, 0.200 mmol, 1.00 equiv), PC1 

(4.5 mg, 0.004 mmol, 0.02 equiv), NiCl2•DME (2.2 mg, 

0.010 mmol, 0.05 equiv), i-PrBiOx (2.2 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 

mmol, 2.00 equiv), and bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc 

at -10 ºC. for 24 hours. Purification by silica gel chromatography (100% hexanes to 70:30 

hexanes/EtOAc) gave the title compound as a white solid (17.5 mg, 0.054 mmol, 28% 

yield, 85% ee) and recovered N-hexyl-4-methylbenzamide (33.7 mg, 0.140 mmol, 70% 

recovery). 
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SFC:Racemic standard 

 

 area percent area time 

peak 1 50.2487% 1775.0564 2.97 min 

peak 2 49.7513% 1757.4884 3.43 min 

 

SFC: Enantioenriched product 

 

 area percent area time 

peak 1 92.4868% 5442.5628 2.98 min 

peak 2 7.5132% 442.1306 3.45 min 

 

(S)-N-(1-phenylhexyl)benzamide (2-111) 



296 

 

 The general procedure for the enantioselective -arylation of 

benzamides was followed using N-hexylbenzamide (41 mg, 

0.200 mmol, 1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 

equiv), NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), i-

PrBiOx (2.2 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc at -15 ºC for 48 hours. 

Purification by silica gel chromatography (100% hexanes to 85:15 hexanes/EtOAc) gave 

the title compound as a white solid (18.3 mg, 0.066 mmol, 33% yield, 86% ee) and 

recovered N-hexylbenzamide (27.5 mg, 0.134 mmol, 67% recovery). 

 

SFC:Racemic standard 

 

 area percent area time 

peak 1 50.3616% 970.9913 2.09 min 

peak 2 49.6384% 957.048 2.61 min 

 

SFC: Enantioenriched product 
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 area percent area time 

peak 1 93.3221% 2881.1128 2.09 min 

peak 2 6.6779% 206.1642 2.62 min 

 

4.3.11 Absolute Stereochemistry of Benzamides 

The absolute stereochemistry of 2-111 was assigned through a modified synthesis 

of enantiopure material, using hexanal and (R)-(+)-tert-butyl sulfonamide, reported by 

Figure 4-19 Synthesis of enantiopure 2-111. 



298 

 

Ellman et al and outlined below.263-264 The stereochemistry of 2-96, 2-97, 2-102, 2-111, 2-

112, 2-113, and 2-114 were assigned by analogy. 

 

(S)-N-(1-phenylhexyl)benzamide (2-111) 

 

SFC: Racemic standard 

 

 area percent area time 

peak 1 50.3616% 970.9913 2.09 min 

peak 2 49.6384% 957.048 2.61 min 

 

SFC: Enantioenriched product 
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 area percent area time 

peak 1 93.5539% 4453.4291 2.08 min 

peak 2 6.4461% 306.8546 2.61 min 

 

SFC: Co-injection of racemic and enantioenriched product 

 

 area percent area time 

peak 1 75.6897% 3697.6717 2.08 min 

peak 2 24.3103% 1187.6345 2.6 min 

 

4.3.12 Synthetic demonstrations: 

N-(4-methoxybenzyl)-1-(4-(trifluoromethyl)phenyl)hexan-1-amine (2-147) 



300 

 

To an oven-dried 1 dram vial equipped with a Teflon-

coated magnetic stir bar was added LAH (22 mg, 0.57 

mmol, 5.00 equiv) and THF (1 mL). The suspension was 

cooled to 0 ºC and 2-97 (43.2 mg, 0.114 mmol, 1.00 

equiv) was added slowly as a solution in 1 mL THF. The 

reaction was then warmed to room temperature and stirred for 3 hours. The reaction was 

then cooled to 0 ºC and carefully quenched with 1 M NaOH until a white precipitate 

formed. The slurry was then filtered through celite and the precipitate washed with Et2O. 

The organics were then concentrated by rotary evaporation to give the title compound as a 

clear oil (38.2 mg, 0.101 mmol, 92% yield) 

1H NMR (401 MHz, Chloroform-d) δ 7.58 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 

3.95 (t, J = 6.9 Hz, 1H), 1.81 – 1.44 (m, 2H), 1.44 – 1.04 (m, 6H), 1.00 – 0.64 (m, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 150.93, 126.85, 125.66 – 125.20 (m), 56.11, 39.78, 

31.88, 26.24, 22.69, 14.17. 

19F NMR (658 MHz, Chloroform-d) δ -62.37. 

 

1-(4-(trifluoromethyl)phenyl)hexan-1-amine (2-148) 

To a vial with (2-147) (20 mg, 0.053 mmol, 1 equiv) was added 0.5 

mL of DCM. The vial was cooled in an ice bath and DDQ (14 mg, 

0.612 mmol, 1.20 equiv) was added, followed by 0.1 mL H2O. The 

reaction was run overnight, then poured into a flask containing Sat. 

NaHCO3. The organic layer was extracted 3 x DCM, then the combined organics were 

washed 3 x 1 M HCl (aq). The combined aqueous layers were basified with 1 M NaOH 
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and then extracted 3 x DCM. The organic layers were dried with brine and then Na2SO4. 

The organic layers were concentrated to give the title compound as a clear oil (3.8 mg, 

0.016 mmol, 28% yield). 

1H NMR (401 MHz, Chloroform-d) δ 7.59 (d, J = 7.3 Hz, 2H), 7.44 (d, J = 6.8 Hz, 2H), 

7.16 (d, J = 6.2 Hz, 1H), 6.84 (d, J = 5.8 Hz, 1H), 3.79 (s, 2H), 3.65 (t, J = 6.3 Hz, 1H), 

3.55 (d, J = 12.1 Hz, 1H), 3.44 (d, J = 14.2 Hz, 1H), 1.63 (m, 2H), 1.31 – 1.03 (m, 6H), 

0.83 (t, J = 5.7 Hz, 1H). 

13C NMR (176 MHz, Chloroform-d) δ 158.77, 149.01, 132.67, 129.37, 127.82, 125.42 (q, 

J = 3.8 Hz), 124.47 (q, J = 271.8 Hz), 113.92, 62.38, 55.40, 51.14, 38.54, 31.90, 25.99, 

22.64, 14.14. 

19F NMR (377 MHz, Chloroform-d) δ -62.32. 

 

 

4-methoxy-N-(4-methyl-1-(4-(trifluoromethyl)phenyl)pentyl)benzamide (2-151) 

The general procedure for the -arylation of benzamides 

was followed using 2-93 (117 mg, 0.500 mmol, 1.00 

equiv), PC1 (11.2 mg, 0.010 mmol, 0.02 equiv), 

NiCl2•DME (5.5 mg, 0.025 mmol, 0.05 equiv), BiOx (3.5 

mg, 0.025 mmol, 0.05 equiv), K3PO4 (212 mg, 1.000 mmol, 2.00 equiv), and 4-

bromobenzotrifluoride (525 uL, 3.750 mmol, 7.50 equiv) in 5 mL EtOAc. Purification by 

silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) gave the title compound as a 

white solid (93 mg, 0.245 mmol, 49% yield). 

Rf: 0.30 (70:30 hexanes/EtOAc) 
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1H NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 7.9 Hz, 2H), 

7.46 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 8.4 Hz, 2H), 6.31 (d, J = 7.8 Hz, 1H), 5.14 (q, J = 7.5 

Hz, 1H), 3.84 (s, 3H), 1.88 (q, J = 7.9 Hz, 2H), 1.77 – 1.46 (m, 2H), 1.38 – 1.07 (m, 3H), 

0.88 (d, J = 6.6 Hz, 6H). 

13C NMR (176 MHz, Chloroform-d) δ 166.47, 162.44, 146.99, 128.88, 127.02, 126.59, 

125.75 (q, J = 3.8 Hz), 124.24 (q, J = 272.3 Hz), 113.92, 55.56, 53.99, 35.40, 34.28, 28.00, 

22.60. 

19F NMR (658 MHz, Chloroform-d) δ -62.48. 

HRMS: (ESI) (m/z): [M+H] calculated for C21H24F3NO2, 380.1837, found 380.1838. 

 

dimethyl 2-(5-(4-methoxybenzamido)-2-methylpentan-2-yl)succinate (2-150) 

The title compound was synthesized using the 

general procedures for PCET using 2-93 (47 mg, 

0.200 mmol, 1.00 equiv), [Ir(dF(CF3)ppy)2(5,5’-

(dCF3)bpy)]PF6 (PC2) (4.6 mg, 0.004 mmol, 0.02 equiv), (BuO)2OP(O)(NBu4) (4.5 mg, 

0.004 mmol, 0.02 equiv), and dimethylfumerate (58 mg, 0.4 mmol, 2 equiv) were 

combined and suspended in 1.0 mL of dry, degassed PhCF3 at room temperature. 

Purification by silica gel chromatography (70:30 to 1:1 hexanes/EtOAc) gave the title 

compound as a brown sticky oil (69.7 mg, 0.184 mmol, 92% yield) which matched the 

reported spectra.155 

 

dimethyl-2-(5-(4-methoxybenzamido)-2-methyl-5-(4-

(trifluoromethyl)phenyl)pentan-2-yl)succinate (2-152) 
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Method A: The title compound was synthesized 

using the general procedure for the -arylation of 

benzamides with 2-150 (69 mg, 0.182 mmol, 1.00 

equiv), PC6 (4.2 mg, 0.036 mmol, 0.02 equiv), 

NiCl2•DME (2.0 mg, 0.093 mmol, 0.05 equiv), 

BiOx (1.3 mg, 0.093 mmol, 0.05 equiv), K3PO4 (77 mg, 0.364 mmol, 2.00 equiv), and 4-

bromobenzotrifluoride (195 uL, 1.395 mmol, 7.50 equiv) in 2 mL EtOAc. Purification by 

silica gel chromatography (70:30 to 1:1 hexanes/EtOAc) gave the title compound as a 

brown oil (31.7 mg, 0.060 mmol, 33% yield) and recovered 2-150 (40.4 mg, 0.106 mmol, 

58% recovery). 

Method B:The title compound was synthesized using the general procedures for PCET 

using 2-151 (76 mg, 0.200 mmol, 1.00 equiv), [Ir(dF(CF3)ppy)2(5,5’-(dCF3)Bpy)]PF6 

(PC2) (4.6 mg, 0.004 mmol, 0.02 equiv), (BuO)2OP(O)(NBu4) (4.5 mg, 0.004 mmol, 0.02 

equiv), and dimethylfumerate (58 mg, 0.4 mmol, 2.00 equiv) were combined and 

suspended in 1.0 mL of dry, degassed PhCF3 at room temperature. Purification by silica 

gel chromatography (70:30 to 1:1 hexanes/EtOAc) gave the title compound as a brown oil 

(39.0 mg, 0.074 mmol, 37% yield). The title compound was isolated as a 1:1.1 (A to B) 

mixture of inseparable diastereomers. Although the absolute configuration of each 

diastereomer could not be determined, several resonances in 1H and 13C NMR could be 

assigned through HSQC and TOCSY experiments.  

Rf: 0.20 (70:30 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.91 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.5 Hz, 1H), 

7.55 (dd, J = 8.5, 3.3 Hz, 2H), 7.45 (d, J = 7.9 Hz, 1H), 7.43 (d, J = 7.9 Hz, 1H), 7.15 (d, J 
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= 7.0 Hz, 1H, diastereomer A), 6.89 (dd, J = 8.6, 6.1 Hz, 2H), 6.81 (s, 1H, diastereomer 

B), 5.09 (q, J = 7.1 Hz, 1H, diastereomer B), 5.01 – 4.94 (m, 1H, diastereomer A), 3.82 (d, 

J = 2.1 Hz, 3H), 3.68 – 3.53 (m, 6H), 2.85 (dd, J = 12.1, 3.0 Hz, 1H), 2.81 – 2.72 (m, 2H), 

2.47 – 2.31 (m, 1H), 2.11 – 1.93 (m, 1H, diastereomer A), 1.89 – 1.80 (m, 1H, diastereomer 

B), 1.75 (tt, J = 13.2, 5.1 Hz, 1H, diastereomer A), 1.51 (td, J = 13.5, 13.0, 2.8 Hz, 1H, 

diastereomer A), 1.36 – 1.20 (m, 3H, diastereomer B), 0.89 (dd, J = 23.2, 18.4 Hz, 7H). 

13C NMR (176 MHz, Chloroform-d) δ 174.48, 174.44, 173.20, 173.14, 166.60, 162.39, 

162.36, 147.74, 146.67, 129.17, 129.03, 126.95, 126.71, 126.40, 126.22, 125.65 (q, J = 3.6 

Hz), 124.19 (q, J = 272.0 Hz) 124.23 (q, J = 271.7 Hz), 113.79, 113.67, 55.47, 55.46, 54.36 

(diastereomer A), 54.18 (diastereomer B), 51.98, 51.96, 51.86, 51.63, 48.82, 48.78, 38.66 

(diastereomer A), 37.60 (diastereomer B), 35.02, 34.92, 32.26, 31.90, 30.93 (diastereomer 

A), 30.40 (diastereomer B), 25.55, 25.38, 25.34, 25.07. 

IR (neat, cm-1): 3299, 2954, 1733, 1629, 1606, 1503, 1324, 1254, 1162, 1119, 1067, 844. 

HRMS: (ESI) (m/z): [M+H] calculated for C27H32F3NO6, 524.2260, found 524.2182.  
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4.4 Experimental Details for Chapter 3 

2,2-dimethylhexanenitrile 

To a 25 mL oven-dried round-

bottom flask equipped with a 

Teflon-coated magnetic stir bar 

was added diisopropylamine (1.40 mL, 10.00 mmol, 1.05 equiv) and THF (40 mL, 0.25 

M). The reaction was cooled to -78 ºC and n-BuLi (2.5 M in hexanes) (3.81 mL, 9.52 

mmol, 1.00 equiv) was added and then the reaction was stirred for 1 hour before adding 

isobutynitrile (0.85 mL, 9.52 mmol, 1.00 equiv). The reaction was stirred for 1 hour 

before adding 1-bromobutane (1.53 mL, 14.28 mmol, 1.50 equiv). The reaction was then 

warmed to room temperature and stirred overnight. The reaction was cooled to 0 ºC and 

carefully quenched with sat. NH4Cl and extracted 3 x 50 mL DCM. The organic layers 

were dried with 100 mL brine, then Na2SO4 and the solvent was removed by rotary 

evaporation to give the title compound as a yellow oil (1.05 g, 8.00 mmol, 84% yield), 

which was used without further purification in subsequent steps.265 

 

2,2-dimethylhexan-1-amine 

To a 100 mL oven-dried round-

bottom flask equipped with a 

Teflon-coated magnetic stir bar was added LAH (0.95 g, 25.10 mmol, 3.00 equiv) and 

Et2O (40 mL, 0.21 M). The suspension was cooled to 0 ºC and 2,2-dimethylhexanenitrile 

(1.05 g, 8.39 mmol, 1.00 equiv) was added slowly as a solution in 10 mL Et2O. The 

reaction was then warmed to room temperature and stirred for 3 hours. The reaction was 



306 

 

then cooled to 0 ºC and carefully quenched with 1 M NaOH until a white precipitate 

formed. The slurry was then filtered through celite and the precipitate washed with Et2O. 

The organics were then concentrated by rotary evaporation to give the title compound as 

a clear oil (867 mg, 6.71 mmol, 80% yield), which was used without further purification 

in subsequent steps.265 

 

N-(2,2-dimethylhexyl)-4-methoxybenzamide (3-4) 

The general procedure for benzamide synthesis 

coupling was followed using 4-methoxybenzoic acid 

(1.40 g, 9.23 mmol, 1.10 equiv), oxalyl chloride (1.01 

mL, 12.00 mmol, 1.43 equiv), DCM (37 mL, 0.2 M), DMF (3 drops), Et3N (1.17 mL, 

8.39 mmol, 1.0 equiv), 2,2-dimethylhexan-1-amine (8.39 mmol, 1.00 equiv) and DMAP 

(15 mg, 0.15 mmol, 0.02 equiv). Purification by aqueous work-up followed by silica gel 

chromatography (80:20 to 70:30 hexanes/EtOAc) gave the title compound as a white 

crystalline solid (1.954 mg, 6.71 mmol, 80% yield over 4 steps) that was one spot by 

TLC and GCMS. NMR showed an equilibrium of rotamers. 

Rf: 0.30 (70:30 hexanes/EtOAc) 

1H NMR (401 MHz, Chloroform-d) δ 8.10 (d, J = 8.5 Hz, 1H), 7.73 (d, J = 8.4 Hz, 2H), 

6.98 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 6.01 (s, 1H), 3.90 (s, 1H), 3.85 (s, 3H), 

3.28 (d, J = 6.2 Hz, 2H), 1.39 – 1.10 (m, 6H), 0.92 (d, J = 11.7 Hz, 9H). 

13C NMR (126 MHz, Chloroform-d) δ 167.21, 162.05, 132.85, 128.65, 127.44, 114.19, 

113.75, 55.64, 55.42, 49.59, 39.91, 34.54, 26.20, 25.11, 23.62, 14.18. 

HRMS: (ESI) (m/z): [M+H] calculated for C16H25NO2, 264.1963, found 264.1988. 
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N-(hexyl-1,1-d2)-4-methoxybenzamide (3-7) 

To a 25 mL oven-dried round-bottom flask equipped 

with a Teflon-coated magnetic stir bar was added 

LiAlD4 (0.100 mg, 2.38 mmol, 3.00 equiv) and Et2O (4 

mL, 0.20 M). The suspension was cooled to 0 ºC and n-hexylnitrile (0.10 mL, 0.79 mmol, 

1.0 equiv) was added slowly as a solution in 1 mL Et2O. The reaction was then warmed 

to room temperature and stirred for 3 hours. The reaction was then cooled to 0 ºC and 

carefully quenched with 1 M NaOH until a white precipitate formed. The slurry was then 

filtered through celite and the precipitate washed with Et2O. The organics were then 

concentrated by rotary evaporation to give the desired product as a clear oil which was 

used without further purification in subsequent steps.265 

The general procedure for benzamide synthesis coupling was followed using 4-

methoxybenzoic acid (132 mg, 0.87 mmol, 1.10 equiv), oxalyl chloride (0.09 mL, 1.05 

mmol, 1.4 equiv), DCM (5 mL, 0.2 M), DMF (1 drops), Et3N (0.11 mL, 0.79 mmol, 1.0 

equiv), N-(hexyl-1,1-d2) amine (0.79 mmol, 1.00 equiv) and DMAP (5 mg, 0.10 mmol, 

0.02 equiv). Purification by silica gel chromatography (70:30 hexanes/EtOAc) gave the 

title compound as a white powder (126 mg, 0.53 mmol, 67% yield over three steps) 

1H NMR (700 MHz, Chloroform-d) δ 7.72 (d, J = 8.8 Hz, 1H), 6.89 (d, J = 8.8 Hz, 1H), 

6.19 (d, J = 13.3 Hz, 1H), 3.82 (s, 2H), 1.56 (dd, J = 8.9, 6.3 Hz, 2H), 1.32 (m, 6H), 0.87 

(td, J = 5.7, 4.6, 2.3 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 167.13, 162.08, 128.72, 127.27, 113.76, 55.48, 

39.56 (p, J = 22.2, 21.4 Hz), 31.65, 29.62, 26.75, 22.68, 14.15. 
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HRMS: (ESI) (m/z): [M+H] calculated for C14H19D2NO2, 238.1776, found 238.1774. 

 

N-(2,2-dimethyl-1-phenylhexyl)-4-methoxybenzamide (3-5) 

The general procedure for the -arylation of 

benzamides was followed 3-4 (50 mg, 0.200 mmol, 

1.00 equiv), PC1 (4.5 mg, 0.004 mmol, 0.02 equiv), 

NiCl2•DME (2.2 mg, 0.010 mmol, 0.05 equiv), BiOx 

(1.4 mg, 0.010 mmol, 0.05 equiv), K3PO4 (85 mg, 0.400 mmol, 2.00 equiv), and 

bromobenzene (156 uL, 1.500 mmol, 7.50 equiv) in 1 mL EtOAc. Purification by silica 

gel chromatography (90:10 to 70:30 hexanes/EtOAc) gave the title compound as a white 

solid (3.8 mg, 0.011 mmol, 6% yield) and recovered 3-4 (38.6 mg, 0.154 mmol, 77% 

recovery). 

Rf: 0.25 (70:30 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.75 – 7.68 (m, 2H), 7.42 (d, J = 8.3 Hz, 1H), 7.32 

– 7.18 (m, 5H), 6.93 (d, J = 8.5 Hz, 2H), 6.63 (d, J = 8.4 Hz, 1H), 6.59 (d, J = 9.1 Hz, 

1H), 5.05 (d, J = 9.1 Hz, 1H), 3.84 (s, 3H), 3.72 (s, 1H), 1.37 – 1.22 (m, 4H), 1.00 – 0.85 

(m, 9H). 

13C NMR (176 MHz, Chloroform-d) δ 166.21, 162.23, 140.30, 131.14, 128.73, 128.40, 

127.94, 127.47, 127.12, 113.93, 113.56, 60.85, 55.56, 55.45, 41.14, 39.62, 37.55, 29.85, 

26.23, 26.20, 24.22, 23.89, 23.68, 14.28. 

HRMS: (ESI) (m/z): [M+H] calculated for C22H29NO2, 340.2276, found 340.2329. 

4.4.1 Deuterium Studies: 

4-methoxy-N-(1-phenylhexyl-1-d)benzamide (3-8) 



309 

 

The general procedure for the -arylation of 

benzamides was followed using 3-7 (23.7 mg, 0.100 

mmol, 1.00 equiv), PC1 (2.3 mg, 0.002 mmol, 0.02 

equiv), NiCl2•DME (1.1 mg, 0.005 mmol, 0.05 equiv), BiOx (0.7 mg, 0.005 mmol, 0.05 

equiv), K3PO4 (42 mg, 0.200 mmol, 2.00 equiv), and bromobenzene (78 uL, 0.750 mmol, 

7.50 equiv) in 0.5 mL EtOAc. Reaction was stopped after 2 hours. Purification by silica 

gel chromatography (70:30 hexanes/EtOAc) gave the title compound as a white solid.  

Rf: 0.35 (70:30 hexanes/EtOAc) 

1H NMR (700 MHz, Chloroform-d) δ 7.73 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 6.6 Hz, 4H), 

6.90 (d, J = 9.0 Hz, 2H), 6.26 (s, 1H), 3.83 (s, 3H), 1.98 – 1.75 (m, 2H), 1.53 – 1.19 (m, 

9H), 0.86 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, Chloroform-d) δ 166.28, 162.24, 142.67, 129.82, 128.82, 128.80, 

127.44, 127.07, 126.75, 114.35, 113.83, 55.53, 36.31, 31.73, 29.85 (t, J = 2.7 Hz), 26.10, 

22.64, 14.16. 

HRMS: (ESI) (m/z): [M+H] calculated for C20H24DNO2, 313.2026, found 313.2046. 

 

 

Figure 4-20 Competition experiment between 2-91 and 3-7. 
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The general procedure for the -arylation of benzamides was followed using 3-7 (11.9 

mg, 0.050 mmol, 0.50 equiv) and 2-91 (11.8 mg, 0.050 mmol, 0.50 equiv), PC1 (2.3 mg, 

0.002 mmol, 0.02 equiv), NiCl2•DME (1.1 mg, 0.005 mmol, 0.05 equiv), BiOx (0.7 mg, 

0.005 mmol, 0.05 equiv), K3PO4 (42 mg, 0.200 mmol, 2.00 equiv), and bromobenzene 

(78 uL, 0.750 mmol, 7.50 equiv) in 0.5 mL EtOAc. Reaction was stopped after 2 hours. 

Purification by silica gel chromatography (70:30 hexanes/EtOAc). 

 Run #1: 2-96 + 3-8 (8.0 mg, 0.026 mmol, 26% yield) and recovered 2-91+3-7 (15.7 mg, 

0.067 mmol, 67% recovery). 

Run #2: 2-96 + 3-8 (6.9 mg, 0.022 mmol, 22% yield) and recovered 2-91+3-7 (17.9 mg, 

0.076 mmol, 76% recovery) 

4.4.2 Synthesis of New Compounds 

4-(tert-butyl)-3-fluoropyridine 1-oxide (3-18) 

To an oven-dried round bottom flask under an N2 atmosphere with a Teflon 

stir bar was added 3-fluoropyridine (0.26 mL, 3.0 mmol, 1.0 equiv) and DCM 

(18 mL). TIPSOTf (0.87 mL, 3.2 mmol, 1.05 equiv) was added dropwise and 

the reaction was stirred for 15 minutes at room temperature. Cool solution to -78 ºC and 

1,4-dioxane (1.14 mL) was added. Then, t-BuMgCl (1.7 M in THF) (7 mL, 12.0 mmol, 4.0 

equiv) was added and the reaction was warmed to room temperature overnight. Reaction 

was quenched with H2O and sat. NaHCO3 and then extracted 3x25 mL DCM. The organic 

layers were dried with 50 mL brine, then over Na2SO4. Organics were concentrated and 

the crude oil was carried on without further purification. 

 The crude oil was then added to a 25 mL round bottom flask under an N2 

atmosphere with a Teflon stir bar and reflux condenser and dissolved in decaline (6 mL). 
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S8 (110 mg, 3.3 mmol, 1.1 equiv) was added, and the reaction was placed under an N2 

atmosphere. The solution was stirred at 190 ºC for 2 hours. Cool reaction and load 

directly on to silica gel chromatography (2:1 pentane/Et2O, Rf: 0.15). Fractions were 

carefully concentrated via rotary evaporation (product is volatile!) and the clear oil was 

carried on directly to the next step. 

 Crude oil from the previous step was added to a 25 mL round bottom flask under 

an N2 atmosphere with a Teflon stir bar and DCM (7.5 mL) was added. m-CPBA (1.00g, 

3.0 mmol, 1.0 equiv) was added in a single portion and the reaction was stirred overnight. 

The reaction was partially concentrated (avoid concentrating to dryness since m-CPBA 

should not be completely dry) and then loaded on silica gel chromatography (100% 

EtOAc, then 100% DCM to 90:10 DCM/MeOH) to give 396 mg (78% yield over 3 steps) 

of an off-white powder. 

1H NMR (401 MHz, Methanol-d4) δ 8.34 (dd, J = 7.0, 2.0 Hz, 1H), 8.17 – 8.08 (m, 1H), 

7.50 (dd, J = 9.5, 6.8 Hz, 1H), 1.40 (s, 9H). 

13C NMR (126 MHz, Methanol-d4) δ 136.68 (d, J = 3.0 Hz), 130.80, 130.66 – 129.77 (m), 

125.71 (d, J = 7.2 Hz), 35.59, 29.47 (d, J = 3.1 Hz). 

19F NMR (377 MHz, Methanol-d4) δ -118.66. 

HRMS: (ESI) (m/z): [M+H] calculated for C9H12FNO, 170.0981, found 170.0976. 

 

2-bromo-4-(tert-butyl)-3-fluoropyridine (3-19) 

To an oven-dried 1-dram vial under an N2 atmosphere with a Teflon stir bar 

was added 3-18 (194 mg, 1.15 mmol, 1.0 equiv), triethylamine (0.32 mL, 

2.3 mmol, 2.0 equiv), and dibromomethane (2 mL). The reaction was then 
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cooled to -50 ºC and oxalyl bromide (0.22 mL, 2.3 mmol, 2.0 equiv) was added dropwise 

and the reaction was stirred for 30 minutes. The reaction was then quenched with MeOH 

(0.5 mL) and warmed to room temperature. The organics were washed with sat. NH4Cl (3 

mL), H2O (3 mL), then dried over MgSO4 and the organics were concentrated. 

Purification by silica gel chromatography (1:1 hexanes/DCM) gave the title compound as 

a clear oil (238 mg, 89% yield).  

Rf: 0.20 (1:1 hexanes/DCM) 

1H NMR (401 MHz, Chloroform-d) δ 8.09 (d, J = 5.0 Hz, 1H), 7.18 (t, J = 5.4 Hz, 1H), 

1.39 (s, 9H). 

19F NMR (377 MHz, Chloroform-d) δ -109.27. 

 

4,4'-di-tert-butyl-3,3'-difluoro-2,2'-bipyridine (3-20) 

To a round-bottom with equipped with a Teflon-coated magnetic 

stir bar and equipped to a reflux condenser was added Pd(OAc)2 

(5.6 mg, 0.025 mmol, 2.5 mol%), indium powder (57 mg, 0.6 

mmol, 0.5 equiv), 2-19 (232 mg, 1.0 mmol, 1.0 equiv), and LiCl 

(64 mg, 1.5 mmol, 1.5 equiv). The flask was backfilled with N2 three times before adding 

DMF (2.3 mL, 0.44 M). The reaction was heated to 100 ºC for 40 minutes. The flask was 

cooled to room temperature and the mixture diluted with 25 mL H2O and extracted 3 x 30 

mL Et2O, the organics were washed 2 x 50 mL H2O, then dried with 50 mL brine and then 

MgSO4 before removing the solvent by rotary evaporation. The crude reaction mixture was 

purified by silica gel chromatography (90:10 hexanes/EtOAc to 1:1 hexanes/EtOAc) to 

give a tan solid (53 mg, 35% yield). 
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1H NMR (400 MHz, Chloroform-d) δ 8.46 (d, J = 5.0 Hz, 1H), 7.50 – 7.28 (m, 1H), 1.42 

(s, 9H). 

13C NMR (126 MHz, Chloroform-d) δ 158.35, 146.62, 145.73 (t, J = 2.9 Hz), 122.63, 

34.80, 29.45. 

19F NMR (376 MHz, Chloroform-d) δ -121.46. 

HRMS: (ESI) (m/z): [M+H] calculated for C18H22F2N2, 305.1829, found 305.1827. 

 

[Ir(dF(CF3)ppy)2(4,4'-di-tert-butyl-3,3'-difluoro-2,2'-bipyridine)]PF6 (PC12) 

Using the general procedure for iridium photocatalyst 

synthesis, cationic iridium acetonitrile adduct (168 mg, 

0.18 mmol, 1.0 equiv) and 3-20 (56 mg, 0.189 mmol, 

1.05 equiv) were added to a Schlenk flask with a Teflon 

stir bar. DCM (1.8 mL) and EtOH (0.6 mL) were added 

and the reaction was stirred at 50 ºC for 36 hours. After the reaction was complete, the 

solution was filtered through Celite and concentrated. Purification by silica gel 

chromatography (100% DCM to 95:5 DCM/acetone) gave the title compound as a yellow 

powder (193 mg, 93% yield).  

1H NMR (401 MHz, Acetone-d6) δ 8.61 (dd, J = 8.9, 2.6 Hz, 1H), 8.42 (dd, J = 8.8, 2.1 

Hz, 1H), 8.15 (dd, J = 5.6, 1.2 Hz, 1H), 7.87 (dt, J = 6.2, 3.3 Hz, 1H), 7.72 (d, J = 2.0 Hz, 

1H), 6.86 (ddd, J = 12.9, 9.3, 2.3 Hz, 1H), 5.94 (dd, J = 8.5, 2.3 Hz, 1H), 1.49 (s, 9H). 

13C NMR (176 MHz, Acetone-d6) δ 168.40, 165.98, 164.51, 163.93 (d, J = 13.3 Hz), 

162.48, 161.91 – 160.37 (m), 159.11, 153.99, 152.79, 149.12, 147.22, 144.48, 138.31, 



314 

 

129.23, 127.81, 126.35, 126.15, 124.77 (d, J = 20.9 Hz), 123.81, 122.27, 115.54 (d, J = 

18.0 Hz), 102.07 – 98.38 (m), 36.46, 29.14. 

19F NMR (377 MHz, Acetone-d6) δ -63.48 (d, J = 2.4 Hz), -71.72, -73.60, -104.46, -104.68 

(d, J = 12.0 Hz), -106.68 – -108.71 (m). 

HRMS: (ESI) (m/z): [M+H] calculated for C42H32F12IrN4, 1013.2065, found 1013.2069. 

 

N-hexyl-4-methoxy-N-(4-(trifluoromethyl)phenyl)benzamide (3-26) 

1H NMR (500 MHz, Chloroform-d) δ 8.01 (dd, J = 8.3, 

4.6 Hz, 2H), 7.91 (td, J = 5.4, 2.3 Hz, 2H), 7.72 (dd, J = 

8.5, 4.6 Hz, 2H), 7.01 – 6.78 (m, 2H), 3.87 (s, 3H), 2.74 

(dt, J = 10.5, 5.2 Hz, 2H), 1.56 (q, J = 6.0, 4.9 Hz, 2H), 

1.25 (qd, J = 11.9, 7.9, 6.5 Hz, 6H), 0.80 (t, J = 6.3 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 179.40, 168.87, 163.84, 131.55, 129.44, 128.36, 

125.81 (d, J = 5.5 Hz), 114.00, 55.64, 34.43, 31.86, 29.86, 27.61, 22.29, 13.90, 1.18. 

19F NMR (471 MHz, Chloroform-d) δ -62.97. 

 

GCMS Analysis of KIE Experiments:266 
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Run 

#1: 
   

 

Authentic 

Proteo 

Sample of 

Product 

Authentic 

Deutero 

Sample of 

Product 

KIE 

Experiment #1 Results 

Mass 311 312 311 312 311 312 

% 

Molecule 

proteo 

% 

Molecule 

deutero 

Percent 73.39 

18.8

7 3.13 

75.5

6 59.08 31.44 78.05 21.95 

Run 

#2: 
        

 

Authentic 

Proteo 

Sample of 

Product 

Authentic 

Deutero 

Sample of 

Product 

KIE 

Experiment #2 Results 

Mass 311 312 311 312 311 312 

% 

Molecule 

proteo 

% 

Molecule 

deutero 

Percent 73.39 

18.8

7 3.13 

75.5

6 58.62 32.11 77.08 22.92 

Table 4-1 GCMS analysis of competition experiments between 2-91 and 3-7. 
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4.4.3 Stern-Volmer Analysis 

 

 

 

 

 

 

 

y = 13.091x + 1.0018

R² = 0.7202

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035

Io
/I

Benzamide (M)

Varied Benzamide (2-91) in EtOAc

y = 0.5068x + 0.9935

R² = 0.6073

0

0.5

1

1.5

2

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Io
/I

PhBr (M)

Varied PhBr in EtOAc

Figure 4-21 Quenching experiment with PC1 and varied PhBr in EtOAc. 

Figure 4-22 Quenching experiment with PC1 and varied 2-91 in EtOAc. 
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Figure 4-23 Quenching experiment with PC1 and varied i-PrBiOxNiCl2 in EtOAc. 

Figure 4-24 Quenching experiment with PC1 and varied PhBr in DMF. 
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Figure 4-25 Quenching experiment with PC1 and varied benzamide in DMF. 

Figure 4-26 Quenching experiment with PC1 and varied i-PrBiOxNiCl2 in DMF. 
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Figure 4-27 Quenching experiment with PC1 and varied Cs2CO3 in DMF 

Figure 4-28 Quenching experiment with PC1 and benzamide, and varied Cs2CO3 in DMF. 
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4.4.4 CV Data: 

Cyclic voltammetry was performed in a nitrogen-filled glovebox with a Biologic 

VSP multichannel potentiostat/galvanostat using a three electrode electrochemical cell, 

consisting of a glassy carbon disk working electrode (0.07 cm2, BASi), a Ag/Ag+ quasi-

reference electrode (BASi) with 0.01 M AgBF4 (Sigma) in acetonitrile, and a platinum 

wire counter electrode (ALS). The glassy carbon disk electrode was polished in a 

nitrogen-filled glovebox using aluminum oxide polishing paper (9 micron and 0.3 

micron, Fiber Instrument) and anhydrous acetonitrile. All experiments were run in the 0.5 

M TBAPF6 stock electrolyte. 
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Figure 4-30 CV of benzamide 2-96. 

 

 

Figure 4-29 CV of benzamide 2-91. 

N-hexylbenzamide (2-91) 

4-methoxy-N-(1-phenylhexyl)benzamide (2-96) 
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Figure 4-32 CV of benzamide 2-91 and 2-160. 

Figure 4-31 CV of benzamide 2-160. 

i-PrBiOxNiCl2 (2-160) 

i-PrBiOxNiCl2 (2-160) + N-hexylbenzamide (2-91) 
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Discussion: 

The starting material, 2-91, and product, 2-96, are both outside the oxidation 

potential of our photocatalyst, suggesting that a direct oxidation of 2-91 or 2-96 to yield 

an α-amidyl radical is not feasible. The oxidation potential of 2-91 does not change when 

an equal concentration of catalyst, 2-160, was added. Lastly, 2-160 was shown to be 

within the range of reduction for our photocatalyst, though its electrochemical potential 

does not change drastically when in solution with an equal amount of 2-91. 

 

Ir(III/II)= -1.42V vs Ag/Ag+ (-1.12V vs SCE) 

Ir(III/IV)= 1.15V vs Ag/Ag+ (1.45V vs SCE) 

Ir(III*/II)= 1.16V vs Ag/Ag+ (1.47V vs SCE) 

Ir(III*/IV)= -1.43 vs Ag/Ag+ (-1.13V vs SCE) 

 

Figure 4-33 CV of PC12. 

PC12 

 



324 

 

Ni(II/III) Ep=1.45V vs Ag/Ag+ (1.75V vs SCE) 

Ni(II/I) Ep = -0.84V vs Ag/Ag+ (-0.54V vs SCE) 

 

4.4.5 Catalyst Degradation Studies 

A recent report in showed that LCMS analysis of photoredox reaction mixtures was 

an effective tool for determining the amount of photocatalyst present at any time during 

the reaction.226 Based on this report, anaylsis of the photocatalyst throughout the reaction 

was undertaken using LCMS QTOF. It was found that irradition of PC1 in EtOAc/DMAc 

(9:1) did not degrade the photocatalyst (Figure 4-35), suggesting that the photocatalyst 

were stable in solution. When subjecting the photocatalyst to the standard reaction 

conditions for 1 hour, a large amount of photocatalyst was still present in the reaction 

mixture (by LCMS). However, after 12 hour of irridiation under standard reaction 

conditions, the mass of the photocatalyst could not be detected in the reaction mixture 

(Figure 4-36). It was found that the photocatalyst decomposition products eluted with the 

Figure 4-34 CV of 3-24. 

3-24 
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same retention time as the starting catalyst, though analysis of the mass spec showed that 

these peaks were indeed different species. Several peaks were identified as molecules 

containing iridium (characteristic isotope paturns of iridium allowed for the assignment of  

peaks that contained this metal), though no definitive structure or molecular formula could 

be isolated or deduced by NMR. Although we were unable to isolate and completely 

charaterize the structure of the newly form iridium species, these studies show that PC1 is 

completely consumed throughout the reaction, which propted us to examine other 

photocatalysts.  

As PC6 consistently gave higher yields than PC1 in the racemic α-arylation of 

benzamides, it was hypothesized that the lifetime of this photocatalyst in the reaction was 

much longer than the latter. Under this assumption, and since the oxidation potentials are 

nearly the same (1.21 V and 1.25 V vs SFC), it was hypothesized that under the reaction 

conditions the phenyl portion of the ppy ligands on the iridium center were being 

modified;227, 267 this hypothesis would explain why PC6 gave higher yields, since it has 

two less sp2 C–F bonds. Under this hypothesis, a new catalyst was designed and 

synthesized which contained no sp2 C–F bonds. Despite this modification, no noticeable 

increase in yield was observed and no photocatalyst was observed by LCMS QTOF at the 

end of the reaction suggesting that this catalyst also suffered from degradation under the 

reaction conditions (Figure 4-37). 
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Figure 4-35 LCMS and analysis of PC1. A) LCMS trace of Ir-dF, B) mass spec analysis of LCMS trace of PC1 from 

15.85-15.98 minutes, and C) structure of PC1 and expected ratio of isotopes based on natural abundance. 

 

Chemical Formula: 

C
42

H
34

F
10

IrN
4
 

Exact Mass: 977.2253 

m/z: 977.2253 

(100.0%), 975.2230 

(59.5%), 978.2287 

(45.4%), 976.2263 

(27.0%), 979.2320 

(7.4%), 977.2297 

(4.4%), 979.2320 

(2.7%), 977.2297 

(1.6%), 978.2223 

(1.5%), 980.2354 (1.5%) 

B) 

C) 

A) 
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A) 

B) 

C) 

D) 

E) 

 

Figure 4-36 LCMS analysis of Ir-dF before and after subjecting to reaction conditions. A) LCMS trace of Ir-dF, B) 

LCMS trace of productive reaction using Ir-dF after irradiating for 1 hour, C) LCMS trace of productive reaction 

using Ir-dF after irradiating for 12 hours, D) Overlay of LCMS traces of Ir-dF, reaction after irradiating for 1 hour, 

and reaction after irradiating for 12 hours, and E) mass spec analysis of LCMS trace of productive reaction using 

Ir-dF after 12 hours of irradiation from15.85-15.98 minutes. No mass of the starting photocatalyst was detected, 

however, peaks with similar isotopic patterns to Ir-dF were observed. 
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Figure 4-37 LCMS Q-TOF traces for three different photocatalyst at 0 hours (in green) and 12 hours (in blue), overlaid. 

LCMS traces were analyzed for the mass of each respective photocatalyst before and after irradiation for 12 hours in a 

productive reaction. In each case the photocatalyst is completely consumed at the end of the reaction. 
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4.5 Spectra of New Compounds 
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