
UCLA
UCLA Electronic Theses and Dissertations

Title
Nickel-Catalyzed Arylations of Amides

Permalink
https://escholarship.org/uc/item/0cs6s1m6

Author
Boit, Timothy B

Publication Date
2021
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0cs6s1m6
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

Nickel-Catalyzed Arylations of Amides  

 

 

 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in Chemistry 

 

 

by 

 

 

Timothy Bartlett Boit 

 

 

2021 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Timothy B. Boit 

2021 



 

 ii 

ABSTRACT OF THE DISSERTATION 

 

 

Nickel-Catalyzed Arylations of Amides  

 

by 

 

Timothy B. Boit 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2021 

Professor Neil Kamal Garg, Chair 

 

 This dissertation describes the development of nickel-catalyzed arylations of amides via 

amide C–N bond activation. Although amide C–N bonds have traditionally been considered 

relatively inert, recent progress in the metal-catalyzed activation of this bond has enabled cross-

couplings of amide electrophiles. Herein, efforts to achieve a general nickel-catalyzed Suzuki–

Miyaura cross-coupling of aliphatic amides and a strategy to improve the practicality of this parent 

methodology are described. Furthermore, a one-pot reductive arylation of amides wherein two 

different nucleophiles are added to the amide carbonyl carbon is reported. This reaction, which 

proceeds by way of a sequential nickel-catalyzed Suzuki–Miyaura coupling and base-catalyzed 

reduction cascade process, directly converts amide starting materials to chiral secondary alkyl–
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aryl alcohol products. Each of the methodologies presented is expected to expand the field of amide 

C–N bond activation methodologies and highlight the synthetic utility of amide building blocks 

for C–C bond-forming cross-coupling reactions. 

 Chapter one outlines the current state of the art in nickel and iron-catalyzed cross-couplings 

of traditionally inert electrophiles. Specifically, recent advances in base-metal-catalyzed reactions 

of phenol, aniline, ester, and amide derivatives that proceed via aryl or acyl C–O/C–N bond 

activation are described. This brief review should provide context for the subsequent studies 

presented in this dissertation. Furthermore, summarizing recent efforts in this field is expected to 

highlight the utility of base-metal-catalyzed cross-couplings of traditionally-inert electrophiles in 

organic synthesis. 

 Chapters two and three describe the development of nickel-catalyzed Suzuki–Miyaura cross-

couplings of aliphatic amide derivatives. Chapter two details a general nickel-catalyzed arylation 

of aliphatic amides, where mild cleavage of the aliphatic amide C–N bond is made possible using 

a nickel(0)–N-heterocyclic carbene (NHC) catalyst–ligand system. The methodology specifically 

focuses on the union of heterocyclic fragments to assemble poly-heterocyclic ketone scaffolds. In 

addition, a stereoretentive Suzuki–Miyaura coupling is described, wherein amides bearing 

epimerizable a-stereocenters undergo the reaction with minimal erosion of stereochemistry. 

Chapter three outlines a strategy for performing nickel-catalyzed Suzuki–Miyaura couplings of 

aliphatic amides on the benchtop. In this approach, air- and moisture-sensitive reagents are stored 

in paraffin capsules, allowing for air-sensitive transition-metal-catalyzed cross-couplings to be 

carried out without the need for glovebox manipulations. Both studies are anticipated to advance 

the utility of amides as acyl synthons for C–C bond-forming cross-coupling reactions. 
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 Chapters four and five concern the development of a base-catalyzed reduction of aryl ketones 

and its application toward a one-pot reductive arylation of aliphatic amides. In chapter four, the 

use of an electron-rich benzylic alcohol reductant to achieve a Meerwein–Ponndorf–Verley 

(MPV)-type reduction of ketones is reported. This approach avoids the use of the hydride source 

as the solvent, proceeds under mildly basic conditions, reduces aromatic and O- and S-containing 

heteroaromatic ketones, and delivers enantioenriched alcohol products through a stereospecific 

reduction when using an enantioenriched reductant. These studies expand the field of base-

catalyzed MPV-type reductions of carbonyls and address several limitations associated with prior 

methodologies. Chapter five describes the the application of this mild ketone reduction protocol 

toward a one-pot reductive arylation of amides. Specifically, this methodology, which proceeds 

by way of a nickel-catalyzed Suzuki–Miyaura coupling of aliphatic amides and subsequent base-

catalyzed transfer hydrogenation of ketone intermediates, provides direct access to chiral 

secondary alkyl–aryl alcohols from amide starting materials. This study represents the first 

catalytic method for the direct intermolecular addition of two different nucleophiles to the amide 

carbonyl carbon. Moreover, these efforts are expected to promote the development of additional 

catalytic approaches to directly convert carboxylic acids and their derivatives to functional groups 

bearing stereogenic centers. 
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CHAPTER ONE 

 

Activation of Aryl and Acyl C–O and C–N Bonds Using Non-Precious-Metal Catalysis 

Timothy B. Boit,† Ana S. Bulger,† Jacob E. Dander,† and Neil K. Garg. 

ACS Catal. 2020, 10, 12109–12126. 

 

1.1 Introduction 

Metal-catalyzed cross-couplings represent one of the most important reaction platforms in 

modern synthetic chemistry (Figure 1.1A).1 Although the field enjoys a rich history, there remains 

fervent interest in expanding the frontiers of cross-coupling chemistry. Some areas of current 

exploration include the development of new modes of reactivity (dual catalysis,2 photoredox 

catalysis,3 cross-electrophile couplings,4 chemoenzymatic transformations,5 etc.), stereoselective 

couplings,6 and the utilization of new classes of electrophiles. With respect to the latter, non-

precious metal catalysis has been particularly enabling. 
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Figure 1.1. (A) Classical building blocks and those historically considered inert under traditional 
cross-coupling conditions. (B) Overview of recently explored electrophiles in cross-coupling 
reactions. 
 
 

In addition to potential cost, toxicity, and environmental benefits relative to precious metal 

alternatives, non-precious metal catalysts can effect unique and challenging transformations 
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but significantly underexplored compared to palladium-catalyzed variants. Since 2007, more than 

1200 manuscripts involving nickel-catalyzed cross-couplings have been published.8 Moreover, 

several reviews covering advances in nickel catalysis have been published over the past decade, 

highlighting the rapid growth of the field.7 This expansion has largely been driven by recognition 

of nickel’s ability to participate in single-electron processes9 and to activate strong bonds10 

historically considered inert in cross-coupling reactions. 7e,f,11 Notably, the use of non-traditional 

building blocks (e.g., aniline-, phenol-, and carboxylic acid-derivatives) in cross-couplings offers 

several advantages owing to their abundance, bench stability, utility as directing groups, and 
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orthogonal reactivity to more common aryl and acyl halide electrophiles (Figure 1.1B). As a result, 

these methodologies can enable novel disconnections and improvements in synthetic strategy.  

In the context of strong bond activation,12 our laboratory has been particularly interested 

in the activation and cross-coupling of phenol, amide, and ester electrophiles, using nickel or iron 

catalysis. Herein, we highlight our laboratory’s contributions in this area, which are summarized 

in Figure 1.2. First, we consider cross-couplings of phenol-derived pivalates, carbonates, 

carbamates, and sulfamates to form C–N and C–C bonds (Figure 1.2A). Additionally, we discuss 

our efforts to develop nickel-catalyzed activations of esters and amides (Figures 1.2B and 1.2C, 

respectively). Where illustrative, we also outline some of the many contributions from others in 

the field. Lastly, we provide insight into potential future directions in these areas.  

 

Figure 1.2. The scope of this review, which focuses on the activation of phenol, amide, and ester 
electrophiles. 
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1.2 Activation of Aryl C–O Bonds 

The use of phenol-derivatives in cross-couplings is particularly attractive due to their broad 

availability, stability, and utility as directing groups in aromatic ring functionalization (Figure 

1.3).13 Although cross-couplings of aryl sulfonates are common,14 methodologies that employ 

inexpensive phenol derivatives that are unreactive under Pd-catalysis and can serve as directing 

groups offer practical and conceptual advantages.15,16,17,18 For example, phenolic electrophiles 

could be leveraged in conjunction with orthogonal cross-coupling handles to allow for the facile 

construction of privileged polyfunctionalized aromatics.19 Although couplings of aryl and vinyl 

methyl ethers had been described by Wenkert and Chatani, respectively,20,21,22,23,24 when our 

laboratory opened in 2007, cross-couplings of simple O-acylated phenols were unknown.  

 

Figure 1.3. Overview of our laboratory’s studies on using phenol derivatives as cross-coupling 
electrophiles in base-metal-catalyzed C–C and C–N bond-forming reactions. 
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Miyaura coupling with indolylboronic ester 1.2 to deliver indole 1.3. Subsequently, nickel-

catalyzed cross-coupling of aryl pivalate 1.3 with phenylboronic acid gave 1.4 in 88% yield.28 This 

concise route to 1.4 underscores the value of O-acylated phenols as orthogonal cross-coupling 

electrophiles in the synthesis of polyaromatic molecules.19 In a subsequent study, we found that 

aryl tert-butylcarbonates could serve as cross-coupling electrophiles, as illustrated by the nickel-

catalyzed coupling of carbonate 1.5 to forge biaryl 1.6 in 65% yield.29  

Aryl carbamates also proved to be versatile electrophiles in C–C and C–N bond-forming 

cross-coupling reactions, as demonstrated by the examples shown in Figure 1.4.29 Importantly, this 

substrate class can be used to functionalize the ortho position on aromatic rings via directed 

lithiation.30 Using NiCl2(PCy3)2, naphthyl carbamate 1.7 smoothly underwent nickel-catalyzed 

cross-coupling to furnish biaryl product 1.8 in 86% yield.29 The corresponding amination of aryl 

carbamates was enabled by the use of N-heterocyclic carbene ligand, SIPr, and could be used to 

generate naphthylmorpholine 1.11 in excellent yield.31 Developing methodologies to construct 

sp2–sp3 C–C bonds represents another frontier in cross-couplings.32 Toward this end, we turned to 

iron catalysis to achieve the Kumada coupling of aryl carbamates,33,34 which allowed for the 

formation of sterically-hindered sp2–sp3 C–C bonds, such as that found in 1.12. 35  Finally, a 

catalytic reduction of aryl carbamates (1.7 ® 1.14, Figure 1.4) was achieved using inexpensive 

1,1,3,3-tetramethyldisiloxane (TMDSO) as the reductant,36 thereby providing a means to achieve 

the deoxygenation of aromatic rings. In addition, one can perform net cine substitution processes 

using directed ortho-metallation/functionalization, followed by reductive removal of the 

carbamate. Since our initial studies in this area, there have been a number of other contributions 

from other groups toward expanding the scope and mechanistic understanding of cross-couplings 

of O-acylated phenol-derivatives.37  
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Figure 1.4. Select examples of Ni- and Fe-catalyzed cross-couplings of pivalates, carbonates, and 
carbamates reported by our laboratory. 
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challenge, sulfamates proved to be viable substrates in nickel-catalyzed Suzuki–Miyaura cross-

couplings. In fact, subsequent experimental and computational studies carried out in collaboration 

with the Houk group revealed aryl sulfamates to be more reactive electrophiles in comparison to 

aryl carbamates.38 Importantly, this transformation avoids the use of highly basic and nucleophilic 

organometallic reagents, allowing for coupling of vinyl sulfamate 1.15 to give substituted 

cyclohexenone 1.17 in 78% yield (Figure 1.5).29 Sulfamates were also competent electrophiles in 

iron-catalyzed Kumada couplings, as shown by the formation of tricyclic product 1.19 in 82% 

yield.35 Additionally, the use of aryl sulfamates in catalytic amination reactions highlights their 

versatility as cross-coupling handles, and allowed for the rapid synthesis of linezolid (1.22) from 

fluorosulfamate 1.20. Following sulfamate-directed ortho-functionalization,29 aryl sulfamate 1.20 

underwent a nickel-catalyzed cross-coupling with morpholine (1.10) to deliver arylated amine 1.21 

in 84% yield.39 As previously mentioned, subsequent computational and experimental efforts from 

others in the field have greatly contributed to the rapid growth in understanding and scope of base-

metal-catalyzed cross-couplings of non-traditional phenol-derived electrophiles.37k,40 
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Figure 1.5. Select examples of nickel- and iron-catalyzed cross-couplings of sulfamates reported 
by our laboratory. 
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industrially-friendly solvents could further enhance the practicality of this methodology through a 

collaboration with the ACS Green Chemistry Institute’s Pharmaceutical Roundtable, we evaluated 

the coupling of (hetero)aryl sulfamates with amine nucleophiles in 2-methyl-THF using nickel-

catalysis.43 The robustness of this method was evidenced by the gram-scale coupling of 

trifluoromethyl aryl sulfamate 1.27 with morpholine (1.10) to give arylated amine 1.28 in 97% 

yield using only 3 mol% NiCl2(DME).  

 

Figure 1.6. Benchtop aminations of aryl sulfamates and carbamates and gram-scale coupling of 
1.27 in a green solvent.  
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has recently garnered significant attention.46 MacMillan and coworkers reported a nickel-catalyzed 

Suzuki–Miyaura coupling of aryltrimethylammonium triflates in 2003,47 building upon the 

foundational report by Wenkert on Kumada couplings of these species.48 More recently, Shi 

described a directing group-free nickel-catalyzed Suzuki–Miyaura coupling of N,N-dimethylaryl 

amines, overcoming a key limitation in comparable Ru-catalyzed reactions.49,50 Moreover, a 

nickel-catalyzed Suzuki–Miyaura coupling of azoles was published by Robins, 51 which allowed 

for the synthesis of important arylated purine nucleoside analogs 1.29 and 1.30 in good yields.52 

Finally, the Nakao group and others have investigated transition-metal-catalyzed cross-couplings 

of nitroarenes and this strategy has been applied toward the syntheses of polycyclic aromatic 

hydrocarbons.53 We are optimistic that base-metal-catalyzed aryl C–N bond activation will 

continue to see use in complex molecule synthesis. 

 

Figure 1.7. Overview of aniline derivatives employed in metal-catalyzed cross-coupling reactions. 
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couplings of esters, including decarboxylative variants pioneered by Itami55 and Gooßen,56 have 

since established the feasibility of metal-catalyzed acyl C–O bond activation for subsequent 

functional group interconversion, these reports were limited to the coupling of structurally or 

electronically activated substrates. Specifically, aryl esters employed in these couplings featured 

metal-chelating57 or electron-withdrawing58 O-substituents to facilitate oxidative addition (Figure 

1.8).59 These substrates are often synthesized from carboxylic acid precursors and are generally 

more reactive than alkyl esters. In contrast, simple methyl esters are naturally abundant, 

commercially available, and unreactive under Pd-catalysis. As a result, chemists could consider 

sequential cross-coupling strategies that take advantage of this orthogonal reactivity.  

 

Figure 1.8. Historical approaches to metal-catalyzed ester acyl C–O bond activation and 
advantages of alkyl esters as substrates.  
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rate-limiting oxidative addition step and drives product formation through the generation of a 

favorable Lewis acid-base complex with the amide product. Although this methodology was 

limited to the activation of naphthyl-derived substrates, its utility was illustrated in the synthesis 

of complex anilide 1.33 (Figure 1.9). Treatment of 1.31, which was prepared via sequential 

Buchwald–Hartwig and DCC couplings of a suitable methyl naphthoate precursor, with optimized 

amidation conditions generated anilide 1.33 in 60% yield without observable epimerization. This 

sequence highlights the mildness of the methodology and illustrates the utility of late-stage methyl 

ester activations in complex molecule synthesis.  

Further studies have improved the efficiency and scope of nickel-catalyzed amidations of 

methyl esters. Newman and coworkers have described an additive-free variant of this methodology 

utilizing elevated temperatures.63 In doing so, they were able to achieve amidations of 

enantioenriched aliphatic methyl esters to access products like furanylamide 1.34 in high yields 

(Figure 1.9). A range of aromatic substrates could also be coupled utilizing these conditions, 

allowing for the improved synthesis of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptors (AMPAR) positive modulator 1.35. In a subsequent survey of NHC ligands in this 

transformation,64 the same group reported the selective amidation of an alkyl methyl ester in the 

presence of an aryl methyl ester to form 1.36 in 65% yield. A reductive cross-coupling of 

nitroarenes and methyl esters has also been described.65 Notably, nitroarenes are widely used in 

industry as inexpensive precursors to aryl amines. In an impressive application of this 

methodology, Hu and coworkers treated known ester 1.37 with their optimized Ni/Zn conditions 

to generate (–)-rhazinilam 1.38 in 59% yield.65,66 As a result, the synthesis of the natural product 

was completed with improved step economy and comparable efficiency. 
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Figure 1.9. Recent advances in the nickel-catalyzed amidation of methyl esters.   
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to generate a variety of aryl stannanes, such as substituted pyridine 1.44.69 A decarbonylative 

methylation of aryl methyl esters was reported by Yamaguchi and coworkers, and was utilized to 

access 2-methylindole 1.45 in 48% yield.70 We anticipate that the exploration of new bond 

formations and modes of reactivities will continue to be an important driver of innovation in this 

field.  

 

Figure 1.10. Nickel-catalyzed domino Heck and decarbonylative cross-couplings of methyl esters.   
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subsequent late-stage C–N bond activation could allow for the rapid assembly of molecular 

architectures. 

Recognizing the potential utility of amides as useful synthetic handles, a number of 

strategies for the functional group interconversion of amides have been reported.73 For example, 

the use of amides featuring chelating N-substituents such as N-methoxy-N-methylamides or 

“Weinreb amides,”71a,74 has enabled the single addition of organometallic nucleophiles to amides 

to access ketone products. Additionally, single-electron reduction of imides can generate reactive 

radical anion intermediates for subsequent functionalizations.75 Notably, electrophilic activation 

of amides to generate versatile imidate intermediates has a rich history, with many elegant 

examples of this strategy being showcased by the Maulide group in recent years.76 Another strategy 

for amide activation involves hydrosilylation using Vaska’s complex (IrCl(CO)(PPH3)2), which 

has been leveraged by the Dixon group77 and others78 for a variety of reductive functionalizations 

of tertiary amides. Finally, our group and others have been interested in amide activation through 

direct oxidative addition by a transition-metal catalyst into the amide C–N bond for subsequent 

cross-coupling reactions. Although unknown at the time our lab entered the field in 2015, we 

envisioned that this latter approach could provide an alternative synthetic tool for the activation of 

amides that avoids the use of either highly nucleophilic or electrophilic reagents.7g,79    

 

Figure 1.11. The resonance stabilization and potential synthetic utility of amide C–N bond 
activations.   
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Beginning with our first disclosure in 2015,80 our laboratory has reported several nickel-

catalyzed transformations that proceed with amide C–N bond activation. Our early investigations 

focused on the use of amide substrates derived from aromatic carboxylic acids (which are often 

referred to as “aryl amides” and are distinct from N-aryl amides mentioned below), with select 

examples shown in Figure 1.12. We identified the conversion of amides to esters, a historically 

challenging transformation that often proceeds under harshly acidic or basic conditions,71a as an 

exciting starting point for our studies.80 

In collaboration with the Houk lab, we first computationally and experimentally 

investigated the effect of amide N-substituents in the nickel-catalyzed conversion of benzamides 

to methyl benzoate. These studies revealed two salient features of this transformation. First, N-

substituents had a profound influence on the change in Gibbs free energy values for the overall 

reactions (DG). Although esterifications of N,N-dialkyl benzamides were calculated to be largely 

thermodynamically unfavorable or thermoneutral, esterifications of N-aryl amides were found to 

be thermodynamically favorable, with a calculated DG of –6.8 kcal/mol for the conversion of N-

phenyl-N-methyl benzamide to methyl benzoate. The effect of amide N-substituents on the 

oxidative addition barrier using nickel catalysis with commercially available NHC ligand SIPr81 

was also evaluated computationally. In comparison to the calculated barriers for N-dialkyl amides, 

those for N-aryl amides were estimated to be more reasonable, with the oxidative addition barrier 

for N-phenyl-N-methyl benzamide calculated to be 26 kcal/mol. Overall, the computational 

predictions were supported by experiments as we observed quantitative yield in the nickel-

catalyzed conversion of N-phenyl-N-methyl benzamide to methyl benzoate. These initial 

collaborative studies with the Houk lab greatly informed our understanding of the impact of N-

substituents on the performance of amides in various nickel-catalyzed transformations. Moreover, 
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the Szostak group has bolstered the field by provided valuable insight into the physical properties 

and reactivity of non-planar, or “twisted”, amides (in particular, glutaramides).79a,82  

Using N-alkyl-N-phenyl benzamides, we found the use of nickel precatalyst / ligand 

combination of Ni(cod)2 / SIPr allowed for the mild coupling of with a range of alcohol 

nucleophiles to furnish ester products, such as menthyl ester 1.46, in high yields (Figure 1.12).80 

We then explored additional C–heteroatoms bond-forming reactions of N,N-alkyl, phenyl 

benzamides using nickel catalysis. Although water could not be directly employed as a nucleophile 

to access carboxylic acids from amides,83 we designed a one-pot, two-step net-hydrolysis reaction. 

Specifically, in situ generation of a silyl ester, followed by subsequent deprotection provided 

carboxylic acids, such as 1.47, in good yields using mild reaction conditions.84 We were also 

interested in overcoming the longstanding challenge of secondary amide transamidation utilizing 

our nickel catalysis platform.85 Toward this end, a two-step, Boc-activation/nickel catalysis 

approach enabled the catalytic transamidation of secondary amides, notably providing ready 

access to amino-acid derived amide 1.48 on gram-scale.86 Reasoning that these reactions could 

proceed through a Ni(0)/Ni(II) catalytic cycle, a hypothesis supported by DFT calculations 

performed by the Houk group, we became interested in leveraging well-established M(0)/M(II) 

cross-coupling platforms to form C–C bonds.80 Indeed, we found that and aryl amides could 

smoothly undergo nickel-catalyzed Suzuki–Miyaura (N-alkyl-N-Boc amides) and Negishi (N-Me-

N-tosyl and N-benzyl-N-Boc amides) couplings to form biaryl and aryl–alkyl ketones, 

respectively.87,88 Notably, both of these methodologies proved to be scalable, providing gram-scale 

access to ketones 1.49, an antiproliferative tubulin-binding agent,89 and 1.50, a key intermediate 

in Pfizer’s synthesis of a glucagon receptor modulator,90 respectively.  
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Figure 1.12. Recent advances in the nickel-catalyzed activation of aryl amide C–N bonds by our 
laboratory.  
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two nucleophiles. Ultimately, a one-pot chemoenzymatic synthesis of enantioenriched alcohols 

was achieved through the combined use of nickel- and biocatalysis in a collaboration with Codexis. 

92  For example, enantioenriched diarylmethanol 1.54 was accessed in 72% yield and 97% ee 

utilizing the methodology, which combined a Suzuki–Miyaura cross-coupling and ketoreductase 

(KRED)-mediated reduction in a one-pot, sequential process. These studies validated the utility of 

amide C–N bond activation in stereocomplexity-generating transformations. We view the 

development of asymmetric methods as a fruitful area for further exploration in this field.  

 

Figure 1.13. Asymmetric reactions of aryl amides developed by our laboratory.  
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evaluated C–C and C–N bond-forming reactions of alkyl amides through the use of the electron-

rich NHC ligand precursor, Benz-Icy•HCl.81,95,96,97 Specifically, we developed a Suzuki–Miyaura 

coupling of aliphatic amides, which provided access to ketone 1.57 from an enantioenriched amide 

with minimal racemization. Importantly, this methodology affords enolizable ketone products, 

which can then be further elaborated. For example, a Suzuki–Miyaura cross-coupling of a 

tetrahydropyranyl amide and concatenate Fischer indolization provided spiroindolenine 1.58 in 

rapid fashion. Transamidation of aliphatic secondary amides was also possible using this catalytic 

system, following C–N bond activation via N-functionalization. Of note, the stereoretentive 

transamidation of a prolinamide to provide secondary amide 1.59 in 60% yield and 99% ee was 

possible utilizing the methodology.95 With the development of these protocols, our laboratory 

established the viability of aliphatic amides in C–O, C–C, and C–N bond-forming reactions using 

nickel catalysis. 
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Figure 1.14. Recent advances in the nickel-catalyzed activation of aliphatic amide C–N bonds by 
our laboratory.  

 
 
As previously noted, our laboratory has an interest in improving the practicality of nickel-

catalyzed methods. Toward this end, we sought to optimize the catalytic efficiency of the 

esterification of amides reported by our laboratory.98 A highlight of this collaborative effort with 

AbbVie, which combined experimentation and kinetic modeling,99 was the realization of a 5 gram-

scale coupling of aryl amide 1.60 and menthol (1.61) at a reduced temperature (45 °C vs. 80 °C) 

using <1 mol% Ni(cod)2 to give ester 1.46 in 97% yield (Figure 1.15). Another key challenge in 

the area of nickel catalysis lies in the development of glovebox-free cross-couplings.100 

Encapsulating air- and moisture-sensitive reagents in paraffin wax has been an effective means to 

carry out transition-metal-catalyzed reactions on the benchtop,101,102 including in undergraduate 

instructional laboratories.103 In this regard, we successfully employed paraffin–Ni(cod)2/Benzy-

Alkyl N

O
R'

R

Aliphatic Amides

Ni(cod)2 (5 mol%)
Benz-ICy·HCl (10 mol%)

K3PO4, H2O
PhMe, 70 °C

Suzuki–Miyaura
Transamidation

1.57
94% ee

63% yield
1.59

>99% ee
60% yield

1.55
77% yield

Esterification

Ni(cod)2 (10 mol%)
terpyridine (10 mol%)

PhMe, 100 °C

Me

H

HMe

O

O

Ph

O
N
Me

N
H

O

Ni(cod)2 (10 mol%)
Benz-ICy·HCl (22 mol%)

NaOt-Bu, PhMe, 60 °C

MeMe

Me
H

Boc
H
N

O

O O
11

From macrolactam

N
Boc

1.56
78% yield

N

N N
O

O
1.58

50% yield
(over 2 steps)

Via cross-coupling
& Fischer indolization



 22 

ICy•HCl capsules in the benchtop Suzuki–Miyaura coupling of piperidinyl amide 1.62 to give 

polyheterocyclic ketone 1.64 in 73% yield on gram-scale. We are hopeful that future advances in 

these areas will promote greater use of base-metal catalysis in academia and industry. 

 

Figure 1.15. Practical advances in nickel-catalyzed activations of amides disclosed by our 
laboratory.   
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including aryl bromides, allowing for the formation of aryl amide 1.67 in 69% yield. Additionally, 

Molander and coworkers reported a Ni/Ir dual-catalytic photoredox approach to access alkyl–alkyl 

ketones such as 1,4-dicarbonyl 1.70.108 Finally, a number of Ni-catalyzed decarbonylative 

reactions of amides have been reported, expanding the scope of functional groups directly 

accessible from amides, as illustrated by the synthesis of compounds 1.71–1.73.109,110,111 The 

continued exploration of new modes of reactivity and bond-forming reactions is critical to 

advancing amides as useful building blocks in complex molecule synthesis. 
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Figure 1.16. N-substituent variation, alternative reaction modes, and decarbonylative reactions of 
amides utilizing nickel catalysis.  
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electron-withdrawing or chelating substituents114 could allow chemists to directly manipulate 

common moieties in commodity chemicals and natural products. Another frontier for this field lies 

in the application of cross-couplings involving the activation of strong bonds to the synthesis of 

complex molecules.  In this regard, the development of both chemo- and stereoselective reactions 

is expected to be highly enabling. Additionally, collaborations between academia and industry as 

well as amongst academic research groups would help achieve the future directions outlined above 

and expedite the adoption of novel methodologies in industrial settings.115 Finally, computational 

investigations into reaction mechanisms and selectivities will undoubtedly lead to improvements 

in existing methodologies, inspire the development of others, and lead to the disclosure of tools to 

predict selectivities and outcomes in these transformations. Of note, although nickel catalysis has 

seen widespread use in the activation of strong bonds, there remains significant interest in 

exploring the utility of alternative non-precious metal catalysts in this arena and more broadly in 

cases where it could lower the cost of drug manufacturing.115,116 We also envision that the 

optimization of reaction conditions and catalyst loadings, the discovery of new inexpensive ligand 

frameworks,117 and the disclosure of well-defined, air-stable pre-catalysts118 will promote the use 

of base-metal catalysis in academia and industry. We hope and anticipate that strong bond 

activation using base-metal catalysts will continue to thrive as a field and be viewed as an 

increasingly valuable strategy in organic synthesis.   
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2.1 Abstract 

We report the Ni-catalyzed Suzuki–Miyaura coupling of aliphatic amide derivatives. Prior 

studies have shown that aliphatic amide derivatives can undergo Ni-catalyzed carbon–heteroatom 

bond formation, but Ni-mediated C–C bond formation using aliphatic amide derivatives has 

remained difficult. The coupling disclosed herein is tolerant of considerable variation with respect 

to both the amide-based substrate and the boronate coupling partner, and proceeds in the presence 

of heterocycles and epimerizable stereocenters. Moreover, a gram-scale Suzuki–Miyaura 

coupling/Fischer indolization sequence demonstrates the ease with which unique poly-

heterocyclic scaffolds can be constructed, particularly by taking advantage of the enolizable ketone 

functionality present in the cross-coupled product. The methodology provides an efficient means 

to form C–C bonds from aliphatic amide derivatives using non-precious metal catalysis and offers 

a general platform for the hetero-arylation of aliphatic acyl electrophiles. 

 

2.2 Introduction 

The facile unification of molecular fragments via C–C bond formation represents an 

important and challenging objective in transition metal catalysis.1 Although the field has been 

largely dominated by the coupling of aryl electrophiles, there has been a recent resurgence in 

developing analogous methods using stable acyl electrophiles. More specifically, esters and 
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amides have emerged as useful synthetic building blocks in a variety of acyl cross-coupling 

manifolds. Recent breakthroughs in the area include the Suzuki–Miyaura coupling of phenyl esters 

reported independently by Newman and Szostak, which proceeds using palladium catalysis,2,3 in 

addition to numerous amide C–N bond activation studies using either palladium or nickel.4,5,6,7,8,9  

We and others have been especially interested in using nickel catalysis to enable facile C–

C bond formation from amide derivatives. Such methods provide new strategies for the synthesis 

of ketones which complement Weinreb’s methodology,10 but importantly avoid the use of highly 

basic or pyrophoric reagents. Previously, we have shown that nickel catalysis can promote the 

cross-coupling of Ts- or Boc- activated benzamide derivatives in C–C bond forming 

reactions.4b,4d,4k These cross-coupling platforms have allowed for the efficient coupling of aryl 

amide electrophiles, however, the corresponding activation of aliphatic amides is more 

challenging. Prior computational studies suggest that the use of aliphatic amides is inherently more 

difficult because of the high kinetic barrier of activation associated with oxidative addition into 

the resonance-stabilized C–N bond.4a Indeed, achievements in cross-couplings of aliphatic amides 

using Ni catalysis is limited to carbon-heteroatom bond formation.4h,o Molander and coworkers 

have also reported an elegant coupling of N-acyl succinimides with alkyl trifluoroborate salts 

employing a dual-metal photoredox approach using nickel and an iridium photocatalyst,9 which 

nicely complements the method described herein.11,12 

With the aim of developing a general cross-coupling manifold to build C–C bonds from 

aliphatic amides, we targeted the Suzuki–Miyaura coupling shown in Figure 2.1. From the outset, 

we opted to focus our efforts on the coupling of heterocyclic fragments due to their prevalence in 

bioactive molecules. Certain heterocycles can be challenging to employ in metal-mediated cross 

couplings as they are known to ligate metal catalysts and inhibit reactivity.1b Moreover, only a 
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handful of isolated examples of hetero-arylative Suzuki–Miyaura couplings of aliphatic acyl 

electrophiles exist13 (i.e., anhydrides,13a,b thioesters,13c,d acid chlorides13e,f), and a general platform 

for the hetero-arylation of aliphatic acyl electrophiles has not been developed. In this paper, we 

describe the nickel-catalyzed Suzuki–Miyaura coupling of aliphatic amide derivatives. 

Importantly, this methodology provides rapid access to functionalizable heterocyclic scaffolds 

while expanding the scope of synthetically useful transformations involving amide derivatives and 

non-precious metal catalysis. 

 

Figure 2.1. Suzuki–Miyaura hetero-arylation of aliphatic amides to construct poly-heterocyclic 
scaffolds. 
 
 
2.3 Evaluation of Ligand Effects in the Suzuki–Miyaura Coupling 

To initiate our study, we examined the coupling of piperidine derivative 2.414 with N-

methylpyrrole-2-boronic acid pinacol ester (2.5), as shown in Figure 2.2. Our initial attempts to 

employ the N-heterocyclic carbene (NHC) ligand SIPr (2.7), which we had previously shown to 

be competent in the Suzuki–Miyaura coupling of aromatic amide derivatives,4b were met with 

difficulty, as no trace of the desired ketone product 2.6 was formed at 50 °C (entry 1). Moreover, 

increasing the temperature to 120 °C only led to partial decomposition of substrate 2.4 (entry 2). 

Next, we screened several ligand frameworks that have been used in the context of nickel-

catalyzed couplings. Interestingly, efforts to utilize the ligand terpyridine (2.8), which had been 
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shown to facilitate the nickel-catalyzed esterification of aliphatic amide derivatives,4h were also 

unfruitful (entry 3). Gratifyingly, however, use of the NHC precursor ICy•HBF4 (2.9) was found 

to promote the desired Suzuki–Miyaura coupling, and delivered ketone 2.6 in 95% yield (entry 4). 

Ligand 2.9 has been used in other nickel-catalyzed processes,5b,5f,15 including in the Heck reaction 

of benzamide derivatives.4k Finally, the related NHC precursor Benz-ICy•HCl (2.10) was 

evaluated and found to give similarly useful results (entry 5). As NHC precursor 2.10 was found 

to be broadly effective in subsequent scouting experiments, it was used in our further studies.16 

Finally, although we focus on the use of N-Bn,Boc amides in this study, it should be noted that the 

methodology is not limited to the use of the N-benzyl group. For example, coupling of N-iPr,Boc 

cyclohexamide with boronate 2.5 under the optimized conditions gave the corresponding ketone 

in 72% yield. 
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Figure 2.2. Evaluation of reaction conditions for the nickel-catalyzed coupling of aliphatic amide 
2.4 with boronate 2.5 to furnish ketone 2.6. aConditions: Ni(cod)2 (5 mol%), 2.7–2.10 (10 mol%), 
substrate 2.4 (1.0 equiv), boronate 2.5 (2.5 equiv), K3PO4 (4.0 equiv), toluene (1.0 M), and H2O 
(2.0 equiv) heated at the indicated temperature for 16 h. Yields were determined by 1H NMR 
analysis using hexamethylbenzene as an internal standard. 

 
 
2.4 Scope of the Coupling with Hetero-Aliphatic Amides and Hetero-Aryl Boronates 

With the optimized conditions in hand, we explored the scope of the coupling with respect 

to both the hetero-aliphatic amide-derived substrate and the hetero-aryl boronate to afford a variety 

of bis-heterocyclic ketone products (Figure 2.3). The reaction was found to be widely tolerant of 

N-heterocyclic boronate nucleophiles, including pyrrole, quinoline, indole, pyrazole, and 

morpholino-pyridine moieties, as demonstrated by the formation of 2.6 and 2.11–2.16, all in good 

yields. Moreover, an isomeric piperidine amide substrate could be utilized, allowing for the 
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formation of pyrrolo- and pyrazolo-ketones 2.17 and 2.18, respectively. Alternatively, the 

pyrrolidine heterocycle could also be employed to generate ketones 2.19 and 2.20 in 82% and 90% 

yields, respectively. Finally, substrates derived from both 4- and 3-isomers of tetrahydropyran 

carboxylic acid were shown to be competent in the coupling, furnishing ketones 2.21–2.25 in good 

to excellent yields. The formation of 2.25 highlights the use of an oxygen-containing heterocyclic 

boronate in the coupling reaction. It is also worth noting that non-heterocyclic aryl boronates, such 

as 2-naphthyl and phenyl boronic esters, could be employed in the Suzuki–Miyaura coupling as 

demonstrated by the formation of 2.26 and 2.27, respectively. In addition, o-Me, p-CF3, and p-

CO2Me substituents were tolerated on the phenyl boronate, giving rise to ketones 2.28–2.30, 

respectively.17  
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Figure 2.3. Scope of the Suzuki–Miyaura coupling with hetero-aliphatic amide substrates and aryl 
boronates. Conditions: Ni(cod)2 (5 mol %), 2.10 (10 mol %), substrate (1.0 equiv), boronate (2.5 
equiv), K3PO4 (4.0 equiv), toluene (1.0 M), and H2O (2.0 equiv) heated at 120 °C for 16 h. Unless 
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otherwise noted, yields reflect the average of two isolation experiments. aReaction run using 3.3 
equiv of the boronate. bYield determined by 1H NMR analysis using hexamethylbenzene as an 
external standard. cReaction run for 24 h using 5.0 equiv of the boronate. 
 
 
2.5 Scope of the Coupling with Non-Heterocyclic Aliphatic Amide Substrates 

The scope of the hetero-arylative coupling with boronate 2.5 was also evaluated with 

respect to several non-heterocyclic aliphatic amide derivatives (Figure 2.4). Substrates derived 

from dihydrocinnamic and decanoic acids coupled in high yields to furnish ketones 2.31 and 2.32, 

respectively. Additionally, a-branched carbocyclic amides also underwent efficient couplings, 

providing pyrrolo-ketones 2.33 and 2.34. Finally, sterically encumbered carboxamides could also 

be employed in the coupling, as demonstrated by the production of tert-butyl ketone 2.35 in 

excellent yield. 

 

Figure 2.4. Scope of the coupling with non-heterocyclic aliphatic amide substrates and boronate 
2.5. Yields reflect the average of two isolation experiments. Conditions: Ni(cod)2 (5 mol %), 2.10 
(10 mol %), substrate (1.0 equiv), boronate 2.5 (2.5 equiv), K3PO4 (4.0 equiv), toluene (1.0 M), 
and H2O (2.0 equiv) heated at 120 °C for 16 h. Yields reflect the average of two isolation 
experiments. 
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2.6 Evaluation of Ligand Effects in the Coupling of Benzamide Derivatives 

Although our manuscript focuses on aliphatic amides for the reasons mentioned earlier, 

we were curious if our optimal reaction conditions could be applied to a benzamide substrate 

(Figure 2.5). We have reported earlier the coupling of N-Bn,Boc benzamide 2.36 with 

phenylboronic acid pinacol ester 2.37 using a Ni/SIPr system at 50 ºC. This gives ketone 2.38 in 

96% yield (entry 1).4b We performed the corresponding coupling of 2.36 and 2.37 using the 

Ni/Benz-ICy catalyst system. At 50 °C, we obtained only a 14% yield of the cross-coupled product, 

2.38 (entry 2). We also performed the cross-coupling using the Ni/Benz-ICy catalyst system at 120 

ºC, which furnished 2.38 in 60% yield (entry 3).18 As such, for practioners of this methodology, 

we recommend the use of Ni/SIPr at 50 °C to achieve the Suzuki–Miyaura coupling of benzamide-

type substrates4b and the use of the conditions reported herein (i.e., Ni/Benz-ICy at 120 °C) for 

aliphatic amides. 

 

Figure 2.5. Suzuki–Miyaura coupling of amide 2.36 with boronate 2.37 using Ni/SIPr and 
Ni/Benz-ICy catalyst systems. aConditions: Ni(cod)2 (5 mol %), 2.7 (5 mol %), substrate (1.0 
equiv), boronate 2.37 (1.2 equiv), K3PO4 (2.0 equiv), toluene (1.0 M), and H2O (2.0 equiv) heated 
at 50 °C for 24 h. bReaction run using Ni(cod)2 (5 mol %), 2.10 (10 mol %), substrate (1.0 equiv), 
boronate 2.37 (2.5 equiv), K3PO4 (4.0 equiv), toluene (1.0 M), and H2O (2.0 equiv) heated at the 
indicated temperature for 16 h. cYields reflect the average of two experiments. Yields were 
determined by 1H NMR analysis using hexamethylbenzene as an external standard. 
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2.7 Discovery and Optimization of a Stereoretentive Suzuki–Miyaura coupling  

We also questioned if the methodology would be amenable to the coupling of an amide 

substrate containing a defined chiral center a to the carbonyl. As such, we attempted the coupling 

between amide 2.39 and boronate 2.5 (Figure 2.6). Although the use of standard conditions (i.e., 

120 ºC for 16 h) gave the desired ketone product 2.40 in 68% yield, roughly 20% epimerization 

was also observed. We found that by carrying out the reaction at 90 ºC for 2 h, the epimerization 

could be avoided. Thus, ketone 2.40 was obtained in 70% yield, without observable formation of 

the syn diastereomer. Moreover, the tolerance of the ester (and other functional groups)19 

underscores the complementarity of this methodology to the Weinreb ketone synthesis,10 where 

such electrophilic functional groups typically do not withstand the use of highly basic and 

nucleophilic organometallic reagents. Importantly, this result provides the first example of an 

amide or ester Suzuki–Miyaura coupling that proceeds smoothly in the presence of an epimerizable 

stereocenter a to the amide carbonyl. The tolerance of the method to defined stereocenters a to 

the carbonyl was also evaluated using enantioenriched cyclohexenyl amide 2.41. Using standard 

conditions (i.e., 120 ºC for 16 h), the desired ketone 2.42 was obtained in 81% yield, but only in 

14% ee. By lowering the temperature of the reaction to 70 ºC, the desired coupling of 2.41 with 

boronate 2.5 proceeded in good yield and with significant preservation of stereochemical 

information. We hypothesize that the observed epimerization stems from the basicity of the 

deprotonated Benz-ICy•HCl (2.10). In fact, subjection of enantioenriched 2.42 to the free NHC in 

toluene at 120 ºC for 4 h led to complete racemization of the substrate. In contrast, the 

corresponding experiments performed with Benz-ICy•HCl (2.10) or K3PO4 led to no or minimal 

observable loss in ee, respectively. It should also be noted that ketone product 2.42 was observed 

to racemize more readily than amide 2.41 under the standard reaction conditions (see section 
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2.10.2.5 for details). Nonetheless, these results demonstrate the mildness of the reaction conditions 

and bode well for future synthetic applications.  

 

Figure 2.6. Stereoretentive Suzuki–Miyaura couplings of amide 2.39 and enantioenriched amide 
2.41. Yield reflects the average of two isolation experiments. Conditions: Ni(cod)2 (5 mol %), 2.10 
(10 mol %), substrate (1.0 equiv), boronate 2.5 (2.5 equiv), K3PO4 (4.0 equiv), toluene (1.0 M), 
and H2O (2.0 equiv) heated at 70 °C for 2 h. Yield reflects the average of two isolation experiments. 
aReaction run at 90 °C for 2 h. Yield determined by 1H NMR analysis using hexamethylbenzene 
as an external standard. 
 
 
2.8 Gram-Scale Suzuki–Miyaura Coupling and Subsequent Fischer Indolization 

In comparison to more classical aryl-aryl couplings, the products obtained from this 

methodology possess enolizable ketones, which serve as valuable synthetic handles. As a 

demonstration of this benefit, we performed a gram-scale Suzuki–Miyaura coupling and 

subsequent Fischer indolization reaction to construct a polyheterocyclic spiroindolenine scaffold 

(Figure 2.7). Spiroindolenines are commonly seen in bioactive molecules20 and also serve as 

valuable synthetic intermediates.21 In this case, Suzuki–Miyaura coupling of tetrahydropyran 

carboxamide 2.43 with boronate 2.44 took place on gram scale under conditions employing 

reduced boronate, catalyst, and ligand loadings (1.2 equiv, 2.5 and 5 mol%, respectively) to furnish 

ketone 2.45 in 82% yield. Next, ketone 2.45 was transformed into spirocycle 2.47 in 61% yield by 

N

O

+

O

2.5 2.422.41

* *
Bn

Boc

98% ee 94% ee

(pin)B N
Me

N
MeNi(cod)2 (5 mol%)

2.10 (10 mol%)

K3PO4, H2O
toluene, 70 °C

2 h
(63% yield)

N

O

+

O

2.5 2.402.39

* *
Bn

Boc
(pin)B N

Me N
Me

Ni(cod)2 (5 mol%)
2.10 (10 mol%)

K3PO4, H2O
toluene, 90 °C

2 h
(70% yielda)

MeO

Formation of syn 
diastereomer not observed

MeO

O O



 70 

reaction with phenylhydrazine (2.46) in the presence of TFA by way of a Fischer indolization.22 

The rapid construction of poly-heterocyclic spiroindolenine 2.47,23 hinging upon the classical 

reactivity of enolizable ketones, underscores the utility of the Suzuki–Miyaura coupling of 

aliphatic amides and further demonstrates the ease with which a variety of unique heterocyclic 

compounds can be fashioned. 

 
 
Figure 2.7. Sequential gram-scale Suzuki–Miyaura coupling and Fischer indolization to provide 
2.47.  
 
 
2.9 Conclusions 

We have developed the nickel-catalyzed Suzuki–Miyaura coupling of aliphatic amides. 

The coupling was found to be tolerant of variation in both coupling partners, and can be employed 

in the presence of heterocycles, epimerizable stereocenters, and sensitive functional groups (e.g., 

esters). The synthetic utility of this methodology was further demonstrated on gram-scale via a 

Suzuki–Miyaura coupling/Fischer indolization sequence to form poly-heterocyclic 

spiroindolenine 2.47. These studies offer a general platform for the hetero-arylation of aliphatic 

acyl electrophiles, while contributing to the repertoire of synthetic transformations involving 

amide derivatives and non-precious metal catalysis. Moreover, given their stability towards a 
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variety of conditions, we view amides as having significant potential utility as synthons in the 

derivatization of biomolecules and multistep synthetic efforts. 
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2.10 Experimental Section 

2.10.1 Materials and Methods  

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. Non-

commercially available substrates were synthesized following protocols specified in Section 

2.10.2 in the Experimental Procedures. Prior to use, toluene was purified by distillation and taken 

through five freeze-pump-thaw cycles, and phenylhydrazine (2.46) was passed over a plug of basic 

alumina. Benzylamine was obtained from Sigma–Aldrich. Boronate esters 2.5, 2.57, 2.58, 2.59, 

2.60, 2.61, 2.63, 2.37, 2.64, 2.66, 2.67, and 2.44 and carboxylic acids 2.48, 2.49, 2.51, 2.53, 2.54, 

2.56 were obtained from Combi-Blocks. Boronate ester 2.6224 was prepared according to literature 

procedures. Ni(cod)2, SIPr (2.7), terpyridine (2.8), ICy•HBF4 (2.9), and Benz-ICy•HCl (2.10) were 

obtained from Strem Chemicals. K3PO4 was obtained from Acros. Reaction temperatures were 

controlled using an IKAmag temperature modulator, and unless stated otherwise, reactions were 

performed at room temperature (approximately 23 °C). Thin-layer chromatography (TLC) was 

conducted with EMD gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 

0.50 mm for preparative chromatography) and visualized using a combination of UV, 

anisaldehyde, iodine, and potassium permanganate staining techniques. Silicycle Siliaflash P60 

(particle size 0.040–0.063 mm) was used for flash column chromatography. 1H NMR spectra were 

recorded on Bruker spectrometers (at 300, 400 and 500 MHz) and are reported relative to residual 

solvent signals. Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), 

multiplicity, coupling constant (Hz), integration. Data for 13C NMR are reported in terms of 

chemical shift (at 75 and 125 MHz). IR spectra were recorded on a Perkin-Elmer UATR Two FT-

IR spectrometer and are reported in terms of frequency absorption (cm-1). DART-MS spectra were 
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collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion 

source and a Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by 

Excalibur software v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) 

using CHCl3 as the solvent. Ionization was accomplished using UHP He plasma with no additional 

ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 

Ion calibration solutions (Thermo Fisher Scientific).	Determination of enantiopurity was carried 

out using either a Mettler Toledo SFC (supercritical fluid chromatography) or Agilent HPLC using 

a Daicel ChiralPak OJ-H column. Optical rotations were measured with a Rudolph Autopol III 

Automatic Polarimeter. 

 

2.10.2 Experimental Procedures 

2.10.2.1 Syntheses of Amide Substrates 

Representative Procedure for the synthesis of amide substrates from Tables 2.1 and 2.2 and 

Figures 2.2, 2.3, 2.6, and 2.7 (synthesis of amide 2.4 is used as an example). 

 

To a mixture of carboxylic acid 2.48 (3.00 g, 13.1 mmol, 1.0 equiv), EDC•HCl (2.76 g, 

14.4 mmol, 1.1 equiv), HOBt (1.94 g, 14.4 mmol, 1.1 equiv), triethylamine (1.99 mL, 14.4 mmol, 

1.1 equiv) and DMF (131 mL, 0.1 M) was added benzylamine (1.57 mL, 14.4 mmol, 1.1 equiv). 

The resulting mixture was stirred at 23 °C for 16 h, and then diluted with deionized water (250 

mL) and transferred to a separatory funnel with EtOAc (150 mL) and brine (50 mL). The aqueous 

1. BnNH2 (1.1 equiv)
    EDC•HCl (1.1 equiv)
    HOBt (1.1 equiv)
    Et3N (1.1 equiv)
    DMF, 23 °C

2. Boc2O (1.3 equiv)
    DMAP (0.1 equiv)
    CH3CN, 23 °C

(65% yield, 2 steps)

O

N
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O
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2.48
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layer was extracted with EtOAc (3 x 150 mL), then the organic layers were combined and washed 

with deionized water (3 x 125 mL), dried over Na2SO4, and evaporated under reduced pressure. 

The resulting crude solid material was used in the subsequent step without further purification. 

To a flask containing the crude material from the previous step was added DMAP (148 mg, 

1.21 mmol, 0.1 equiv) followed by acetonitrile (60.0 mL, 0.2 M). Boc2O (3.43 g, 15.7 mmol, 1.3 

equiv) was added in one portion and the reaction vessel was flushed with N2, then the reaction 

mixture was allowed to stir at 23 °C for 16 h. The reaction was quenched by addition of saturated 

aqueous NaHCO3 (200 mL), transferred to a separatory funnel with EtOAc (200 mL) and H2O 

(200 mL), and extracted with EtOAc (3 x 100 mL). The organic layers were combined, dried over 

Na2SO4, and evaporated under reduced pressure. The resulting crude residue was purified by flash 

chromatography (9:1 Hexanes:EtOAc) to yield amide 2.4 (3.59 g, 65% yield, over two steps) as 

white solid. Amide 2.4: mp: 83–85 ºC; Rf 0.39 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): 

d 7.31–7.26 (m, 2H), 7.24–7.18 (m, 3H), 4.86 (s, 2H), 4.12 (br s, 2H), 3.59 (tt, J = 11.2, 3.6, 1H), 

2.88–2.70 (m, 2H), 1.91–1.79 (m, 2H), 1.65 (qd, J = 12.2, 4.0, 2H), 1.45 (s, 9H), 1.40 (s, 9H); 13C 

NMR (125 MHz, CDCl3): d 178.2, 154.8, 153.1, 138.4, 128.5, 127.5, 127.2, 83.5, 79.6, 47.8, 43.8, 

43.0, 29.0, 28.6, 28.0; IR (film): 2976, 2932, 2861, 1731, 1689 cm–1; HRMS-APCI (m/z) [M + H]+ 

calcd for C23H35N2O5, 419.25405; found 419.25413. 

 

Note: Supporting information for the syntheses of some amides shown in Figures 2.3, 2.4, 

2.5 and 2.6 have previously been reported: 2.65,4h 2.68,4h 2.69,4h 2.70,4h 2.71,4h 2.36,4b 2.41,4o rac-

2.41,4o and 2.72.4o Syntheses for the remaining substrates shown in Figures 2.3, 2.4, 2.6, and 2.7 

are as follows: 
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Any modifications of the conditions shown in the representative procedure above are 

specified in the following schemes. 

 

 

Amide 2.50. Purification by flash chromatography (9:1 Hexanes:EtOAc) generated amide 2.50 

(51% yield, over two steps) as a white solid. Amide 2.50: mp: 73–75 ºC; Rf 0.43 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.31–7.26 (m, 2H), 7.24–7.19 (m, 3H), 4.92–

4.78 (m, 2H), 4.26–3.94 (m, 2H), 3.51 (tt, J = 10.6, 3.6, 1H), 2.99 (dd, J = 12.5, 11.0, 1H), 2.75 

(br s, 1H), 2.10 (br s, 1H), 1.74–1.68 (m, 1H), 1.62–1.48 (m, 2H), 1.45 (s, 9H), 1.40 (s, 9H); 13C 

NMR (125 MHz, CDCl3, 15 of 17 observed): d 177.2, 154.8, 152.9, 138.3, 128.5, 127.5, 127.3, 

83.6, 79.7, 47.7, 43.5, 28.7, 28.6, 28.0, 24.7; IR (film): 2977, 2935, 2862, 1732, 1687 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C23H35N2O5, 419.25405; found 419.25304. 

 

 

Amide 2.52. Purification by flash chromatography (9:1 Hexanes:EtOAc) generated amide 2.52 

(71% yield, over two steps) as a colorless oil. Amide 2.52: Rf 0.47 (5:1 Hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): d 7.32–7.27 (m, 2H), 7.25–7.19 (m, 3H), 4.88 (s, 2H), 4.08 (quint, J = 7.1, 

1. BnNH2 (1.1 equiv)
    EDC•HCl (1.1 equiv)
    HOBt (1.1 equiv)
    Et3N (1.1 equiv)
    DMF, 23 °C

2. Boc2O (1.3 equiv)
    DMAP (0.1 equiv)
    CH3CN, 23 °C

(51% yield, 2 steps)
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1H), 3.67 (br s, 1H), 3.56 (dd, J = 10.8, 6.3, 1H), 3.53–3.45 (m, 1H), 3.43–3.33 (m, 1H), 2.15 (br 

s, 2H), 1.46 (s, 9H), 1.42 (s, 9H); 13C NMR (125 MHz, CDCl3, 15 of 16 observed): d 176.2, 154.6, 

153.2, 138.3, 128.5, 127.6, 127.4, 83.8, 79.4, 49.3, 48.0, 45.6, 29.4, 28.7, 28.1; IR (film): 2979, 

2887, 1731, 1693, 1366, 1143 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C22H33N2O5, 

405.23840; found 405.23794. 

Note: 1H and 13C NMR spectra of amide 2.52 were obtained at 57 °C. 

 

 

Amide 2.43. Purification by flash chromatography (14:1 Hexanes:EtOAc) generated amide 2.43 

(83% yield, over two steps) as a white solid. Amide 2.43: mp: 52–54 ºC; Rf 0.59 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.32–7.27 (m, 2H), 7.25–7.19 (m, 3H), 4.87 (s, 

2H), 4.03–3.97 (m, 2H), 3.74–3.65 (m, 1H), 3.48 (td, J = 11.5, 2.4, 2H), 1.91–1.75 (m, 4H), 1.40 

(s, 9H); 13C NMR (125 MHz, CDCl3): d 178.1, 153.1, 138.4, 128.5, 127.5, 127.3, 83.4, 67.5, 47.8, 

42.2, 29.7, 28.0; IR (film): 2962, 2842, 1728, 1688, 1366, 1143 cm–1; HRMS-APCI (m/z) [M + 

H]+ calcd for C18H26NO4, 320.18563; found 320.18538. 

 

 

1. BnNH2 (1.1 equiv)
    EDC•HCl (1.1 equiv)
    HOBt (1.1 equiv)
    Et3N (1.1 equiv)
    DMF, 23 °C

2. Boc2O (1.3 equiv)
    DMAP (0.1 equiv)
    CH3CN, 23 °C

(83% yield, 2 steps)
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Amide 2.55. Purification by flash chromatography (14:1 Hexanes:EtOAc) generated amide 2.55 

(68% yield, over two steps) as a white solid. Amide 2.55: mp: 49–50 ºC; Rf 0.38 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.31–7.26 (m, 2H), 7.25–7.18 (m, 3H), 4.87 (d, 

J = 14.9, 1H), 4.81 (d, J = 14.9, 1H), 4.10–4.01 (m, 1H), 3.95–3.87 (m, 1H), 3.72–3.63 (m, 1H), 

3.55 (t, J = 10.4, 1H), 3.44 (td, J = 10.8, 3.4, 1H), 2.13–2.04 (m, 1H), 1.81–1.63 (m, 3H), 1.42 (s, 

9H); 13C NMR (125 MHz, CDCl3): d 176.7, 153.0, 138.3, 128.5, 127.6, 127.3, 83.7, 70.1, 68.4, 

47.7, 44.0, 28.0, 27.3, 25.3; IR (film): 2977, 2847, 1732, 1685, 1371, 1146 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C18H26NO4, 320.18563; found 320.18577. 

 

 

Amide 2.39. Purification by flash chromatography (9:1 Hexanes:EtOAc) generated amide 2.39 

(49% yield, over two steps) as a white solid. Amide 2.39: mp: 65–67 ºC; Rf 0.49 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.31–7.26 (m, 2H), 7.24–7.20 (m, 3H), 4.85 (s, 

2H), 3.67 (s, 3H), 3.43–3.36 (m, 1H), 2.37–2.0 (m, 1H), 2.10–1.96 (m, 4H), 1.58–1.46 (m, 4H), 

1.41 (s, 9H); 13C NMR (125 MHz, CDCl3): d 179.1, 176.2, 153.1, 138.5, 128.5, 127.6, 127.2, 83.4, 

1. BnNH2 (1.1 equiv)
    EDC•HCl (1.1 equiv)
    HOBt (1.1 equiv)
    Et3N (1.1 equiv)
    DMF, 23 °C

2. Boc2O (1.3 equiv)
    DMAP (0.1 equiv)
    CH3CN, 23 °C

(68% yield, 2 steps)
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51.7, 47.8, 44.1, 42.8, 29.0, 28.4, 28.0; IR (film): 2977, 2946, 2865, 1728, 1689 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C21H30NO5, 376.21185; found 376.21140. 

 

2.10.2.2 Initial Survey of Ligands and Relevant Control Experiments 

 

Representative Procedure for Suzuki–Miyaura Reactions from Table 2.1 (coupling of amide 

2.4 and N-methylpyrrole-2-boronic acid pinacol ester (2.5) is used as an example). A 1-dram 

vial was charged with anhydrous powdered K3PO4 (170 mg, 0.800 mmol, 4.0 equiv) and a 

magnetic stir bar. The vial and contents were flame-dried under reduced pressure, then allowed to 

cool under N2. Amide substrate 2.4 (83.8 mg, 0.200 mmol, 1.0 equiv), N-methylpyrrole-2-boronic 

acid pinacol ester (2.5) (104 mg, 0.500 mmol, 2.5 equiv), and hexamethylbenzene (9.6 mg, 0.59 

mmol, 0.30 equiv) were added. The vial was flushed with N2, then water (7.2 µL, 0.400 mmol, 2.0 

equiv), which had been sparged with N2 for 10 min, was added. The vial was taken into a glove 

box and charged with Ni(cod)2 (2.8 mg, 0.010 mmol, 5 mol%) and Benz-ICy•HCl (2.10, 6.4 mg, 

0.020 mmol, 10 mol%). Subsequently, toluene (0.20 mL, 1.0 M) was added. The vial was sealed 

with a Teflon-lined screw cap, removed from the glove box, and stirred vigorously (800 rpm) at 

120 °C for 16 h. After cooling to 23 °C, the mixture was diluted with hexanes (0.5 mL) and filtered 

over a plug of silica gel (10 mL of EtOAc eluent). The volatiles were removed under reduced 

pressure, and the yield was determined by 1H NMR analysis with hexamethylbenzene as an 

internal standard. 
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Any modifications of the conditions shown in the representative procedure  

above are specified below in Table 2.1. 

 

Table 2.1. Initial survey of ligands and relevant control experiments.a 

 

 
a Yields were determined by 1H NMR analysis using hexamethylbenzene as an 
internal standard.  
b Substantial amounts of the corresponding Boc-cleavage product (des-Boc amide 
starting material) were observed due to the elevated reaction temperature. 

 

 

 

N

O

Boc

Bn conditions
+

N

2.62.4

(pin)B

Boc

N
Me O

N
Boc

N
Me

100% 0%

25%b 0%

25%b 0%

Reaction Conditions
Experimental Results

0% 95%

52%b 0%

50%b 0%

Control Experiments:

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (5 mol%), Benz-ICy•HCl (2.10, 10 mol%), toluene (1.0 M), 120 °C, 16 h 0% 95%

2.4 2.6

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
toluene (1.0 M), 120 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Benz-ICy•HCl (2.10, 10 mol%), toluene (1.0 M), 120 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (5 mol%), SIPr (2.7, 10 mol%), toluene (1.0 M), 50 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (5 mol%), SIPr (2.7, 10 mol%), toluene (1.0 M), 120 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (5 mol%), terpyridine (2.8, 10 mol%), toluene (1.0 M), 120 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (5 mol%), ICy•HBF4 (2.9, 10 mol%), toluene (1.0 M), 120 °C, 16 h

5%b 0%2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (5 mol%), toluene (1.0 M), 120 °C, 16 h

2.5
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2.10.2.3 Scope of Methodology 

 

Representative Procedure (coupling of amide 2.4 and N-methylpyrrole-2-boronic acid 

pinacol ester (2.5) is used as an example). Ketone 2.6. A 1-dram vial was charged with 

anhydrous powdered K3PO4 (170 mg, 0.800 mmol, 4.0 equiv) and a magnetic stir bar. The vial and 

contents were flame-dried under reduced pressure, then allowed to cool under N2. Amide substrate 

2.4 (83.8 mg, 0.200 mmol, 1.0 equiv) and N-methylpyrrole-2-boronic acid pinacol ester (2.5) (104 

mg, 0.500 mmol, 2.5 equiv) were added. The vial was flushed with N2, then water (7.2 µL, 0.400 

mmol, 2.0 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken into 

a glove box and charged with Ni(cod)2 (2.8 mg, 0.010 mmol, 5 mol%) and Benz-ICy•HCl (2.10, 

6.4 mg, 0.020 mmol, 10 mol%). Subsequently, toluene (0.20 mL, 1.0 M) was added. The vial was 

sealed with a Teflon-lined screw cap, removed from the glove box, and stirred vigorously (800 

rpm) at 120 °C for 16 h. After cooling to 23 °C, the mixture was diluted with hexanes (0.5 mL) 

and filtered over a plug of silica gel (10 mL of EtOAc eluent). The volatiles were removed under 

reduced pressure, and the crude residue was purified by flash chromatography (19:1 

Hexanes:EtOAc ® 14:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield ketone product 2.6 

(88% yield, average of two experiments) as a white solid. Ketone 2.6: mp: 77–80 ºC; Rf 0.18 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.00–6.95 (m, 1H), 6.85–6.80 (m, 1H), 6.16–

6.11 (m, 1H), 4.18 (br s, 2H), 3.93 (s, 3H), 3.20–3.10 (m, 1H), 2.93–2.70 (m, 2H), 1.85–1.66 (m, 

4H), 1.46 (s, 9H); 13C NMR (125 MHz, CDCl3): d 193.1, 154.9, 131.6, 129.8, 118.9, 108.1, 79.7, 
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(88% yield)
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44.8, 43.6, 38.0, 29.1, 28.6; IR (film): 2929, 2859, 1686, 1646, 1408, 1168 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C16H25N2O3, 293.18597; found 293.18535. 

 

Any modifications of the conditions shown in the representative procedure above are specified in 

the following schemes, which depict all of the results shown in Figures 2.3, 2.4, 2.5, 2.6, and 2.7. 

 

 

Ketone 2.11. Purification by flash chromatography (1:1 Hexanes:EtOAc ® 1:2 Hexanes:EtOAc) 

generated ketone 2.11 (66% yield, average of two experiments) as a clear oil. Ketone 2.11: Rf 0.33 

(1:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 9.02 (dd, J = 4.2, 1.7, 1H), 8.44 (d, J = 1.9, 

1H), 8.29 (dd, J = 8.3, 1.3, 1H), 8.23 (dd, J = 8.8, 1.9, 1H), 8.18 (d, J = 8.8, 1H), 7.50 (dd, J = 8.3, 

4.2, 1H), 4.20 (br s, 2H), 3.56 (tt, J = 11.1, 3.7, 1H), 3.04–2.85 (m, 2H), 1.98–1.84 (m, 2H), 1.82–

1.74 (m, 2H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3, 14 of 16 observed): d 201.6, 154.8, 152.8, 

150.2, 137.7, 133.8, 130.5, 129.6, 128.0, 127.7, 122.2, 79.9, 43.9, 28.6; IR (film): 2972, 2859, 

1676, 1423, 1366, 1161 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H25N2O3, 341.18597; 

found 341.18465. 
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Ketone 2.12. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) generated ketone 2.12 (70% yield, average of two 

experiments) as a white solid. Ketone 2.12: Rf 0.25 (5:1 Hexanes:EtOAc). Spectral data match 

those previously reported.4 

 

 

Ketone 2.13. Purification by flash chromatography (49:1 PhH:CH3CN ® 19:1 PhH:CH3CN ® 

1:1 Hexanes:EtOAc ® 1:3 Hexanes:EtOAc) generated ketone 2.13 (71% yield, average of two 

experiments) as a white solid. Ketone 2.13: mp: 99–101 ºC; Rf 0.24 (1:3 Hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): d 7.89 (s, 1H), 7.88 (s, 1H), 4.15 (br s, 2H), 3.94 (s, 3H), 3.27 (tt, J = 

11.1, 3.9, 1H), 2.93–2.73 (m, 2H), 1.93–1.63 (m, 4H), 1.46 (s, 9H); 13C NMR (125 MHz, CDCl3, 

10 of 11 observed): d 196.4, 154.8, 140.4, 132.8, 123.0, 79.8, 46.3, 39.6, 28.6, 28.4; IR (film): 

2977, 2937, 2859, 1671, 1540, 1168 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H24N3O3, 

294.18122; found 294.18073. 
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Ketone 2.14. Purification by flash chromatography (4:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) 

generated ketone 2.14 (76% yield, average of two experiments) as a clear oil. Ketone 2.14: Rf 0.42 

(2:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.48 (d, J = 2.1, 1H), 6.84 (d, J = 2.1, 1H), 

4.16 (s, 5H), 3.12 (tt, J = 11.3, 3.7, 1H), 2.93–2.75 (m, 2H), 1.89–1.76 (m, 2H), 1.75–1.66 (m, 

2H), 1.46 (s, 9H); 13C NMR (125 MHz, CDCl3, 9 of 11 observed): d 193.5, 154.8, 137.8, 137.6, 

111.2, 79.9, 46.3, 40.6, 28.6; IR (film): 2955, 2860, 1677, 1423, 1366, 1321, 1169 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C15H24N3O3, 294.18122; found 294.18035. 

 

 

Ketone 2.15. Purification by flash chromatography (2:1 Hexanes:EtOAc) generated ketone 2.15 

(52% yield, average of two experiments) as a yellow oil. Ketone 2.15: Rf 0.31 (2:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 8.33 (dd, J = 5.1, 0.8, 1H), 7.03 (s, 1H), 7.00 

(dd, J = 5.2, 1.2, 1H), 4.13 (br s, 2H), 3.85–8.80 (m, 4H), 3.59–3.54 (m, 4H), 3.27 (tt, J = 11.1, 

3.6, 1H), 2.97–2.80 (m, 2H), 1.91–1.77 (m, 2H), 1.70–1.60 (m, 2H); 13C NMR (125 MHz, CDCl3, 

13 of 14 observed): d 202.5, 160.5, 154.8, 149.3, 144.1, 111.1, 104.7, 79.9, 66.8, 45.6, 44.2, 28.6, 
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28.2; IR (film): 2969, 2854, 1688, 1426, 1241, 1166 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C20H30N3O4, 376.22308; found 376.22152. 

 

 

Ketone 2.16. Purification by flash chromatography (5:1 Hexanes:EtOAc ® 9:1 CH2Cl2:MeOH) 

generated ketone 2.16 (86% yield, average of two experiments) as a white solid. Ketone 2.16: mp: 

131–133 ºC; Rf 0.52 (1:3 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 8.82–8.72 (m, 1H), 

3.26 (dd, J = 9.1, 2.5, 1H), 6.69–6.58 (m, 1H),  4.17 (br s, 2H), 3.86–3.77 (m, 4H), 3.73–3.64 (m, 

4H),  3.27 (tt, J = 11.1, 3.8, 1H), 2.99–2.71 (m, 2H), 1.94–1.64 (m, 4H), 1.46 (s, 9H); 13C NMR 

(125 MHz, CDCl3, 12 of 14 observed): d 199.4, 160.9, 154.9, 150.4, 137.9, 121.5, 105.9, 79.8, 

66.7, 45.0, 43.3, 28.6; IR (film): 2969, 2857, 1686, 1593, 1418, 1216, 1168 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C20H30N3O4, 376.22308; found 376.22247. 

 

 

Ketone 2.17. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) generated ketone 2.17 (80% yield, average of two 

experiments) as a white solid. Ketone 2.17: mp: 86–88 ºC; Rf 0.19 (5:1 Hexanes:EtOAc); 1H NMR 
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(500 MHz, CDCl3): d 7.08–7.02 (m, 1H), 6.82 (br s, 1H), 6.17–6.12 (m, 1H), 4.40–4.00 (m, 2H), 

3.93 (s, 3H), 3.22–3.09 (m, 1H), 2.99–2.78 (m, 1H), 2.76–2.61 (m, 1H), 2.02–1.92 (m, 1H), 1.78–

1.69 (m, 2H), 1.57–1.50 (m, 1H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3): d 192.0, 154.9, 131.7, 

129.9, 119.5, 108.3, 79.7, 47.8, 47.1, 45.3, 44.0, 37.9, 28.6, 28.4, 24.8; IR (film): 2937, 2862, 

1690, 1645, 1408 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C16H25N2O3, 293.18597; found 

293.18458. 

Note: Ketone 2.17 was obtained as a mixture of conformers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 

 

 

Ketone 2.18. Purification by flash chromatography (9:1 Hexanes:EtOAc ® 5:1 Hexanes:EtOAc 

® 2:1 Hexanes:EtOAc ® 1:1 Hexanes:EtOAc) generated ketone 2.18 (81% yield, average of two 

experiments) as a white solid. Ketone 2.18: mp: 96–97 ºC; Rf 0.19 (1:1 Hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): d 7.93 (s, 1H), 7.91 (br s, 1H), 4.40–4.01 (m, 2H), 3.94 (s, 3H), 3.05–2.65 (m, 

3H), 2.03–1.95 (m, 1H), 1.79–1.64 (m, 2H), 1.55–1.43 (m, 10H); 13C NMR (125 MHz, CDCl3): d 

195.3, 154.8, 140.6, 132.8, 123.1, 79.9, 46.7, 45.0, 43.9, 39.5, 28.6, 27.8, 24.8; IR (film): 2939, 

2862, 1683, 1663, 1540, 1148 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H24N3O3, 

294.18122; found 294.17877. 

Note: Ketone 2.18 was obtained as a mixture of conformers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 
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Ketone 2.19. Purification by flash chromatography (4:1 Hexanes:EtOAc) generated ketone 2.19 

(82% yield, average of two experiments) as a clear oil. Ketone 2.19: Rf 0.26 (4:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): d 7.70 (br s, 1H), 7.39 (br s, 2H), 7.33 (br s, 1H), 7.17 (br s, 1H), 

4.08 (s, 3H), 4.04–3.91 (m, 1H), 3.82–3.65 (m, 1H), 3.65–3.39 (m, 3H), 2.35–2.12 (m, 2H), 1.47 

(s, 9H); 13C NMR (125 MHz, CDCl3): d 193.1, 192.9, 154.5, 140.5, 134.2, 126.4, 125.9, 123.1, 

121.1, 112.0, 110.6, 79.5, 49.0, 48.9, 47.3, 46.3, 45.8, 45.6, 32.4, 29.7, 29.4, 28.6; IR (film): 2974, 

2882, 1688, 1658, 1393, 1166, 1118 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C19H25N2O3, 

329.18597; found 329.18463. 

Note: Ketone 2.19 was obtained as a mixture of conformers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 

 

 

Ketone 2.20. Purification by flash chromatography (4:1 Hexanes:EtOAc) generated ketone 2.20 

(90% yield, average of two experiments) as a clear oil. Ketone 2.20: Rf 0.18 (4:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): d 6.97 (br s, 1H), 6.83 (br s, 1H), 6.14 (br s, 1H), 3.93 (s, 3H), 3.83–

3.44 (m, 4H), 3.38 (br s, 1H), 2.28–2.12 (m, 1H), 2.08 (br s, 1H), 1.45 (s, 9H); 13C NMR (125 
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MHz, CDCl3): d 189.9, 189.7, 154.5, 131.9, 130.2, 119.6, 108.4, 79.4, 49.0, 48.9, 46.4, 45.9, 45.6, 

45.5, 37.9, 29.5, 29.4, 28.6; IR (film): 2977, 2882, 1686, 1643, 1401, 1366, 1118 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C15H23N2O3, 279.17032; found 279.17976. 

Note: Ketone 2.20 was obtained as a mixture of conformers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 

 

 

Ketone 2.21. Purification by flash chromatography (5:1 Hexanes:EtOAc) generated ketone 2.21 

(90% yield, average of two experiments) as a white solid. Ketone 2.21: mp: 72–74 ºC; Rf 0.21 (4:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.00–6.95 (m, 1H), 6.82 (s, 1H), 6.15–6.10 (m, 

1H), 4.09–4.00 (m, 2H), 3.94 (s, 3H), 3.51 (t, J = 11.8, 2H), 3.26 (tt, J = 11.5, 3.8, 1H), 1.91 (qd, 

J = 12.4, 4.3, 2H), 1.70 (d, J = 13.4, 2H); 13C NMR (125 MHz, CDCl3): d 192.9, 131.6, 129.8, 

118.9, 108.1, 67.6, 43.8, 38.0, 29.7; IR (film): 2952, 2847, 1642, 1408, 1306, 1094 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C11H16NO2, 194.11756; found 194.11707. 

 

 

Ketone 2.22. Purification by flash chromatography (5:1 Hexanes:EtOAc) generated ketone 2.22 

(84% yield, average of two experiments) as a white solid. Ketone 2.22: mp: 63–66 ºC; Rf 0.35 (4:1 
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Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.70 (d, J = 8.1, 1H), 7.39 (d, J = 3.6, 2H), 7.33 

(s, 1H), 7.19–7.14 (m, 1H), 4.12–4.09 (m, 1H), 4.07 (s, 4H), 3.57 (t, J = 11.7, 2H), 3.48 (tt, J = 

11.5, 3.6, 1H), 1.96 (qd, J = 12.4, 4.2, 2H), 1.81 (d, J = 13.2, 2H); 13C NMR (125 MHz, CDCl3): 

d 196.0, 140.4, 133.8, 126.1, 125.9, 123.0, 120.9, 111.1, 110.6, 67.5, 44.7, 32.4, 29.8; IR (film): 

2954, 2844, 1656, 1511, 1386, 1118 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C15H18NO2, 

244.13321; found 244.13264. 

 

 

Ketone 2.23. Purification by flash chromatography (1:2 Hexanes:EtOAc) generated ketone 2.23 

(76% yield, average of two experiments) as a yellow solid. Ketone 2.23: mp: 83–84 ºC; Rf 0.25 

(1:2 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.89 (s, 1H), 7.87 (s, 1H), 4.04 (d, J = 11.1, 

1H), 3.96–3.86 (m, 4H), 3.50 (t, J = 10.9, 1H), 3.43–3.34 (m, 1H), 3.20–3.11 (m, 1H), 1.97 (d, J 

= 12.7, 1H), 1.86–1.73 (m, 1H), 1.73–1.63 (m, 2H); 13C NMR (125 MHz, CDCl3): d 195.2, 140.4, 

132.8, 123.3, 69.8, 68.2, 47.2, 39.5, 26.6, 25.2; IR (film): 2947, 2852, 1656, 1541, 1401, 1188, 

1080 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C10H15N2O2, 165.11280; found 165.11223. 
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Ketone 2.24. Purification by flash chromatography (4:1 Hexanes:EtOAc) generated ketone 2.24 

(84% yield, average of two experiments) as a clear oil. Ketone 2.24: Rf 0.30 (4:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): d 7.04–7.00 (m, 1H), 6.81 (s, 1H), 6.15–6.10 (m, 1H), 4.09–4.02 (m, 

1H), 3.98–3.92 (m, 1H), 3.91 (s, 3H), 3.52 (t, J = 10.9, 1H), 3.44–3.33 (m, 2H), 2.00–1.93 (m, 

1H), 1.84 (qd, J = 12.1, 4.3, 1H), 1.78–1.65 (m, 2H); 13C NMR (125 MHz, CDCl3): d 191.8, 131.7, 

130.1, 119.5, 108.2, 70.6, 68.3, 45.7, 37.9, 27.1, 25.4; IR (film): 2947, 2849, 1638, 1406, 1201, 

1065 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C11H16NO2, 194.11756; found 194.11699. 

 

 

Ketone 2.25. Purification by flash chromatography (30:15:1 Hexanes:EtOAc:TEA) generated 

ketone 2.25 (61% yield, average of two experiments) as a white solid. Ketone 2.25: mp: 97–98 ºC; 

Rf 0.35 (2:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.55 (dd, J = 8.2, 1.8, 1H), 7.42 (d, 

J = 1.8, 1H), 6.86 (d, J = 8.2, 1H), 6.04 (s, 2H), 4.05 (ddd, J = 11.4, 4.0, 2.4, 2H), 3.54 (td, J = 

11.7, 2.2, 2H), 3.40 (tt, J = 11.2, 3.8, 1H), 1.92–1.83 (m, 2H), 1.77–1.72 (m, 2H); 13C NMR (125 

MHz, CDCl3): d 200.0, 151.9, 148.5, 130.7, 124.5, 108.3, 108.1, 102.0, 67.5, 42.6, 29.4; IR (film): 

N

O

Boc

Bn

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (2.10, 10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(84% yield)

+

2.242.55 2.5
(2.5 equiv)

(pin)B N
Me O

N
Me

O O

N

O

Boc

Bn

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (2.10, 10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(61% yield)

+

2.252.43 2.62
(2.5 equiv)

O

O OO

O(pin)B

O

O
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2955, 2847, 1670, 1440, 1258, 1241, 1114 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C13H15O4, 

235.09649; found 235.09592. 

 

 

Ketone 2.26. 1H NMR analysis of the crude reaction mixture indicated a 57% yield of ketone 2.26 

relative to hexamethylbenzene internal standard. Purification by preparative thin-layer 

chromatography (4:1 Hexanes:EtOAc) provided an analytical sample of ketone 2.26 as a white 

amorphous solid. Ketone 2.26: Rf 0.29 (4:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 8.45 

(s, 1H), 8.02–7.96 (m, 2H), 7.93–7.86 (m, 2H), 7.63–7.54 (m, 2H), 4.20 (br s, 2H), 3.58 (tt, J = 

11.1, 3.7, 1H), 3.04–2.87 (m, 2H), 1.97–1.84 (m, 2H), 1.82–1.71 (m, 2H), 1.48 (s, 9H); 13C NMR 

(125 MHz, CDCl3): d 202.2, 154.9, 135.7, 133.3, 132.7, 129.8, 129.7, 128.8, 128.7, 127.9, 127.0, 

124.3, 79.8, 43.7, 43.3, 28.7, 28.6; IR (film): 3060, 2975, 2930, 2858, 1682 cm–1; HRMS-APCI 

(m/z) [M + H]+ calcd for C21H26NO3, 340.19072; found 340.19041. 

 

 

Ketone 2.27. 1H NMR analysis of the crude reaction mixture indicated an 85% yield of ketone 

2.27 relative to hexamethylbenzene internal standard. Purification by preparative thin-layer 

N

O

Boc

Bn

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (2.10, 10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(57% yield by 1H NMR analysis)

+
N

2.262.4 2.63
(2.5 equiv)

(pin)B

Boc

O

N
Boc

N

O

Boc

Bn

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (2.10, 10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(85% yield by 1H NMR analysis)

+
N

2.272.4 2.37
(2.5 equiv)

(pin)B

Boc

O

N
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chromatography (3:1 Hexanes:EtOAc) provided an analytical sample of ketone 2.27 as a white 

amorphous solid. Ketone 2.27: Rf 0.21 (5:1 Hexanes:EtOAc). Spectral data match those previously 

reported.25 

 

 

Ketone 2.28. 1H NMR analysis of the crude reaction mixture indicated a 72% yield of ketone 2.28 

relative to hexamethylbenzene internal standard. Purification by preparative thin-layer 

chromatography (4:1 Hexanes:EtOAc) provided an analytical sample of ketone 2.28 as a clear oil. 

Ketone 2.28: Rf 0.42 (3:1 Hexanes:EtOAc). Spectral data match those previously reported.4 

 

 

Ketone 2.29. 1H NMR analysis of the crude reaction mixture indicated a 56% yield of ketone 2.29 

relative to hexamethylbenzene internal standard. Purification by preparative thin-layer 

chromatography (9:1 Hexanes:EtOAc) provided an analytical sample ketone 29 as a white solid. 

Ketone 2.29: Rf 0.56 (9:1 Hexanes:EtOAc). Spectral data match those previously reported.26 
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O

Boc

Bn

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (2.10, 10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(72% yield by 1H NMR analysis)

+
N

2.282.4 2.64
(2.5 equiv)

(pin)B

Boc

O

N
Boc

Me Me

N

O

Boc

Bn

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (2.10, 10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(56% yield by 1H NMR analysis)

+

2.292.65 2.66
(5.0 equiv)

(pin)B
O

CF3
CF3
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Ketone 2.30. 1H NMR analysis of the crude reaction mixture indicated a 38% yield of ketone 2.30 

relative to hexamethylbenzene internal standard. Purification by preparative thin-layer 

chromatography (9:1 Hexanes:EtOAc) provided an analytical sample of ketone 2.30 as a white 

solid. Ketone 2.30: Rf 0.39 (9:1 Hexanes:EtOAc). Spectral data match those previously reported.27 

 

  

Ketone 2.31. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) generated ketone 2.31 (94% yield, average of two 

experiments) as a clear oil. Ketone 2.31: Rf 0.43 (5:1 Hexanes:EtOAc). Spectral data match those 

previously reported.28  

 

  

Ketone 2.32. Purification by flash chromatography (24:1 Hexanes:EtOAc) generated ketone 2.32 

(84% yield, average of two experiments) as a clear oil. Ketone 2.32: Rf 0.52 (5:1 Hexanes:EtOAc); 

N

O

Boc

Bn

Ni(cod)2 (5 mol%)
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K3PO4 (4.0 equiv)
H2O (2.0 equiv)
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(56% yield by 1H NMR analysis)

+
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(5.0 equiv)
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(94% yield)
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(2.5 equiv)
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(84% yield)

+Me
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(2.5 equiv)

(pin)B N
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Me N
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1H NMR (500 MHz, CDCl3): d 6.95 (dd, J = 4.1, 1.7, 1H), 6.80–6.77 (m, 1H), 6.11 (dd, J = 4.1, 

2.5, 1H), 3.94 (s, 3H), 2.77–2.73 (m, 2H), 1.69 (quint, J = 7.5, 2H), 1.39–1.20 (m, 12H), 0.88 (t, J 

= 7.1, 3H); 13C NMR (125 MHz, CDCl3): d 192.0, 131.0, 130.9, 119.0, 107.9, 39.3, 37.9, 32.0, 

29.7, 29.633, 29.627, 29.5, 25.5, 22.8, 14.3; IR (film): 2955, 2923, 2853, 1649, 1528 cm–1; HRMS-

APCI (m/z) [M + H]+ calcd for C15H26NO, 236.20089; found 236.20080. 

 

 

Ketone 2.33. Purification by flash chromatography (24:1 Hexanes:EtOAc ® 19:1 

Hexanes:EtOAc) generated ketone 2.33 (78% yield, average of two experiments) as a clear oil. 

Ketone 2.33: Rf 0.50 (5:1 Hexanes:EtOAc). Spectral data match those previously reported.29 

 

  

Ketone 2.34. Purification by flash chromatography (14:1 Hexanes:EtOAc) generated ketone 2.34 

(92% yield, average of two experiments) as a clear oil. Ketone 2.34: Rf 0.28 (14:1 

Hexanes:EtOAc). Spectral data match those previously reported.30 
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K3PO4 (4.0 equiv)
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(78% yield)

+
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(2.5 equiv)
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(92% yield)
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(2.5 equiv)
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Ketone 2.35. Purification by flash chromatography (19:1 Hexanes:EtOAc) generated ketone 2.35 

(92% yield, average of two experiments) as a clear oil. Ketone 2.35: Rf 0.66 (4:1 Hexanes:EtOAc). 

Spectral data match those previously reported.31 

 

 

Ketone 2.38. Purification by thin-layer chromatography (5:1 Hexanes:EtOAc) generated ketone 

2.38 (the reported yield was based on 1H NMR analysis using hexamethylbenzene as an external 

standard) as a white solid. Ketone 2.38: Rf 0.56 (5:1 Hexanes:EtOAc). Spectral data match those 

previously reported.4b  

 

 

Ketone 2.40. Purification by flash chromatography (49:1 CHCl3:CH3CN) generated ketone 2.40 

(the reported yield was based on 1H NMR analysis using hexamethylbenzene as an external 

standard) as a white solid. Ketone 2.40: Rf 0.48 (19:1 CHCl3:CH3CN); 1H NMR (500 MHz, 
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(2.5 equiv)
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(70% yield)
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CDCl3): d 6.97 (dd, J = 4.1, 1.7, 1H), 6.83–6.80 (m, 1H), 6.13 (dd, J = 4.1, 2.5, 1H), 3.93 (s, 3H), 

3.68 (s, 3H), 3.06–2.99 (m, 1H), 2.38–2.30 (m, 1H), 2.14–2.05 (m, 2H), 1.98–1.88 (m, 2H), 1.63–

1.49 (m, 4H); 13C NMR (125 MHz, CDCl3): d 194.3, 176.3, 131.5, 130.0, 118.9, 108.0, 51.7, 45.9, 

42.7, 37.9, 29.0, 28.5; IR (film): 2942, 2862, 1730, 1645, 1408, 1251 cm–1; HRMS-APCI (m/z) 

[M + H]+ calcd for C14H20NO3, 250.14377; found 250.14273. 

 

 

Ketone 2.42. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc) generated ketone 2.42 (63% yield, average of two experiments) as a clear oil. 

Ketone 2.42: Rf 0.46 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 6.99 (dd, J = 4.1, 1.6, 

1H), 6.83–6.80 (m, 1H), 6.13 (dd, J = 4.1, 2.4, 1H), 5.79–5.70 (m, 2H), 3.95 (s, 3H), 3.32–3.25 

(m, 1H), 2.39–2.30 (m, 1H), 2.20–2.11 (m, 3H), 1.96–1.90 (m, 1H), 1.79–1.69 (m, 1H); 13C NMR 

(125 MHz, CDCl3): d 194.8, 131.3, 130.3, 126.6, 126.2, 119.0, 108.0, 42.7, 38.0, 28.6, 26.4, 25.2; 

IR (film): 3107, 3023, 2931, 2838, 1643, 1527 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for 

C12H16NO, 190.12264; found 190.12245. [α]20.7D –6.20 ° (c = 1.00, CHCl3). 
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Ketone 2.34. Purification by column chromatography (49:1 Hexanes:EtOAc) generated ketone 

2.34 (the reported yield was based on 1H NMR analysis using hexamethylbenzene as an external 

standard) as a clear oil. Ketone 2.34: Rf 0.28 (14:1 Hexanes:EtOAc). Spectral data match those 

previously reported.30 

 

2.10.2.4 Verification of Enantiopurity 

2.10.2.4.1 Synthesis of Racemic Ketone 

 

Ketone rac-2.42. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc) generated ketone rac-2.42 (81% yield, average of two experiments) as a clear 

oil. Spectral data match those previously reported (see section 2.10.2.3). 
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2.10.2.4.2 Chiral SFC Assays 

Table 2.2.  Conditions and results of chiral SFC analysis of amide starting materials. 
 

Compound 
Method 

Column/Temp. 
Solvent 

Method 

Flow 

Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak OJ-

H/35 °C 

1%  

isopropanol 

in CO2 

1 mL/min 9.29/10.63 50:50 

 

Daicel 

ChiralPak OJ-

H/35 °C 

1%  

isopropanol 

in CO2 

1 mL/min 9.57/10.54 99:1 

 
 

Figure 2.8. SFC trace of rac-2.41 (Table 2.2, Entry 1). 
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Figure 2.9. SFC trace of 2.41 (Table 2.2, Entry 2). 
 

 

       

 
 

Table 2.3.  Conditions and results of chiral SFC analysis of ketone products. 
 

Compound 
Method 

Column/Temp. 
Solvent 

Method 

Flow Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak OJ-

H/35 °C 

5% 

isopropanol 

in CO2 

2 mL/min 6.72/7.33 50:50 

 

Daicel 

ChiralPak OJ-

H/35 °C 

5% 

isopropanol 

in CO2 

2 mL/min 
6.69/7.12 

6.82/7.29 

99:2 

96:4 
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Figure 2.10. SFC trace of rac-2.42 (Table 2.3, Entry 1). 
 

 
 

         
 

 
Figure 2.11. SFC trace of 2.42 (Table 2.3, Entry 2). 
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Figure 2.12. SFC trace of 2.42 (Table 2.3, Entry 2). 
 

 
   

           
 
 

2.10.2.5 Erosion of Stereochemistry Control Experiments 

2.10.2.5.1 Suzuki–Miyaura Coupling using Enantioenriched Amide Substrate 

 

Amide 2.41 & Ketone 2.42. Purification by flash chromatography (Hexanes ® 49:1 

Hexanes:EtOAc ® 24:1 Hexanes:EtOAc ® 16:1 Hexanes:EtOAc) afforded recovered amide 

substrate 2.41 in 80% ee and ketone 2.42 in 68% ee (the reported yield was based on 1H NMR 

analysis using hexamethylbenzene as an external standard) as clear oils. Spectral data match those 

previously reported (see section 2.10.2.3). 
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H2O (2.0 equiv)

toluene, 120 °C
45 min

+

2.5
(2.5 equiv)

(pin)B N
Me O

N
Me

(–)-2.41
(99% ee)

N

O

Boc

Bn

(–)-2.41
(7% yield, 80% ee)

+

(+)-2.42
(81% yield, 68% ee)

2.42

O
N
Me



 101 

2.10.2.5.2 Chiral HPLC Assays 

Table 2.4.  Conditions and results of chiral HPLC analysis of amide starting materials. 
 

Compound 
Method 

Column/Temp. 
Solvent 

Method 

Flow 

Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak OJ-

H/23 °C 

1% 

 isopropanol in 

hexanes 

1 mL/min 14.51/16.14 50:50 

 

Daicel 

ChiralPak OJ-

H/23 °C 

1%  

isopropanol in 

hexanes 

1 mL/min 14.08/15.61 90:10 

 

 
 

Figure 2.13. HPLC trace of rac-2.41 (Table 2.4, Entry 1). 
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Figure 2.14. HPLC trace of (–)-2.41 (Table 2.4, Entry 2). 
 

 
 

 

 

Table 2.5.  Conditions and results of chiral HPLC analysis of ketone products. 
 

Compound 
Method 

Column/Temp. 
Solvent 

Method 

Flow Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel ChiralPak 

OJ-H/23 °C 

10% 

isopropanol 

in hexanes 

1 mL/min 6.04/6.43 50:50 

 

Daicel ChiralPak 

OJ-H/23 °C 

10% 

isopropanol 

in hexanes 

1 mL/min 6.05/6.46 84:16 
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Figure 2.15. HPLC trace of rac-2.42 (Table 2.5, Entry 1). 
 

 

 

 

Figure 2.16. HPLC trace of (+)-2.42 (Table 2.5, Entry 2). 
 

 

 

 

 

 

 

 

 

rac-2.42

O
N
Me

(+)-2.42

O
N
Me



 104 

2.10.2.5.3 Elucidation of Origin of Erosion of a-Stereocenter  

Table 2.6.  Evaluation of impact of reaction components on erosion of a-stereocentera 

 
a Ni(cod)2, Benz-ICy•HCl, and NaOtBu were stirred for 1 h in toluene at 23 ºC to 
generate active catalyst prior to addition to ketone substrate. b Benz-ICy•HCl and 
NaOtBu were stirred for 1 h in toluene at 23 ºC to generate free NHC prior to 
addition to ketone substrate. 
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Control Experiment Conditions
Experimental Results

51%a

92%

96%

Benz-ICy•HCl (2.10,10 mol%), NaOtBu (9 mol%)
 toluene (1.0 M), 120 °C, 4 h 0%b

ee of 2.42-product

K3PO4 (4.0 equiv), H2O (2.0 equiv)
 toluene (1.0 M), 120 °C, 4 h

Ni(cod)2 (5 mol%)
toluene (1.0 M), 120 °C, 16 h

Benz-ICy•HCl (2.10, 10 mol%)
 toluene (1.0 M), 120 °C, 4 h

Ni(cod)2 (5 mol%), Benz-ICy•HCl (2.10,10 mol%), NaOtBu (9 mol%)
 toluene (1.0 M), 120 °C, 4 h

O
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N
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1
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2
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2.10.2.5.4 Chiral HPLC Assays 

Table 2.7.  Conditions and results of chiral HPLC analysis of amides starting materials and 
ketones products. 

 

Compound 

Control 

Experiment 

Entry 

Method 

Column/ 

Temp. 

Solvent 

Method 

Flow 

Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio  

(er) 

 

- 

Daicel 

ChiralPak 

OJ-

H/23 °C 

10% 

isopropanol 

in hexanes 

1 

mL/min 

6.041/6.43

2 
50:50 

 

1 

Daicel 

ChiralPak 

OJ-

H/23 °C 

10% 

isopropanol 

in hexanes 

1 

mL/min 

6.063/6.45

5 
6:94 

 

2 

Daicel 

ChiralPak 

OJ-

H/23 °C 

10% 

isopropanol 

in hexanes 

1 

mL/min 

6.064/6.45

6 
4:96 

 

3 

Daicel 

ChiralPak 

OJ-

H/23 °C 

10% 

isopropanol 

in hexanes 

1 

mL/min 

6.073/6.46

4 
2:98 

 

4 

Daicel 

ChiralPak 

OJ-

H/23 °C 

10% 

isopropanol 

in hexanes 

1 

mL/min 

6.074/6.46

6 
24:76 

 

5 

Daicel 

ChiralPak 

OJ-

H/23 °C 

10% 

isopropanol 

in hexanes 

1 

mL/min 

6.092/6.48

8 
50:50 
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Figure 2.17. HPLC trace of rac-2.42. 
 

 

 

 

Figure 2.18. HPLC trace of 2.42 (Table 2.6, Entry 1). 
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Figure 2.19. HPLC trace of 2.42 (Table 2.6, Entry 2). 
 

 

 

 

Figure 2.20. HPLC trace of 2.42 (Table 2.6, Entry 3). 
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Figure 2.21. HPLC trace of 2.42 (Table 2.6, Entry 4). 
 

 

 

 

Figure 2.22. HPLC trace of 2.42 (Table 2.6, Entry 5). 
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2.10.2.6 Robustness Screen 

Table 2.8. Evaluation of functional group compatibility in the Suzuki reaction.a 

 
a Conditions: Ni(cod)2 (5 mol%), Benz-ICy•HCl (10 mol%), substrate (1.0 equiv), PhB(pin) 
(2.5 equiv), K3PO4 (4.0 equiv), toluene (1.0 M), H2O (2.0 equiv), and additive (1.0 equiv) at 
120 °C for 16 h. Yields of coupled product, remaining additive, and remaining starting 
material were determined by 1H NMR analysis using hexamethylbenzene as an internal 
standard. b Not determined due to low boiling point.  
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2.10.2.7 Gram-Scale Suzuki–Miyaura Reaction and Subsequent Fischer Indolization 

  

Ketone 2.45. A 20 mL scintillation vial was charged with anhydrous powdered K3PO4 (2.66 g, 

12.5 mmol, 4.0 equiv) and a magnetic stir bar. The vial and contents were flame-dried under 

reduced pressure, then allowed to cool under N2. Amide substrate 2.43 (1.00 g, 3.14 mmol, 1.0 

equiv) and 2-morpholinopyridine-5-boronic acid pinacol ester (2.44) (1.09 g, 3.76 mmol, 1.2 

equiv) were added. The vial was flushed with N2, then water (113 µL, 6.27 mmol, 2.0 equiv), 

which had been sparged with N2 for 10 min, was added. The vial was taken into a glove box and 

charged with Ni(cod)2 (21.6 mg, 0.0784 mmol, 2.5 mol%) and Benz-ICy•HCl (2.10, 50.0 mg, 

0.157 mmol, 5 mol%). Subsequently, toluene (3.14 mL, 1.0 M) was added. The vial was sealed 

with a Teflon-lined screw cap, removed from the glove box, and stirred vigorously (800 rpm) at 

120 °C for 16 h. After cooling to 23 °C, the mixture was diluted with hexanes (7 mL) and filtered 

over a plug of silica gel (100 mL of EtOAc eluent). The volatiles were removed under reduced 

pressure, and the crude residue was purified by flash chromatography (3:1 Hexanes:EtOAc ® 19:1 

CH2Cl2:MeOH) to yield ketone product 2.45 (707 mg, 82% yield) as an off-white solid. Ketone 

2.45: mp: 122–124 ºC; Rf 0.36 (4:1 PhH:CH3CN); 1H NMR (500 MHz, CDCl3): d 8.79 (d, J = 2.2, 

1H), 8.06 (dd, J = 9.1, 2.4, 1H), 6.63 (d, J = 9.1, 1H), 4.09–4.02 (m, 2H), 3.84–3.78 (m, 4H), 3.71–

3.65 (m, 4H), 3.54 (td, J = 11.7, 2.2, 2H), 3.37 (tt, J = 11.2, 3.8, 1H), 1.96–1.84 (m, 2H), 1.79–

1.71 (m, 2H); 13C NMR (125 MHz, CDCl3): d 199.2, 160.7, 150.4, 137.9, 121.5, 105.9, 67.5, 66.7, 

N

O

Boc

Bn

Ni(cod)2 (2.5 mol%)
Benz-ICy•HCl (2.10, 5 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

toluene, 120 °C

(82% yield)

+
O

2.452.43 2.44
(1.2 equiv)

(pin)B
O

O
N N

O

N N
O
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45.0, 42.4, 29.3; IR (film): 2955, 2920, 2850, 1663, 1596 cm–1; HRMS-APCI (m/z) [M + H]+ calcd 

for C15H21N2O3, 277.15467; found 277.15256. 

 

   

Indolenine 2.47. A 20 mL scintillation vial was charged with ketone 2.45 (707 mg, 2.56 mmol, 

1.0 equiv) and a magnetic stir bar. Subsequently, 1,2-dichloroethane (12.0 mL, 0.21 M), 

phenylhydrazine 2.46 (503 µL, 5.12 mmol, 2.0 equiv), and TFA (588 µL, 7.69 mmol, 3.0 equiv) 

were added. The vial was sealed with a Teflon-lined screw cap and stirred at 80 °C for 16 h. After 

cooling to 23 °C, the volatiles were removed under reduced pressure, and the crude residue was 

purified by flash chromatography (3:1 Hexanes:EtOAc ® 1:1 Hexanes:EtOAc ® 100% EtOAc) 

to yield indolenine 2.47 (546 mg, 61% yield) as a tan solid. Indolenine 2.47: mp: 186–189 ºC; Rf 

0.26 (4:1 PhH:CH3CN); 1H NMR (500 MHz, CDCl3): d 9.11 (d, J = 2.2, 1H), 8.49 (dd, J = 9.1, 

2.5, 1H), 7.92 (d, J = 7.4, 1H), 7.69 (d, J = 7.3, 1H), 7.41 (td, J = 7.6, 1.1, 1H), 7.22 (td, J = 7.5, 

1.1, 1H), 6.73 (d, J = 9.1, 1H), 4.23–4.08 (m, 4H), 3.87–3.81 (m, 4H), 3.70–3.64 (m, 4H), 2.77–

2.67 (m, 2H), 1.36 (d, J = 14.1, 2H); 13C NMR (125 MHz, CDCl3): d 179.2, 159.5, 154.1, 148.9, 

145.9, 138.2, 128.3, 124.8, 123.6, 121.2, 118.4, 106.4, 66.8, 64.0, 54.5, 45.2, 31.6; IR (film): 2960, 

2921, 2858, 1596, 1499 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C21H24N3O2, 350.18630; 

found 350.18529. 

 

 

TFA (3.0 equiv)

1,2-dichloroethane, 80 °C

(61% yield)
2.47

2.46
(2.0 equiv)

N N
O

2.45

O

O
N N

O

N

O

NH2

NH
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2.11 Spectra Relevant to Chapter Two: 

 

Nickel-Catalyzed Suzuki–Miyaura Coupling of Aliphatic Amides 

Timothy B. Boit,† Nicholas A. Weires,† Junyong Kim,† and Neil K. Garg. 

ACS Catal. 2018, 8, 1003–1008. 
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Figure 2.23 1H NMR (500 MHz, CDCl3) of compound 2.4. 
 
 

Figure 2.24 13C NMR (125 MHz, CDCl3) of compound 2.4. 
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Figure 2.25 1H NMR (500 MHz, CDCl3) of compound 2.50. 
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Figure 2.26 13C NMR (125 MHz, CDCl3) of compound 2.50. 
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Figure 2.27 1H NMR (500 MHz, CDCl3) of compound 2.52. 
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Figure 2.28 13C NMR (125 MHz, CDCl3) of compound 2.52. 
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Figure 2.29 1H NMR (500 MHz, CDCl3) of compound 2.43. 
 
 

Figure 2.30 13C NMR (125 MHz, CDCl3) of compound 2.43. 
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Figure 2.31 1H NMR (500 MHz, CDCl3) of compound 2.55. 
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Purified Product, 13C NMR

Figure 2.32 13C NMR (125 MHz, CDCl3) of compound 2.55. 
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Figure 2.33 1H NMR (500 MHz, CDCl3) of compound 2.39. 
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Figure 2.34 13C NMR (125 MHz, CDCl3) of compound 2.39. 
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Figure 2.35 1H NMR (500 MHz, CDCl3) of compound 2.6. 
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Figure 2.36 13C NMR (125 MHz, CDCl3) of compound 2.6. 
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Figure 2.37 1H NMR (500 MHz, CDCl3) of compound 2.11. 
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Figure 2.38 13C NMR (125 MHz, CDCl3) of compound 2.11. 
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Figure 2.39 1H NMR (500 MHz, CDCl3) of compound 2.12. 
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Figure 2.40 1H NMR (500 MHz, CDCl3) of compound 2.13. 
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Figure 2.42 1H NMR (500 MHz, CDCl3) of compound 2.14. 
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Purified Product, 13C NMR

Figure 2.41 13C NMR (125 MHz, CDCl3) of compound 2.13. 
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Figure 2.44 1H NMR (500 MHz, CDCl3) of compound 2.15. 
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Figure 2.43 13C NMR (125 MHz, CDCl3) of compound 2.14. 
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Figure 2.46 1H NMR (500 MHz, CDCl3) of compound 2.16. 
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PC                 1.40

Figure 2.45 13C NMR (125 MHz, CDCl3) of compound 2.15. 
 
 



 125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
46

7
1.

54
9

1.
55

1
1.

55
2

1.
58

1
1.

68
3

1.
70

2
1.

70
9

1.
73

0
1.

75
2

1.
76

0
1.

96
3

1.
98

4
2.

69
5

2.
89

2
3.

13
8

3.
16

0
3.

92
7

4.
12

6
4.

22
4

6.
13

5
6.

14
0

6.
14

2
6.

14
7

6.
82

1
7.

04
8

7.
05

4

9.
14

8
0.

85
7

2.
05

3
1.

01
8

1.
03

0
0.

98
6

1.
00

9

3.
00

0

2.
03

1

0.
96

8

0.
96

8
0.

98
1

Current Data Parameters
NAME         TBB-1-203p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20170326
Time              19.02 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR

Figure 2.48 1H NMR (500 MHz, CDCl3) of compound 2.17. 
 
 

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

28
.5

95

43
.3

43
45

.0
47

66
.7

34

79
.7

51

10
5.

89
0

12
1.

51
7

13
7.

85
9

15
0.

37
1

15
4.

87
9

16
0.

68
7

19
9.

42
5

Current Data Parameters
NAME         TBB-1-242p
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20170312
Time              20.56 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  203
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG                14.67
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577717 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.47 13C NMR (125 MHz, CDCl3) of compound 2.16. 
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Figure 2.50 1H NMR (500 MHz, CDCl3) of compound 2.18. 
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Figure 2.49 13C NMR (125 MHz, CDCl3) of compound 2.17. 
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Figure 2.52 1H NMR (500 MHz, CDCl3) of compound 2.19. 
 
 

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

24
.7

53
27

.7
63

28
.5

91
39

.5
29

43
.9

37
44

.9
69

46
.7

22

79
.8

58

12
3.

13
7

13
2.

84
6

14
0.

55
4

15
4.

84
2

19
5.

34
5

Current Data Parameters
NAME         TBB-1-204p
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20170417
Time              16.02 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  135
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                 9.63 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577744 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.51 13C NMR (125 MHz, CDCl3) of compound 2.18. 
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Figure 2.54 1H NMR (500 MHz, CDCl3) of compound 2.20. 
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Purified Product, 13C NMR

Figure 2.53 13C NMR (125 MHz, CDCl3) of compound 2.19. 
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Figure 2.56 1H NMR (500 MHz, CDCl3) of compound 2.21. 
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F2 - Processing parameters
SI               131072
SF          125.7577749 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.55 13C NMR (125 MHz, CDCl3) of compound 2.20. 
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F2 - Processing parameters
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SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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2.22

O
N
Me

O

Figure 2.58 1H NMR (500 MHz, CDCl3) of compound 2.22. 
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F2 - Processing parameters
SI               131072
SF          125.7577737 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.57 13C NMR (125 MHz, CDCl3) of compound 2.21. 
 
 



 131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
68

4
1.

69
1

1.
71

3
1.

72
0

1.
73

2
1.

74
0

1.
74

8
1.

75
5

1.
77

8
1.

78
9

1.
80

2
1.

81
3

1.
82

2
1.

83
6

1.
95

6
1.

98
0

3.
13

3
3.

14
0

3.
15

5
3.

16
1

3.
16

9
3.

17
6

3.
18

3
3.

36
2

3.
36

9
3.

38
4

3.
39

0
3.

40
4

3.
41

2
3.

47
7

3.
49

9
3.

52
1

3.
92

9
4.

02
5

4.
04

7

7.
87

2
7.

88
5

1.
97

5
1.

15
6

1.
17

2

1.
01

3
1.

02
7

1.
02

2

4.
06

9
1.

04
4

1.
01

1
1.

01
5

Current Data Parameters
NAME        KJY-04-173P
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20170313
Time              14.59 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W
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PC                 1.00

Purified Product, 1H NMR
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Figure 2.60 1H NMR (500 MHz, CDCl3) of compound 2.23. 
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F2 - Processing parameters
SI               131072
SF          125.7577761 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.59 13C NMR (125 MHz, CDCl3) of compound 2.22. 
 
 



 132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
74

8
1.

75
9

1.
77

4
1.

78
2

1.
80

3
1.

81
2

1.
82

7
1.

83
6

1.
85

1
1.

86
1

1.
87

5
1.

88
5

1.
95

2
1.

95
5

1.
97

7
1.

98
0

3.
33

8
3.

34
6

3.
35

4
3.

36
0

3.
36

8
3.

37
6

3.
38

3
3.

39
0

3.
39

8
3.

40
6

3.
41

2
3.

42
9

3.
43

5
3.

50
2

3.
52

4
3.

54
6

3.
90

7
3.

93
2

3.
93

7
3.

95
5

3.
95

9
4.

04
5

4.
04

8
4.

06
7

4.
07

1
6.

12
8

6.
13

1
6.

81
0

7.
01

6
7.

01
9

7.
02

4

2.
28

3
1.

04
3

1.
02

5

2.
01

5
1.

01
3

2.
95

8
1.

05
1

1.
03

9

0.
97

8

0.
97

3
1.

00
0

Current Data Parameters
NAME        KJY-04-197P
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20170313
Time              14.26 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
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LB                 0.30 Hz
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Figure 2.62 1H NMR (500 MHz, CDCl3) of compound 2.24. 
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F2 - Processing parameters
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LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.61 13C NMR (125 MHz, CDCl3) of compound 2.23. 
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SSB      0
LB                 0.30 Hz
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PC                 1.00
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Figure 2.64 1H NMR (500 MHz, CDCl3) of compound 2.25. 
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F2 - Processing parameters
SI               131072
SF          125.7577772 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.63 13C NMR (125 MHz, CDCl3) of compound 2.24. 
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F2 - Acquisition Parameters
Date_          20170326
Time              20.07 h
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NS                    8
DS                    0
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D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Purified Product, 1H NMR
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Figure 2.66 1H NMR (500 MHz, CDCl3) of compound 2.26. 
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PLW12        0.21094000 W
PLW13        0.13500001 W

F2 - Processing parameters
SI               131072
SF          125.7577736 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 2.65 13C NMR (125 MHz, CDCl3) of compound 2.25. 
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F2 - Acquisition Parameters
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Time              14.55 h
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F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
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PC                 1.00

Purified Product, 1H NMR
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Figure 2.68 1H NMR (500 MHz, CDCl3) of compound 2.27. 
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F2 - Acquisition Parameters
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Time              20.21 h
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F2 - Processing parameters
SI               131072
SF          125.7577738 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.67 13C NMR (125 MHz, CDCl3) of compound 2.26. 
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Figure 2.69 1H NMR (500 MHz, CDCl3) of compound 2.28. 
 
 

Figure 2.70 1H NMR (500 MHz, CDCl3) of compound 2.29. 
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Figure 2.71 1H NMR (500 MHz, CDCl3) of compound 2.30. 
 
 

Figure 2.72 1H NMR (500 MHz, CDCl3) of compound 2.31. 
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Figure 2.73 1H NMR (500 MHz, CDCl3) of compound 2.32. 
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Figure 2.74 13C NMR (125 MHz, CDCl3) of compound 2.32. 
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Figure 2.75 1H NMR (500 MHz, CDCl3) of compound 2.33. 
 
 

Figure 2.76 1H NMR (500 MHz, CDCl3) of compound 2.34. 
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Figure 2.77 1H NMR (500 MHz, CDCl3) of compound 2.35. 
 
 

Figure 2.78 1H NMR (500 MHz, CDCl3) of compound 2.40. 
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Figure 2.80 1H NMR (500 MHz, CDCl3) of compound 2.42. 
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Figure 2.79 13C NMR (125 MHz, CDCl3) of compound 2.40. 
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Figure 2.82 1H NMR (500 MHz, CDCl3) of compound 2.45. 
 
 

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

25
.1

79
26

.4
22

28
.5

53

37
.9

61
42

.6
89

10
7.

95
6

11
8.

96
5

12
6.

22
0

12
6.

63
1

13
0.

25
8

13
1.

33
9

19
4.

81
4

Current Data Parameters
NAME         NAW-5-207p
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20170326
Time              12.01 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  200
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                18.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577724 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Purified Product, 13C NMR

Figure 2.81 13C NMR (125 MHz, CDCl3) of compound 2.42. 
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Figure 2.84 1H NMR (500 MHz, CDCl3) of compound 2.47. 
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Figure 2.83 13C NMR (125 MHz, CDCl3) of compound 2.45. 
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Figure 2.85 13C NMR (125 MHz, CDCl3) of compound 2.47. 
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Ni-Catalyzed Suzuki–Miyaura Cross-Coupling of Aliphatic Amides on the Benchtop 

Milauni M. Mehta,† Timothy B. Boit,† Jacob E. Dander,† and Neil K. Garg. 

Org. Lett. 2020, 22, 1–5. 

 

3.1 Abstract 

Suzuki–Miyaura cross-couplings of amides offer an approach to the synthesis of ketones 

that avoids the use of basic or pyrophoric nucleophiles. However, these reactions require glovebox 

manipulations, thus limiting their practicality. We report a benchtop protocol for Suzuki–Miyaura 

cross-couplings of aliphatic amides that utilizes a paraffin capsule containing a Ni(0) pre-catalyst 

and NHC ligand. This methodology is broad in scope, scalable, and provides a user-friendly 

approach to convert aliphatic amides to alkyl–aryl ketones. 

 

3.2 Introduction 

The conversion of carboxylic acid derivatives to ketones is a fundamental transformation 

in synthetic chemistry (Figure 3.1).1 A common strategy to achieve this conversion is the Weinreb 

ketone synthesis, in which a N-methoxy-N-methyl amide undergoes net substitution with an 

organometallic nucleophile.2 An alternative strategy lies in the development of transition metal-

catalyzed cross-couplings of acyl electrophiles,1c,3 which avoid the use of strongly basic and 

pyrophoric organometallic reagents. Our laboratory and others have shown that amides, which are 

well suited for multi-step synthesis due to their pronounced stability, are particularly useful in this 
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context.4 Specifically, Ni-5,6 and Pd-catalysis7 have enabled the mild activation of the amide C–N 

bond for cross-coupling with boronic acids and esters,8 as well as organozinc reagents.9 

We recently reported a Ni-catalyzed Suzuki–Miyaura coupling of aliphatic amides to 

generate alkyl–aryl ketones (Figure 3.1, e.g. 3.1 + 3.2 ® 3.3).10,11 This methodology is broad in 

scope, but requires the use of a glovebox, thus limiting its practical utility.12 We questioned if a 

paraffin encapsulation strategy, analogous to that pioneered by Buchwald, could prove useful.13 In 

this approach, air-sensitive reagents are stored in paraffin capsules, ultimately providing a user-

friendly means to perform air-sensitive transition metal-catalyzed reactions. Previously, we 

showed the promise of this strategy for the Suzuki–Miyaura cross-coupling of a single benzamide-

derived substrate utilizing paraffin–Ni(cod)2/SIPr capsules.14 However, this pre-catalyst and 

ligand combination is ineffective in the coupling of amides derived from aliphatic carboxylic 

acids.10 Moreover, only a single example of a glovebox-free arylation of an aliphatic amide 

derivative has been reported, which uses a bench-stable Pd(II) pre-catalyst.15 We report the 

realization of a paraffin encapsulation strategy to achieve the nickel-catalyzed Suzuki–Miyaura 

coupling of aliphatic amides on the benchtop.  
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Figure 3.1. Methods for the conversion of amides to ketones, prior studies of Ni-catalyzed Suzuki–
Miyaura couplings that utilize a glovebox, and paraffin encapsulation strategy for benchtop 
delivery (present study). 
 
 
3.3 Reaction Discovery and Optimization 

Our studies were initiated by preparing the desired paraffin capsules, using a molding 

process analogous to one we had previously reported (Figure 3.2).14 These capsules were charged 

with Ni(cod)2 and Benz-ICy•HCl, as this pre-catalyst/ligand combination had proven effective in 

our original studies on the Suzuki–Miyaura coupling of aliphatic amides using a glovebox.10 Next, 

we assessed the utility of these capsules in the benchtop Suzuki–Miyaura coupling of amide 3.4 

with N-methylpyrrole-2-boronic acid pinacol ester (3.5), using 5 mol% Ni. Unfortunately, the use 

of our literature conditions resulted in poor yield of ketone 3.6.16 Specifically, the coupling of 3.4 

and 3.5 employing paraffin-encapsulated Ni(cod)2/Benz-ICy•HCl, 2.5 equiv of 3.5, toluene as the 

reaction solvent, and a stir rate of 400 RPM for 16 h at 120 °C provided ketone 3.6 in 28% 1H 
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hours proved beneficial. This provided ketone 3.6 in 91% yield on the benchtop. Additionally, 

these capsules displayed long-term air and moisture stability when stored outside of a glovebox. 

After two months of storage, a benchtop coupling of 3.4 and 3.5 generated 3.6 in comparable 

yield.16 These capsules are currently undergoing commercialization to enable their widespread 

use.18  

 

Figure 3.2. Preparation of Ni(cod)2/Benz-ICy•HCl–paraffin capsules and their use in the benchtop 
Suzuki–Miyaura coupling of piperidinyl amide 3.4 and pyrrole boronic ester 3.5 under optimized 
conditions. Yield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an 
external standard.  
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esters could be employed in the coupling, providing ketones 3.9 and 3.10 in 53% and 74% yields, 

respectively. Boronate esters featuring extended aromatic ring systems were also competent 

nucleophiles in the methodology, as demonstrated by the formation of naphthyl ketone 3.11 in 

71% yield. Of note, in all cases, benchtop yields of the desired ketone products were comparable 

to those obtained when using literature conditions requiring a glovebox (yields using the glovebox 

protocol are shown in parentheses in Figure 3.3 and 3.4).10 

 
 

Figure 3.3. Scope of the boronic ester coupling partner. Unless otherwise noted, yields reflect the 
average of two isolation experiments. Yields in parentheses were obtained by carrying out the 
reaction in a glovebox utilizing literature conditions without encapsulating Ni(cod)2 and Benz-
ICy•HCl in paraffin. aYield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene 
as an external standard. 
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and 4-tetrahydropyrancarboxylic acids were competent substrates, giving rise to ketones 3.13 and 

3.14 in 79% and 84% yield, respectively. We also evaluated the coupling of non-heterocyclic 

amides. Linear and carbocyclic amides underwent the reaction smoothly, as demonstrated by the 

formation of 3.15 and 3.16 in 83% yield and 89% yield, respectively. Notably, steric bulk adjacent 

to the amide carbonyl did not hinder the Suzuki–Miyaura coupling as the use of a pivalamide 

substrate gave ketone 3.17 in 90% yield. 

 
 

Figure 3.4. Scope of the amide substrate. Unless otherwise noted, yields reflect the average of two 
isolation experiments. Yields in parentheses were obtained by carrying out the reaction in a 
glovebox utilizing literature conditions without encapsulating Ni(cod)2 and Benz-ICy•HCl in 
paraffin. aYield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an external 
standard. 
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in the context of the scalable construction of biologically-relevant bis-heterocyclic ketones19 where 

the enolizable alkyl–aryl ketone provides a valuable synthetic handle for further manipulation. 

 

 

Figure 3.5. Gram-scale Suzuki–Miyaura coupling of amide 3.1 with boronate ester 3.18 to 
generate ketone 3.19.  
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and, further, provides a valuable approach to the synthesis of alkyl–aryl ketones from amides, 
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couplings of aliphatic amides as a complement to traditional synthetic strategies.  
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3.8 Experimental Section 

3.8.1 Materials and Methods 

 Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. 

Boronate esters 3.5, 3.18, 3.27–3.30 were obtained from Combi-Blocks. Ni(cod)2 and Benz-

ICy•HCl were obtained from Strem Chemicals. Potassium phosphate (K3PO4) was obtained from 

Acros. 1,4-Dioxane was obtained from Fisher Scientific and purified by distillation (over Na0 and 

benzophenone) and degassed by sparging with N2 for 1 h prior to use. Deionized water was 

degassed by sparging with N2 for ≥10 min prior to use. Paraffin wax (mp 53–57 °C ASTM D 87) 

was obtained from Sigma-Aldrich and used as received. 1,3,5-trimethoxybenzene was obtained 

from Alfa Aesar and used as received. Reaction temperatures were controlled using an IKAmag 

temperature modulator, and unless stated otherwise, reactions were performed at room temperature 

(approximately 23 °C). Thin-layer chromatography (TLC) was conducted with EMD gel 60 F254 

pre-coated plates (0.25 mm for analytical chromatography and 0.50 mm for preparative 

chromatography) and visualized using a combination of UV, anisaldehyde, iodine, and potassium 

permanganate staining techniques. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was 

used for flash column chromatography. 1H NMR spectra were recorded on Bruker spectrometers 

(400, 500, and 600 MHz) and are reported relative to residual solvent signals. Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), 

integration. Data for 13C NMR are reported in terms of chemical shift (at 125 MHz). IR spectra 

were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are reported in terms of 

absorption frequency (cm-1). DART-MS spectra were collected on a Thermo Exactive Plus MSD 

(Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface (IonSense Inc.). 
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Both the source and MSD were controlled by Excalibur software v. 3.0. The analyte was spotted 

onto OpenSpot sampling cards (IonSense Inc.) using CHCl3, CDCl3, or CH2Cl2 as the solvent. 

Ionization was accomplished using UHP He plasma with no additional ionization agents. The mass 

calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions 

(Thermo Fisher Scientific).  

 

Note: Supporting information for the syntheses of amides 3.1, 3.4, 3.20, 3.21,5g and 3.22–3.2410 

have been published and spectral data match those previously reported. 

 

 

 

3.8.2 Experimental Procedures 

3.8.2.1 Preparation of Paraffin Wax Capsules  

Representative Procedure for the preparation of paraffin wax capsules for use in Sections 

3.8.2.3 and 3.8.2.4. Paraffin wax (mp 53–57 °C ASTM D 87) was melted in a 250 mL beaker 

suspended in an oil bath maintained at 80 °C. 
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The molten paraffin was then pipetted into a standard brass mold (Brass Nipple, 1/8 in x 

close) using a 5 3/4 in glass pipette and pipette bulb. 
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After cooling, the resulting wax cylinder was removed from the brass mold and trimmed 

to approximately 1 cm in length using a razor blade. 

 

 

 

Next, a cavity was bored in the wax cylinder using a standard drill bit (5/32 in, black oxide), 

taking care not to bore through the entire cylinder. 
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The resulting hollow and open capsule was brought into a glovebox, inserted into a 14/20 

septum for ease of handling, and charged with Ni(cod)2 (5.5 mg, 0.020 mmol, 5 mol%) and Benz-

ICy•HCl (12.8 mg, 0.040 mmol, 10 mol%). 

 

 

 

After charging the capsule, a warm metal spatula (maintained at approximately 80 °C using 

a hot plate in the glovebox) was used to melt the top of the capsule closed. Removal from the 

glovebox and re-dipping in molten wax twice (to ensure a proper seal) gave the desired capsules 

that were ready for use on the benchtop. The capsules were stored in a freezer maintained at –20 

°C under an atmosphere of air until use. 

 



 169 

 

 

Note: Supporting information for the preparation of similar paraffin capsules has been 

previously disclosed.14 Typically, paraffin wax capsules generated in this way were used within 1–

2 weeks of being prepared. The stability of paraffin capsules to air and moisture was examined 

over a period of two months (See Section 3.8.2.3). 

 

3.8.2.2 Preparation of Paraffin Wax Capsules for Gram-Scale Coupling 

Representative Procedure for preparation of paraffin wax capsules for use in Section 3.8.2.5. 

Paraffin wax (mp 53–57 °C ASTM D 87) was melted in a 250 mL beaker suspended in an oil bath 

maintained at 80 °C. The molten paraffin (approximately 4 mL) was then pipetted into a standard 

glass VWR culture tube (12 x 75 mm) using a 5 3/4 in glass pipette and pipette bulb. After cooling, 

the resulting wax cylinder was removed from the culture tube (by scoring and carefully breaking 
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the glass away from the paraffin) and trimmed to approximately 2.0 cm in length using a razor 

blade. 

 

 

 

Next, a cavity was bored in the wax cylinder using a standard drill bit (15/64 in, black 

oxide), taking care not to bore through the entire cylinder. 
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The resulting hollow and open capsule was brought into a glovebox and charged with 

Ni(cod)2 (32.9 mg, 0.119 mmol, 5 mol%) and Benz-ICy•HCl (76.2 mg, 0.239 mmol, 10 mol%). 

After charging the capsule, a warm metal spatula (maintained at approximately 80 °C using a hot 

plate in the glovebox) was used to melt the top of the capsule closed. Removal from the glovebox 

and re-dipping in molten wax twice (to ensure a proper seal) gave the desired capsules that were 

ready for use on the benchtop (See Section 3.8.2.5)  

 



 172 

 

 

Note: Supporting information for the preparation of similar gram-scale paraffin capsules 

has been previously disclosed.14  

 

3.8.2.3 Optimization of Methodology 

 

Representative Procedure for Table 3.1 (coupling of amide 3.4 and N-methylpyrrole-2-

boronic acid pinacol ester (3.5) is used as an example). Ketone 3.6. A 2-dram vial was charged 

with anhydrous powder K3PO4 (340 mg, 1.60 mmol, 4.00 equiv) and a magnetic stir bar (egg-

shaped 3/8 x 3/16 in). The vial and its contents were flame-dried under reduced pressure and 
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allowed to cool under N2. The vial was then charged with amide substrate 3.4 (167 mg, 0.40 mmol, 

1.00 equiv), N-methylpyrrole-2-boronic acid pinacol ester (3.5, 414 mg, 2.00 mmol, 5.00 equiv), 

and a paraffin wax capsule containing Ni(cod)2 (5.50 mg, 0.02 mmol, 0.05 equiv) and Benz-

ICy•HCl (12.8 mg, 0.04 mmol, 0.10 equiv) prepared as described in Section 3.8.2.1. The vial was 

purged with N2 and subsequently deionized water (14.0 µL, 0.80 mmol, 2.00 equiv) and 1,4-

dioxane (0.40 mL, 1.00 M) were added. The vial was capped with a Teflon-lined screw cap under 

a flow of N2 and the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 24 h. After 

removing the vial from heat, the reaction mixture was transferred to a 100 mL pear-shaped flask 

containing 2.0 g of silica gel with hexanes (6 mL) and CH2Cl2 (6 mL). The mixture was adsorbed 

onto the silica gel under reduced pressure and filtered over a plug of silica gel (4.0 cm OD x 3.0 

cm, 300 mL of hexanes eluent to remove paraffin, then 250 mL of EtOAc eluent). The volatiles 

were removed under reduced pressure and the yield of ketone 3.6 was determined by 1H NMR 

analysis with 1,3,5-trimethoxybenzene as an external standard.10  

 

Any modifications of the conditions shown in the representative procedure  

above are specified below in Table 3.1. 
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Table 3.1. Optimization studies. 

 
aYields were determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as an external standard and reflect the average of two 
experiments. bReaction performed using conditions outlined in Entry 3. 

 
 

3.8.2.4 Scope of Methodology 

 

Representative Procedure for Figures 3.3 and 3.4 (coupling of amide 3.4 and N-

methylpyrrole-2-boronic acid pinacol ester (3.5) is used as an example). Ketone 3.6. A 2-dram 

vial was charged with anhydrous powder K3PO4 (340 mg, 1.60 mmol, 4.00 equiv) and a magnetic 

stir bar (egg-shaped 3/8 x 3/16 in). The vial and its contents were flame-dried under reduced 

pressure and allowed to cool under N2. The vial was then charged with amide substrate 3.4 (167 

mg, 0.40 mmol, 1.00 equiv), N-methylpyrrole-2-boronic acid pinacol ester (414 mg, 2.00 mmol, 

5.0 equiv), and a paraffin wax capsule containing Ni(cod)2 (5.50 mg, 0.02 mmol, 0.05 equiv) and 

Benz-ICy•HCl (12.8 mg, 0.04 mmol, 0.10 equiv) prepared as described in Section 3.8.2.1. The 

vial was purged with N2 and subsequently deionized water (14.0 µL, 0.8 mmol, 2.00 equiv) and 
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1,4-dioxane (0.40 mL, 1.00 M) were added. The vial was capped with a Teflon-lined screw cap 

under a flow of N2 and the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 24 h. 

After removing the vial from heat, the reaction mixture was transferred to a 100 mL pear-shaped 

flask containing 2.0 g of silica gel with hexanes (6 mL) and CH2Cl2 (6 mL). The mixture was 

adsorbed onto the silica gel under reduced pressure and filtered over a plug of silica gel (4.0 cm 

OD x 3.0 cm, 300 mL of hexanes eluent to remove paraffin, then 250 mL of EtOAc eluent). The 

volatiles were removed under reduced pressure and the crude residue was purified by flash column 

chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield ketone 3.6 (82% yield, 

average of two experiments) as a yellow oil. Ketone 3.6: Rf 0.25 (5:1 Hexanes:EtOAc). 1H NMR 

(500 MHz, CDCl3): d 6.98 (dd, J = 4.1, 1.7, 1H), 6.83 (t, J = 2.0, 1H), 6.14 (dd, J = 2.6, 1.7, 1H), 

4.18 (br s, 2H), 3.93 (s, 3H), 3.21–3.10 (m, 1H), 2.82 (br s, 2H), 1.85–1.64 (m, 4H), 1.47 (s, 9H). 

Spectral data match those previously reported.10  

 

Any modifications of the conditions shown in the representative procedure above are specified in 

the following schemes, which depict all of the results shown in Figures 3.3 and 3.4. 

 

 

Ketone 3.7. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) 

generated ketone 3.7 (70% yield, average of two experiments) as a white solid. Ketone 3.7: Rf 0.33 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.70 (d, J = 7.9, 1H), 7.39 (d, J = 3.9, 2H), 
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7.33 (s, 1H), 7.20–7.14 (m, 1H) 4.21 (br s, 2H), 4.07 (s, 3H), 3.47–3.32 (m, 1H), 2.88 (br s, 2H), 

1.86 (br s, 2H), 1.82–1.70 (m, 2H), 1.48 (s, 9H). Spectral data match those previously reported.10 

 

 

Ketone 3.8. 1H NMR analysis of the crude reaction mixture indicated a 78% yield of ketone 3.8 

relative to a 1,3,5-trimethoxybenzene external standard (average of two experiments). Purification 

by preparative thin-layer chromatography (1:1 Hexanes:EtOAc) provided an analytical sample of 

ketone 3.8 as a white solid. Ketone 3.8: Rf 0.30 (1:1 Hexanes:EtOAc). 1H NMR (500 MHz, 

CDCl3): d 8.78 (d, J = 2.6, 1H), 8.05 (dd, J = 9.1, 2.5, 1H), 6.63 (d, J = 9.1, 1H), 4.16 (br s, 2H), 

3.81 (t, J = 5.2, 4H), 3.68 (t, J = 4.7, 4H), 3.32–3.21 (m, 1H), 2.87 (br s, 2H), 1.79 (br s, 2H), 1.76–

1.65 (m, 2H), 1.46 (s, 9H). Spectral data match those previously reported.10 

 

 

Ketone 3.9. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) 

generated ketone 3.9 (53% yield, average of two experiments) as a white solid. Ketone 3.9: Rf 0.33 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 8.03 (d, J = 8.4, 2H), 7.74 (d, J = 8.4, 2H), 

4.16 (br s, 2H), 3.46–3.31 (m, 1H), 2.91 (br s, 2H), 1.85 (d, J = 13.3, 2H), 1.76–1.64 (m, 2H), 1.46 

(d, J = 4.0, 9H). Spectral data match those previously reported.10 
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Ketone 3.10. Purification by flash chromatography (24:1 Hexanes:EtOAc ® 5:1 Hexanes:EtOAc) 

generated ketone 3.10 (74% yield, average of two experiments) as a yellow oil. Ketone 3.10: Rf 

0.16 (9:1 Hexanes:EtOAc). 1H NMR (600 MHz, CDCl3): d 7.50 (dd, J = 7.8, 1.4 Hz, 1H), 7.36 

(td, J = 7.4, 1.3, 1H), 7.26–7.22 (m, 2H), 4.12 (br s, 2H), 3.18 (tt, J = 11.2, 3.6, 1H), 2.84 (br s, 

2H), 2.41 (s, 3H), 1.81 (d, J = 13.1, 2H), 1.60–1.58 (m, 2H), 1.46 (s, 9H). Spectral data match 

those previously reported.10  

 

 

Ketone 3.11. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc) generated ketone 3.11 (71% yield, average of two experiments) as a white solid. 

Ketone 3.11: Rf 0.16 (9:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 8.45 (s, 1H), 8.04–

7.85 (m, 4H), 7.65–7.53 (m, 2H), 4.20 (br s, 2H), 3.58 (tt, J = 11.2, 4.0, 1H), 2.96 (t, J = 2.8, 2H), 

1.90 (br s, 2H), 1.83–1.69 (m, 2H), 1.48 (s, 9H). Spectral data match those previously reported.10  
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Ketone 3.12. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) 

generated ketone 3.12 (92% yield, average of two experiments) as a light brown oil. Ketone 3.12: 

Rf 0.26 (5:1 Hexanes:EtOAc). 1H NMR (400 MHz, CDCl3): d 7.05 (dd, J = 4.2, 1.6, 1H), 6.82 (t, 

J = 1.9, 1H), 6.14 (dd, J = 4.1, 2.5, 1H), 4.25 (br d, J = 13.5, 1H), 4.12 (br d, J = 11.7, 1H), 3.93 

(br s, 3H), 3.16 (tt, J = 11.4, 3.6, 1H), 2.94–2.83 (m, 1H), 2.70 (td, J = 12.7, 2.4, 1H), 2.02–1.92 

(m, 1H), 1.79–1.68 (m, 2H), 1.61–1.50 (m, 1H), 1.47 (s, 9H). Spectral data match those previously 

reported.10 

 

 

Ketone 3.13. Purification by sequential preparative thin-layer chromatography (9:1 

Hexanes:EtOAc and 5:1 Hexanes:EtOAc) generated ketone 3.13 (79% yield, average of two 

experiments) as a white solid. Ketone 3.13: Rf 0.17 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, 

CDCl3): d 6.99 (dd, J = 4.1, 1.6, 1H), 6.83 (t, J = 1.9, 1H), 6.14 (dd, J = 4.1, 2.5, 1H), 4.09–4.00 

(m, 2H), 3.94 (s, 3H), 3.52 (td, J = 11.8, 2.1, 2H), 3.26 (tt, J = 11.5, 3.8, 1H), 1.97–1.86 (m, 2H), 

1.74–1.67 (m, 2H). Spectral data match those previously reported.10  
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Ketone 3.14. Purification by flash chromatography (9:1 Hexanes:EtOAc) generated ketone 3.14 

(84% yield, average of two experiments) as a colorless oil. Ketone 3.14: Rf 0.22 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.03 (dd, J = 4.2, 1.7, 1H), 6.82 (t, J = 1.9, 1H), 

6.14 (dd, J = 4.2, 2.5, 1H), 4.10–4.04 (m, 1H), 3.99–3.93 (m, 1H), 3.92 (s, 3H), 3.53 (t, J = 10.8, 

1H), 3.46–3.34 (m, 2H), 2.02–1.94 (m, 1H), 1.91–1.80 (m, 1H), 1.80–1.65 (m, 2H). Spectral data 

match those previously reported.10 

 

 

Ketone 3.15. Purification by flash chromatography (19:1 Hexanes:EtOAc) generated ketone 3.15 

(83% yield, average of two experiments) as a colorless oil. Ketone 3.15: Rf 0.40 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.32–7.17 (m, 2H), 7.26–7.23 (m, 2H), 7.22–

7.17 (m, 1H), 6.94 (dd, J = 4.1, 1.7, 1H), 6.80 (t, J = 1.9, 1H), 6.11 (dd, J = 4.1, 2.4, 1H), 3.95 (s, 

3H), 3.14–3.08 (m, 2H), 3.05–2.99 (m, 2H). Spectral data match those previously reported.10  
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Ketone 3.16. Purification by flash chromatography (25:4:1 Hexanes:PhH:Et2O) generated ketone 

3.16 (89% yield, average of two experiments) as a colorless oil. Ketone 3.16: Rf 0.55 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 6.97 (dd, J = 4.1, 1.7, 1H), 6.80 (t, J = 1.9, 1H), 

6.12 (dd, J = 4.1, 2.5, 1H), 3.93 (s, 3H), 3.02 (tt, J = 11.7, 3.2, 1H), 1.88–1.79 (m, 4H), 1.76–1.67 

(m, 1H), 1.56–1.45 (m, 2H), 1.41–1.30 (m, 2H), 1.29–1.19 (m, 1H). Spectral data match those 

previously reported.10  

 

 

Ketone 3.17. 1H NMR analysis of the crude reaction mixture indicated a 90% yield of ketone 3.17 

relative to a 1,3,5-trimethoxybenzene external standard. Purification by preparative thin-layer 

chromatography (49:1 Cyclohexane:EtOAc), eluted twice, provided an analytical sample of ketone 

3.17 as a colorless oil. Ketone 3.17: Rf 0.65 (4:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): 

δ 7.03 (dd, J = 4.1, 1.6, 1H), 6.75 (t, J = 1.9, 1H), 6.11 (dd, J = 4.1, 2.5, 1H), 3.90 (s, 3H), 1.36 

(m, 9H). Spectral data match those previously reported.10  
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3.8.2.5 Gram-Scale Benchtop Suzuki–Miyaura Cross-Coupling 

 

Ketone 3.19. A 20-mL scintillation vial was charged with anhydrous powder K3PO4 (2.03 g, 9.56 

mmol, 4.00 equiv) and a magnetic stir bar (football shaped, 0.5 x 1.5 cm). The vial and its contents 

were flame-dried under reduced pressure and allowed to cool under N2. The vial was charged with 

amide substrate 3.1 (1.00 g, 2.39 mmol, 1.00 equiv), boronic ester 3.18 (3.07 g, 11.9 mmol, 5.00 

equiv), and a paraffin wax capsule containing Ni(cod)2 (32.9 mg, 0.119 mmol, 0.050 equiv) and 

Benz-ICy•HCl (76.2 mg, 0.239 mmol, 0.100 equiv) prepared as described in Section 3.8.2.3. The 

vial was purged with N2 and subsequently deionized water (86.1 µL, 4.78 mmol, 2.00 equiv) and 

1,4-dioxane (2.39 mL, 1.00 M) were added. The vial was capped with a Teflon-lined screw cap 

under a flow of N2 and the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 24 h. 

After removing the vial from heat, the reaction mixture was transferred to a 100 mL pear-shaped 

flask containing 12.0 g of silica gel with hexanes (10 mL) and CH2Cl2 (10 mL). The mixture was 

adsorbed onto the silica gel under reduced pressure and filtered over a plug of silica gel (4.0 cm 

OD x 3.0 cm, 300 mL of hexanes eluent to remove paraffin, then 250 mL of EtOAc eluent). The 

volatiles were removed under reduced pressure and the crude residue was purified by flash column 

chromatography (14:1 Hexanes:Et2O ® 4:1 Hexanes:Et2O) to yield ketone 3.19 (73% yield, 

average of two experiments) as a white amorphous solid. Ketone 3.19: Rf 0.25 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.70 (d, J = 8.1, 1H), 7.44–7.34 (m, 3H), 7.20–

7.11 (m, 1H), 4.32 (br s, 1H), 4.24–3.96 (m, 4H), 3.47–3.27 (m, 1H), 2.98 (br s, 1H), 2.74 (br s, 

1H), 2.12–2.00 (m, 1H), 1.84–1.68 (m, 2H), 1.67–1.54 (m, 2H), 1.49 (s, 9H); 13C NMR (125 MHz, 
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CDCl3): d 195.3, 154.9, 140.5, 133.9, 126.3, 125.9, 123.2, 121.0, 111.9, 110.5, 79.9, 47.9, 46.2, 

44.9, 44.0, 32.4, 28.64, 28.61, 24.8; IR (film): 2973, 2938, 2861, 1691, 1656, 1614, 1423, 1168, 

1146, 970 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H27N2O3 , 343.2016; found 343.2010. 

Note: Ketone 3.19 was obtained as a mixture of conformers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 
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3.9 Spectra Relevant to Chapter Three: 

 

Ni-Catalyzed Suzuki–Miyaura Cross-Coupling of Aliphatic Amides on the Benchtop 

Milauni M. Mehta,† Timothy B. Boit,† Jacob E. Dander,† and Neil K. Garg. 

Org. Lett. 2020, 22, 1–5. 
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F2 - Acquisition Parameters
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F2 - Processing parameters
SI                65536
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WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.6 1H NMR (500 MHz, CDCl3) of compound 3.6. 
 
 

-110 9 8 7 6 5 4 3 2 1 0 ppm

1.
47

9
1.

72
6

1.
73

4
1.

75
2

1.
75

8
1.

77
6

1.
78

4
1.

80
0

1.
80

8
1.

86
0

2.
04

6
2.

88
5

3.
35

4
3.

36
9

3.
37

6
3.

38
4

3.
39

9
4.

07
3

4.
11

5
4.

13
0

4.
21

1

7.
15

1
7.

15
8

7.
16

7
7.

17
5

7.
18

3
7.

33
2

7.
39

1
7.

39
8

7.
69

1
7.

70
7

9.
59

8
2.

24
4

1.
88

8

2.
12

2

1.
11

7

3.
15

0
2.

13
5

1.
00

6
1.

12
9

2.
06

4
0.

99
9

Current Data Parameters
NAME       MM-2019-177p
EXPNO                 1
PROCNO                1
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F2 - Processing parameters
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PC                 1.00

Figure 3.7 1H NMR (500 MHz, CDCl3) of compound 3.7. 
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F2 - Processing parameters
SI                65536
SF          500.1300126 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
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Figure 3.9 1H NMR (500 MHz, CDCl3) of compound 3.9. 
 
 

Figure 3.8 1H NMR (500 MHz, CDCl3) of compound 3.8. 
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Figure 3.10 1H NMR (600 MHz, CDCl3) of compound 3.10. 
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PC                 1.00

Figure 3.11 1H NMR (500 MHz, CDCl3) of compound 3.11. 
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Figure 3.12 1H NMR (400 MHz, CDCl3) of compound 3.12. 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
71

5
1.

71
8

1.
72

2
1.

72
6

1.
87

0
1.

87
9

1.
89

4
1.

89
8

1.
90

3
1.

90
6

1.
91

8
1.

92
1

1.
92

7
1.

93
0

1.
94

5
1.

95
4

3.
23

8
3.

24
6

3.
25

4
3.

26
1

3.
26

9
3.

27
7

3.
28

4
3.

48
9

3.
49

3
3.

51
3

3.
51

7
3.

53
6

3.
54

1
4.

03
6

4.
03

9
4.

04
4

4.
04

8
4.

05
8

4.
06

2
4.

06
7

4.
07

1
6.

13
1

6.
13

6
6.

13
9

6.
14

4
6.

82
3

6.
82

7
6.

83
1

6.
97

9
6.

98
2

6.
98

7
6.

99
1

2.
04

7
2.

03
5

1.
00

7

2.
03

3

3.
01

1
2.

05
7

0.
97

9

0.
97

7
1.

00
0

Current Data Parameters
NAME     JED-2019-030p2
EXPNO                 1
PROCNO                1
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F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.13 1H NMR (500 MHz, CDCl3) of compound 3.13. 
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F2 - Processing parameters
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LB                 0.30 Hz
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PC                 1.00

Figure 3.14 1H NMR (500 MHz, CDCl3) of compound 3.14. 
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Figure 5.15 1H NMR (500 MHz, CDCl3) of compound 3.15. 
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Figure 3.16 1H NMR (500 MHz, CDCl3) of compound 3.16. 
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Figure 3.17 1H NMR (500 MHz, CDCl3) of compound 3.17. 
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Figure 3.18 1H NMR (500 MHz, CDCl3) of compound 3.19. 
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Figure 3.19 13C NMR (125 MHz, CDCl3) of compound 3.19. 
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CHAPTER FOUR 

 

Base-Mediated Meerwein–Ponndorf–Verley Reduction of Aromatic Ketones and 

Heterocyclic Ketones 

Timothy B. Boit,† Milauni M. Mehta, and Neil K. Garg. 

Org. Lett. 2019, 21, 6447–6451. 

 

4.1 Abstract 

An experimental protocol to achieve the Meerwein–Ponndorf–Verley (MPV) reduction of 

ketones under mildly basic conditions is reported.  The transformation is tolerant of a range of 

ketone substrates, including O- and S-containing heterocycles, is scalable, and shows potential to 

be used as platform to access enantioenriched products. These studies provide a general method 

for achieving the reduction of ketones under mildly basic conditions and offer an alternative 

protocol to more well-known Al-based MPV reduction conditions. 

 

4.2 Introduction 

The Meerwein–Ponndorf–Verley (MPV) reaction is an important and powerful tool for the 

reduction of ketones and aldehydes because of its chemoselectivity, mild reaction conditions, 

scalability, and low operational cost.1 Discovered nearly a century ago,2 the traditional MPV 

reduction employs an aluminum alkoxide catalyst generated from a secondary alcohol (most 

commonly isopropanol) to achieve the reversible transfer hydrogenation of carbonyl substrates 

(Figure 4.1).3 This venerable reaction has been featured in the syntheses of several natural 

products4 and spurred numerous experimental5 and computational studies.6 Despite the synthetic 
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utility of the traditional MPV reduction, several drawbacks exist. These include long reaction 

times, the need for a large excess of reducing agent, competing side reactions such as aldol 

condensation and the Tishchenko reduction of aldehydes, and low enantioselectivities in the case 

of intermolecular asymmetric variants.1,3 Methodological advances to address these limitations 

include the use of additives,7 microwave irradiation,8 and the development of novel aluminum,9 

organoboron10 and metal alkoxide catalysts (i.e. transition11 and lanthanide12). A particularly 

efficient aluminum siloxide catalyst has been reported by the Krempner group.9c 

 

Figure 4.1. Traditional MPV reduction of ketones and base-mediated variant (prior studies). 
 
 
A largely unexplored approach to the MPV-type reduction of carbonyls uses simple alkali 

metal alkoxides. (Figure 4.1).13,14 This variant of the MPV reaction has several benefits including 

its avoidance of metal catalysts, operational simplicity, and compatibility with heteroatoms known 
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to inhibit metal catalysis.3,13 Specifically, isopropoxide catalysts generated from strong alkali 

bases, such as NaOH13a and KOH13b and milder bases such as K3PO4,13c have been employed in 

the reduction of aldehydes and ketones. Nevertheless, a number of limitations of the base-mediated 

MPV reduction remain unaddressed including a limited scope and the reliance on i-PrOH as the 

solvent and hydride source.15 Additionally, no examples of stereoselective base-mediated MPV 

reactions exist. We report the use of a simple potassium alkoxide reductant, generated in situ from 

the corresponding alcohol and K3PO4, for the reduction of a wide range of aromatic ketones. This 

methodology is tolerant of heterocycles, scalable, and shows potential for the asymmetric 

reduction of alkyl–aryl ketones. 

 

4.3 Reaction Discovery and Optimization 

To initiate our studies, we examined the reduction of dihydrochalcone (4.1) using alkyl–

alkyl secondary alcohols and K3PO4, a readily available and mild base (Table 4.1).16 Subjecting 

4.1 to catalytic K3PO4 using isopropanol or 3-pentanol (4.3) (2.5 equivalents) in 1,4-dioxane at 80 

°C provided none of the desired alcohol product 4.2 (entries 1 and 2).16,17,18 Owing to the potential 

reversibility of the reaction,1a–c,16 we turned to the use of aryl–alkyl reductants to bias the reaction 

equilibrium. Importantly, this class of alcohol enabled a greater control of the redox properties of 

the reductant. We evaluated alcohol 4.4 and the more electron-rich derivative 4.5 as reductants,19 

anticipating that the stability of the respective aryl ketone and doubly vinylogous amide byproducts 

would drive the forward reaction to yield 4.2. Gratifyingly, the use of 2.5 equivalents of 4.4 or 4.5 

provided 4.2 in 40% and 61% yield, respectively (entries 3 and 4). Employing reductant 4.5 at 120 

°C furnished desired product 4.2 in 92% yield (entry 5). Finally, alcohol 4.2 was obtained in near 

quantitative yield by utilizing excess base (entry 6).  
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Table 4.1. Optimization of reaction conditions 

 
Entry Reductant Equiv  

K3PO4 
Temp 
(°C) 

Yielda 

1 i-PrOH 0.50 80 0% 
2 3 0.50 80 0% 
3 4 0.50 80 40% 
4 5 0.50 80 61% 
5 5 0.50 120 92% 
6 5 4.0 120 99% 

 

 

aGeneral conditions unless otherwise stated: substrate 4.1 (1.0 equiv, 0.10 mmol), K3PO4 (0.50–
4.0 equiv), reductant (2.5 equiv), and 1,4-dioxane (1.0 M) heated at 80–120 °C for 16 h in a sealed 
vial under an atmosphere of N2. Yields determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as an external standard.  
 
 
4.4 Scope of Methodology 

With optimized conditions in hand, we examined a range of aryl ketone substrates in the 

reduction (Figure 4.2). Linear and a-branched substrates smoothly underwent reduction, giving 

rise to alcohols 4.2 and 4.6–4.8 in good yields. Of note, steric bulk on the alkyl substituent of the 

ketone was tolerated, as shown by the successful reduction of tert-butyl phenyl ketone to furnish 

alcohol 4.8 in 83% yield. The reduction of a-tetralone to give a-tetralol (4.9) in 86% yield 

demonstrates competence of a cyclic ketone substrate in this transformation. Notably, we found 

that electron-rich aromatic ketones and those highly decorated with heteroatom substitutents 

underwent facile reduction, as demonstrated by the formation of alcohols 4.10 and 4.11 in 81% 
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and 87% yield, respectively. Finally, both electron-rich and electron-deficient benzophenone 

derivatives were suitable substrates, as shown by the production of alcohol products 4.12 and 4.13 

in good yields. 

 

Figure 4.2. Scope of the base-mediated MPV reduction of aromatic ketones. Conditions: substrate 
(1.0 equiv, 0.10 mmol), K3PO4 (4.0 equiv), reductant (2.5 equiv), and 1,4-dioxane (1.0 M) heated 
at 120 °C for 16 h in a sealed vial under an atmosphere of N2. Unless otherwise noted, yields reflect 
the average of two isolation experiments. aYield determined by 1H NMR analysis using 
hexamethylbenzene as an external standard. bReaction heated at 80 °C for 16 h.  
 
 

We next set out to evaluate the reactivity of a number of heterocyclic ketone substrates, as 

only a handful of examples of base-mediated MPV reductions of heterocyclic ketones have been 

previously reported (Figure 4.3).20 Benzofuran- and dibenzofuran-containing ketones underwent 
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reduction to provide alcohols 4.14 and 4.15 in 73% and 76% yield, respectively. Benzodioxole 

and benzodioxane moieties were also well tolerated, as seen by the formation of alcohols 4.16 and 

4.17 in good yields. Lastly, ketones bearing thiophenes were successfully employed, as judged by 

the formation of benzothiophene 4.18 and tetrahydrobenzothiophene 4.19 in 70% and 73% yield, 

respectively.21  

 

Figure 4.3. Scope of the base-mediated MPV reduction of heteroaromatic ketones. Conditions: 
substrate (1.0 equiv, 0.10 mmol), K3PO4 (4.0 equiv), reductant (2.5 equiv), and 1,4-dioxane (1.0 
M) heated at 120 °C for 16 h in a sealed vial under an atmosphere of N2. Unless otherwise noted, 
yields reflect the average of two isolation experiments. aYield determined by 1H NMR analysis 
using hexamethylbenzene as an external standard. bReaction heated at 130 °C for 16 h.  
 
 
4.5 Gram-Scale and Stereospecific Reductions 

As a demonstration of the utility of the base-mediated MPV reduction of ketones, we 

performed the additional studies shown in Figure 4.4. In the first, we performed a gram-scale 

reduction of acetyldibenzofuran 4.20.22 Carrying out the reaction at 130 °C for 24 h delivered 
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alcohol 4.15 in 66% yield, thus demonstrating the scalability of this methodology. Next, we 

questioned whether this reaction could be used for the synthesis of enantioenriched alcohols. 

Toward this end, we performed the reduction of phenylcyclohexyl ketone 4.21 using 

enantioenriched (R)-4.5. This proceeded to give alcohol (S)-4.6 with 50% stereochemical transfer 

(96% ee of (R)-4.5 ® 48% ee (S)-4.6. This result underscores the potential of the base-mediated 

MPV reduction to generate enantioenriched products.1e,12d,23 

 

Figure 4.4. Gram-scale reduction and stereochemical transfer studies demonstrating the synthetic 
utility of the base-mediated MPV reduction. Conditions: substrate (1.0 equiv), K3PO4 (4.0 equiv), 
reductant (2.5 equiv), and 1,4-dioxane (1.0 M) heated at the indicated temperature and time in a 
sealed vial under an atmosphere of N2.  
 
 
4.6 Conclusions  

In summary, we have developed the base-mediated MPV reduction of aromatic and 

heteroaromatic ketones. This methodology employs the simple combination of K3PO4 as a mild 

base and secondary alcohol 4.5 as the reductant.  The transformation is tolerant of a range of ketone 

substrates, including O- and S-containing heterocycles, and avoids the hydride source being used 
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as the solvent. The reduction has been demonstrated on gram scale and shows potential to be used 

as platform to provide enantioenriched products. These studies provide a general platform for 

achieving the reduction of ketones under mildly basic MPV conditions and offer an alternative 

protocol to the more classic Al-based MPV reduction. We hope this study will enable the greater 

utilization of the uncommon base-mediated variant of the MPV reduction in chemical synthesis. 
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4.7 Experimental Section 

4.7.1 Materials and Methods 

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. Not-

commercially available ketone substrates were synthesized following protocols specified in 

Section A in the Experimental Procedures. Alcohols 4.5 and (R)-4.5 were synthesized following 

protocols specified in Section B and C in the Experimental Procedures, respectively. 1,2-

Dicholoroethane, 1,4-dioxane, and isopropanol were obtained from Fischer Scientific and purified 

by distillation. 3-Pentanol (4.3) and 1-phenylethanol (4.4) were obtained from Sigma-Aldrich and 

purified by distillation. Prior to use, 1,4-dioxane, isopropanol, 3-pentanol (4.3) and 1-

phenylethanol (4.4) were degassed by sparging with N2 for 1 h. Ketone 4.124 and 4.3625 were 

prepared according to literature procedures. 4.22, 4.28, 4.29, 4.30, 4.31, and 4.34 were obtained 

from Sigma-Aldrich. 4.26, 4.21, 4.27, 4.32, 4.35, and 4.37 was obtained from Combi-Blocks. 

Ketone 4.26 was obtained from Oxchem. Ketone 4.33 was obtained from Alfa Aesar. Pd(PPh3)4 

(99%) was obtained from Strem Chemicals. Acetyltrimethylsilane (4.23) (97%) was obtained from 

Sigma-Aldrich. Cesium fluoride (99%+) was obtained from Strem Chemicals. Potassium 

phosphate (K3PO4) was obtained from Acros. Reaction temperatures were controlled using an 

IKAmag temperature modulator, and unless stated otherwise, reactions were performed at room 

temperature (approximately 23 °C). Thin-layer chromatography (TLC) was conducted with EMD 

gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 0.50 mm for 

preparative chromatography) and visualized using a combination of UV, anisaldehyde, iodine, and 

potassium permanganate staining techniques. Silicycle Siliaflash P60 (particle size 0.040–0.063 

mm) was used for flash column chromatography. 1H NMR spectra were recorded on Bruker 
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spectrometers (at 300, 400, 500, and 600 MHz) and are reported relative to residual solvent signals. 

Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 

constant (Hz), integration. Data for 13C NMR are reported in terms of chemical shift (at 75 and 

125 MHz). IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are 

reported in terms of frequency absorption (cm-1). DART-MS spectra were collected on a Thermo 

Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur 

Interface (IonSense Inc.). Both the source and MSD were controlled by Excalibur software v. 

3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CHCl3 or 

CH2Cl2 as the solvent. Ionization was accomplished using UHP He plasma with no additional 

ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 

Ion calibration solutions (Thermo Fisher Scientific). Optical rotations were measured with a 

Rudolf Autopol III Automatic Polarimeter. Trace metal analysis was determined by inductively 

coupled plasma mass spectrometry on an Agilent 8800 Triple Quadrupole ICP-MS instrument. 

The level of all analytes of interest was determined in MS/MS mode, measured using He in the 

collision/reaction cell using an environmental calibration standard (elements not included in this 

standard: B, Ti, Rb, Ru, Rh, Pd, Ir, and Pt). The quantification was done using the ICP-MS 

MassHunter WorkStation v4.3, through the QuickScan acquisition. Nitric acid was obtained from 

Fisher Scientific (A467500). Determination of enantiopurity was carried out on a Mettler Toledo 

SFC (supercritical fluid chromatography) or Agilent HPLC (high performance liquid 

chromatography) using Daicel ChiralPak IC–3 and Daicel ChiralPak OD–H columns. Data for 

SFC and HPLC spectra are reported in enantiomeric excess (ee). For SFC and HPLC 

chromatograms see Section 4.7.2.9 of Experimental Procedures. 
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4.7.2 Experimental Procedures 

4.7.2.1 Syntheses of Ketone Substrates 

Representative Procedure for the Synthesis of Ketone Substrates (synthesis of ketone 4.24 is 

used as an example). 

 

A flame-dried 1-dram vial was charged 6-bromobenzofuran (4.22) (130 mg, 0.660 mmol, 1.00 

equiv) and a magnetic stir bar. In the glove box, CsF (401 mg, 2.64 mmol, 4.00 equiv) and 

Pd(PPh3)4 (38.1 mg, 0.0330 mmol, 0.0500 equiv) were added to the vial. The vessel was removed 

from the glove box and placed under an atmosphere of N2 on the bench. Distilled 1,2-

dichloroethane (0.700 mL, 1.00 M) and silane 4.23 (189 µL, 1.32 mmol, 2.0 equiv) were added 

and the vial was sealed with a Teflon-lined screw cap. The heterogeneous mixture was heated to 

75 ºC for 12 h. After cooling to 23 ºC, the mixture was diluted with hexanes (0.5 mL), filtered over 

a plug of silica gel (1.00 cm OD x 5.00 cm, 10 mL EtOAc eluent), and the volatiles were removed 

under reduced pressure. The crude residue was purified by flash chromatography (19:1 

Hexanes:EtOAc ® 14:1 Hexanes:EtOAc) to yield ketone 4.24 (57.0 mg, 54% yield) as a yellow 

oil. Ketone 4.24: Rf 0.42 (5:1 Hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 8.13 (s, 1H), 7.89 

(dd, J = 8.30, 1.38 Hz, 1H), 7.79 (d, J = 2.17 Hz, 1H), 7.66 (d, J = 8.30 Hz, 1H), 6.87–6.89 (m, 

1H), 2.67 (s, 3H); 13C NMR (125 MHz, CDCl3): d 197.8, 154.8, 148.4, 134.0, 132.0, 123.3, 121.2, 

112.0, 107.0, 27.0; IR (film): 3118, 3003, 1673, 1425, 1271 cm–1; HRMS-APCI (m/z) [M+NH4]+ 

calcd for C10H12O2N+, 178.08626; found 178.08536. 

Pd(PPh3)4 (5 mol%)
CsF (4.0 equiv)

1,2-dichloroethane (1.0 M)
75 °C, 12 h

(54% yield) 4.24
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Note: Supporting information for the synthesis of ketone 4.36 has previously been 

reported.25  The synthesis of the remaining substrate, 4.20, is as follows: 

 

Any modifications of the conditions shown in the representative procedure above are 

specified in the following scheme. 

 

 

Ketone 20. Purification by flash chromatography (49:1 Hexanes:EtOAc) generated ketone 4.20 

(263 mg, 77% yield) as a white solid. Ketone 4.20: Rf 0.33 (9:1 Hexanes:EtOAc). Spectral data 

match those previously reported.26 

 

4.7.2.2 Syntheses of Alcohol Reductant 4.5 

 

To a flame-dried flask equipped with a magnetic stir bar was added LiAlH4 (2.56 g, 67.4 mmol, 

1.10 equiv) in a glovebox. The flask was removed from the glovebox, THF (61.0 mL) was added, 

and the solution was cooled to 0 °C. To the solution was then added ketone 4.26 (2.00 g, 61.5 

mmol each, 0.200 equiv) in 5 aliquots over 25 min. The reaction was then warmed to 23 °C. After 

stirring for 2 h, the reaction was cooled to 0 °C and quenched by the sequential addition of 

deionized water (5 mL), 10% aq. NaOH (7 ml), MeOH (20 mL), and deionized water (10 mL). 
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The mixture was then warmed to 23 °C and stirred for 30 min. The mixture was then filtered over 

a pad of celite (100 mL EtOAc eluent). The resulting organic layer was dried over Na2SO4, filtered, 

and the volatiles were removed under reduced pressure. The crude residue was purified by flash 

chromatography (5:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) to yield alcohol 4.5 (9.42 g, 93% 

yield) as a white solid. Alcohol 4.5: Rf 0.33 (3:1 Hexanes:EtOAc). Spectral data match those 

previously reported.27 

 

4.7.2.3 Syntheses of Enantioenriched Alcohol Reductant (R)-4.5 

 

To a flame-dried flask equipped with a magnetic stir bar was added (S)-(–)-CBS catalyst (170 mg, 

0.613 mmol, 0.100 equiv). The flask was removed from the glovebox and THF (6.13 mL) was 

added. Next, 4.26 (1.00 g, 6.13 mmol, 1.00 equiv) in a solution of THF (2.50 mL) was added to 

the reaction flask, which was then stirred to give a clear homogeneous solution and cooled to 0 °C. 

Subsequently, BH3•SMe2 (1.70 mL, 18.4 mmol, 3.00 equiv) was added (1 drop/2 sec) over 7.50 

min. The reaction was stirred at 0 °C for 2 min, then warmed to 23 °C. After stirring for 30 min, 

the reaction was cooled to 0 °C and quenched by the dropwise addition of methanol (20 mL) and 

water (20 mL) and diluted with Et2O (50 mL). The layers were separated and the aqueous layer 

was extracted with Et2O (3 x 50 mL). The combined organic layers were washed with sat. aq. 

NH4Cl (80 mL), sat. aq. NaHCO3 (80 mL), and brine (80 mL). The organic layer was then dried 

over Na2SO4, filtered, and the volatiles were removed under reduced pressure. The crude residue 

was purified by flash chromatography (10:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) to yield 

(S)-(–)-CBS (10 mol%)
BH3•SMe2 (3 equiv)

THF (0.60 M), 0 ºC → 23 ºC
30 min

(86% yield, 81% ee)

O

Me

Me2N

OH

Me(R)

Me2N

4.26 (R)-4.5
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alcohol (R)-4.5 (871 mg, 86% yield, 81% ee) as a white solid. Alcohol (R)-4.5: Rf 0.33 (3:1 

Hexanes:EtOAc). The spectral data match those previously reported in the literature for rac-4.5.27 

The SFC data match those reported in the Experimental Procedures Section 4.7.2.7. 

 

 

A solution of (R)-4.5 (25.0 mg, 0.151 mmol, 1.00 equiv) in Et2O (1.00 mL) was filtered through a 

0.45 µm Millipore Millex PTFE filter into a 1-dram vial. The vial was then placed within a 20 mL 

scintillation vial containing cyclohexane (2.00 mL). The scintillation vial was sealed and allowed 

to stand at 23 °C for 24 h, which led to the formation of white crystals. This vapor diffusion 

crystallization process was repeated three times to lead to the recovery of alcohol (R)-4.5 (11.8 

mg, 47% yield, 96% ee) as a white crystalline solid. [𝛼]!"#.%	 = +51.6 (c = 1.00, CHCl3). The spectral 

data match those previously reported in the literature for rac-4.5.27 The major enantiomer product 

was assigned by comparison to published [𝛼]! 	values for (R)-4.5.28 

 

4.7.2.4 Initial Survey of Reaction Conditions and Relevant Control Experiments 

 

Representative Procedure for Base-Mediated MPV Reduction from Table 4.2 (reduction of 

ketone 4.1 with alcohol 4.5 is used as an example). A 1-dram vial was charged with anhydrous 

powdered K3PO4 (85.0 mg, 0.400 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its 

recrystallization via 
vapor diffusion

Et2O:cyclohexane (1:2)

(47% yield, 96% ee)

OH

Me(R)

Me2N

OH

Me(R)

Me2N

(R)-4.5 (R)-4.5

4.24.1

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

O OH
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contents were flame-dried under reduced pressure, then allowed to cool under N2. Ketone substrate 

4.1 (21.0 mg, 0.100 mmol, 1.00 equiv) and alcohol reductant 4.5 (41.3 mg, 0.250 mmol, 2.50 

equiv) were added. The vial was flushed with N2, and then 1,4-dioxane (0.100 mL, 1.00 M) was 

added. Under a stream of N2, the vial septum cap was quickly switched for a Teflon-lined screw 

cap, sealed, then further sealed with electrical tape. The reaction was stirred vigorously (800 rpm) 

at 120 °C for 16 h. After cooling to 23 °C, the mixture was diluted with hexanes (0.5 mL) and 

filtered over a plug of silica gel (1 cm OD x 5 cm, 10 mL EtOAc eluent). The volatiles were 

removed under reduced pressure and the yield of alcohol 4.2 was determined by 1H NMR analysis 

with 1,3,5-trimethoxybenzene as an external standard. 

 

Any modifications of the conditions shown in the representative procedure  

above are specified below in Table 4.2. 
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Table 4.2. Survey of reaction conditions and relevant control experiments 

 
aYields were determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as 
an external standard. 
 
 

4.7.2.5 Trace Metal Analysis of Reagents 

Representative Procedure for Trace Metal Analysis (preparation of K3PO4 is used as an 

example). A 15-mL conical tube was charged with K3PO4 (95.2 mg, 1.00 equiv) and the sample 

was diluted with milli-Q water (6.8 mL) to a final concentration of 1.4% (w/w). Subsequently, 

ICP-MS-grade 70% nitric acid (200 μl) was added to each sample (2% final nitric acid 

concentration).  

0% 99%

Reaction Conditions
Experimental Resultsa

0% 99%

0% 99%

<5% 98%

Control Experiments:

<5% 98%

4.1 4.2

4.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 16 h

4.24.1

Ph

conditionsO

Ph Ph

OH

Ph
+

NMe2

OH

Me

4.5

4.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 80 °C, 16 h

4.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 3 h

4.5 (2.5 equiv), K3PO4 (4.0 equiv), 2-Me THF (1.0 M), 80 °C, 16 h

4.5 (2.5 equiv), K3PO4 (4.0 equiv), t-amyl alcohol (1.0 M), 80 °C, 16 h

11% 89%4.5 (2.5 equiv), K3PO4 (4.0 equiv), n-heptane (1.0 M), 80 °C, 16 h

0% 99%4.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 16 h
Ran in the dark

<5% 95%4.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv),
 dioxane (1.0 M), 120 °C, 16 h

12% 88%4.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 16 h
Ran under an atmosphere of air
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Table 4.3. Trace metal analysis of K3PO4 

Sample: K3PO4 

Metal 
Concentration (ppm) 

(average of two samples) 

Fe 0.00809 

Al 0.000 

Co 0.000 

B 0.0240 

Ti 0.0420 

Mg 0.00189 

Mn 7.84 ´ 10–5 

Sc 0.000 

Rb 0.203 

Ni 0.0303 

Cu 0.000 

Zn 0.000 

Ru 9.46 ´ 10–6 

Rh 0.000 

Pd 1.53 ´ 10–5 

Ag 0.000 

Ir 1.17 ´ 10–6 

Pt 0.000 
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Table 4.4. Trace metal analysis of 1,4-dioxane 

Sample: 1,4-dioxane 

Metal 
Concentration (ppm) 

(average of two samples) 

Fe 0.00369 

Al 0.00384 

Co 0.000130 

B 0.00570 

Ti 0.00250 

Mg 0.01780 

Mn 0.000151 

Sc 0.00190 

Rb 3.41 ´ 10–5 

Ni 0.354 

Cu 0.000 

Zn 0.000 

Ru 0.000 

Rh 0.000 

Pd 1.06 ´ 10–5 

Ag 2.85 ´ 10–5 

Ir 0.000 

Pt 0.000 
 

 

 



 
 
 

219 

Table 4.5. Trace metal analysis of alcohol reductant 4.5 

Sample: Alcohol Reductant 4.5 

Metal 
Concentration (ppm) 

(average of two samples) 

Fe 0.00352 

Al 0.00121 

Co 3.20 ´ 10–5 

B 0.0211 

Ti 0.000642 

Mg 0.0125 

Mn 1.81 ´ 10–5 

Sc 0.000962 

Rb 5.15 ´ 10–6 

Ni 0.113 

Cu 0.000 

Zn 0.000 

Ru 0.000 

Rh 9.31 ´ 10–7 

Pd 3.00 ´ 10–6 

Ag 7.91 ´ 10–6 

Ir 0.000 

Pt 1.76 ´ 10–6 
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4.7.2.6 Scope of Methodology 

 

Representative Procedure for Base-Mediated MPV Reduction from Figure 4.2 (reduction of 

ketone 4.1 with alcohol 4.5 is used as an example). Alcohol 4.2. A 1-dram vial was charged with 

anhydrous powdered K3PO4 (85.0 mg, 0.400 mmol, 4.00 equiv) and a magnetic stir bar. The vial 

and its contents were flame-dried under reduced pressure, then allowed to cool under N2. Ketone 

substrate 4.1 (21.0 mg, 0.100 mmol, 1.00 equiv) and alcohol reductant 4.5 (41.3 mg, 0.250 mmol, 

2.50 equiv) were added. The vial was purged with N2, and then 1,4-dioxane (0.100 mL, 1.00 M) 

was added. Under a stream of N2, the vial septum cap was quickly switched for a Teflon-lined 

screw cap, sealed, then further sealed with electrical tape. The reaction was stirred vigorously (800 

rpm) at 120 °C for 16 h. After cooling to 23 °C, the reaction was quenched by the addition of sat. 

aq. NH4Cl (1.00 mL) and diluted with EtOAc (2.00 mL) and the layers were separated. The 

aqueous layer was extracted with EtOAc (3 x 2.00 mL) and the combined organic layers were 

passed through a plug (1.00 cm OD) of silica gel (3.00 cm tall) and Na2SO4 (3.00 cm tall) using 

EtOAc (10.0 mL) as eluent. The volatiles were removed under reduced pressure. The crude residue 

was purified by flash chromatography (99:1 Hexanes:EtOAc ® 19:1 Hexanes:EtOAc) to yield 

alcohol 4.2 (20 mg, 94% yield, average of two experiments) as a clear oil. Alcohol 4.2: Rf 0.32 

(5:1 Hexanes:EtOAc).  1H NMR (500 MHz, CDCl3): d 7.41–7.33 (m, 4H), 7.32–7.26 (m, 3H), 

7.23–7.16 (m, 3H), 4.78–4.61 (m, 1H), 2.85–2.61 (m, 2H), 2.23–1.97 (m, 2H), 1.87 (d, J = 3.5 Hz, 

1H). Spectral data match those previously reported.29 

4.24.1

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(94% yield)

O OH
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Any modifications of the conditions shown in the representative procedure above are specified in 

the following schemes, which depict all of the results shown in Figures 4.2 and 4.3. 

 

 

Alcohol 4.6. Purification by flash chromatography (99:1 Hexanes:EtOAc ® 19:1 

Hexanes:EtOAc) generated alcohol 4.6 (17 mg, 89% yield, average of two experiments) as a 

crystalline white solid. Alcohol 4.6: Rf 0.39 (5:1 Hexanes:EtOAc). ). 1H NMR (500 MHz, CDCl3): 

d 7.38–7.25 (m, 5H), 4.37 (dd, J = 7.2 Hz, 3.3 Hz, 1H), 2.03–1.92 (m, 1H), 1.84–1.72 (m, 2H), 

1.71–1.57 (m, 3H), 1.41–1.33 (m, 1H), 1.29–1.00 (m, 4H), 0.99–0.87 (m, 1H). Spectral data match 

those previously reported.30 

 

 

Alcohol 4.7. 1H NMR analysis of the crude reaction mixture indicated an 82% yield of alcohol 4.7 

relative to hexamethylbenzene external standard (average of two experiments). Purification by 

preparative thin-layer chromatography (3:1 Hexanes:EtOAc) provided an analytical sample of 

alcohol 4.7 as a clear oil. Alcohol 4.7: Rf 0.30 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): 

d 7.46–7.40 (m, 2H), 7.39–7.33 (m, 2H), 7.32–7.27 (m, 1H), 4.02 (dd, J = 8.3, 3.0, 1H), 1.90 (d, J 

4.64.21

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(89% yield)

O OH

4.74.27

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(82% yield by 1H NMR analysis)

O OH
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= 3.0, 1H), 1.28–1.18 (m, 1H), 0.69–0.61 (m, 1H), 0.60–0.52 (m, 1H), 0.52–0.44 (m, 1H), 0.42–

0.34 (m, 1H). Spectral data match those previously reported.31 

 

 

Alcohol 4.8. Purification by flash chromatography (24:1 Hexanes:EtOAc) generated alcohol 4.8 

(14 mg, 83% yield, average of two experiments) as a white crystalline solid. Alcohol 4.8: Rf 0.52 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.35–7.30 (m, 4H), 7.29–7.26 (m, 1H), 4.40 

(d, J = 2.8, 1H), 1.84 (d, J = 2.8, 1H), 0.93 (s, 9H). Spectral data match those previously reported.32 

 

 

Alcohol 4.9. 1H NMR analysis of the crude reaction mixture indicated an 86% yield of alcohol 4.9 

relative to hexamethylbenzene external standard (average of two experiments). Purification by 

preparative thin-layer chromatography (9:1 PhH:Acetone) provided an analytical sample of 

alcohol 4.9 as a clear oil. Alcohol 4.9: Rf 0.50 (9:1 PhH:Acetone). 1H NMR (500 MHz, CDCl3): d 

7.48–7.39 (m, 1H), 7.24–7.17 (m, 2H), 7.14–7.05 (m, 1H), 4.84–4.71 (m, 1H), 2.88–2.78 (m, 1H), 

2.87–2.67 (m, 1H), 2.05–1.95 (m, 2H), 1.95–1.87 (m, 1H), 1.85–1.73 (m, 1H), 1.71–1.60 (m, 1H). 

Spectral data match those previously reported.33 

4.84.28

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(83% yield)

O

Me

Me
Me

OH

Me

Me
Me

4.94.29

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(86% yield by 1H NMR analysis)

O OH
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Alcohol 4.10. Purification by flash chromatography (2:2:1 CH2Cl2:Et2O:Hexanes) generated 

alcohol 4.10 (17 mg, 81% yield, average of two experiments) as a pale yellow solid. Alcohol 4.10: 

Rf 0.24 (1:1:1 CH2Cl2:Et2O:Hexanes). 1H NMR (500 MHz, CDCl3): d 7.33–7.28 (m, 2H), 6.93–

6.87 (m, 2H), 4.85 (dq, J = 6.4, 3.5, 1H), 3.90–3.83 (m, 4H), 3.19–3.12 (m, 4H), 1.67 (d, J = 3.5, 

1H), 1.48 (d, J = 6.4, 3H). Spectral data match those previously reported.34 

 

 

Alcohol 4.11. Purification by flash chromatography (9:1 Hexanes:EtOAc ® 2:1 Hexanes:EtOAc) 

generated alcohol 4.11 (18 mg, 87% yield, average of two experiments) as a clear oil. Alcohol 

4.11: Rf 0.33 (1:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 6.60 (s, 2H), 4.89–4.77 (m, 

1H), 3.86 (s, 6H), 3.83 (s, 3H), 1.99–1.80 (m, 1H), 1.48 (d, J = 6.4, 3H). Spectral data match those 

previously reported.34 

 

 

 

4.104.30

Me
K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(81% yield)

O

N
O

Me

OH

N
O

4.114.31

Me
K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(87% yield)

O

MeO
OMe

MeO
Me

OH

MeO
OMe

MeO
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Alcohol 4.12.  1H NMR analysis of the crude reaction mixture indicated a 92% yield of alcohol 

4.12 relative to hexamethylbenzene external standard (average of two experiments). Purification 

by preparative thin-layer chromatography (3:3:2 CH2Cl2:Et2O:Hexanes) provided an analytical 

sample of alcohol 4.12 as a pale yellow solid. Alcohol 4.12: Rf 0.70 (1:1:1 CH2Cl2:Et2O:Hexanes). 

1H NMR (500 MHz, CDCl3): d 7.40–7.31 (m, 4H), 7.31–7.23 (m, 3H), 6.93–6.81 (m, 2H), 5.82 

(d, J = 3.0, 1H), 3.79 (s, 3H), 2.15 (d, J = 3.4, 1H). Spectral data match those previously reported.30 

 

 

Alcohol 4.13. Purification by flash chromatography (9:1 Hexanes:Et2O ® 3:1 Hexanes:Et2O) 

generated alcohol 4.13 (21 mg, 84% yield, average of two experiments) as a clear oil. Alcohol 

4.13: Rf 0.30 (5:1 Hexanes:Et2O). 1H NMR (500 MHz, CDCl3): d 7.60 (d, J = 8.3, 2H), 7.51 (d, J 

= 8.3, 2H), 7.42–7.34 (m, 4H), 7.34–7.28 (m, 1H), 5.88 (s, 1H), 2.46–2.32 (m, 1H). Spectral data 

match those previously reported.30  

 

 

4.124.32

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(92% yield by 1H NMR analysis)

O

OMe

OH

OMe

4.134.33

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 80 ºC
16 h

(84% yield)

O

CF3

OH

CF3
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Alcohol 4.14. Purification by flash chromatography (90:9:1 ® 15:9:1 Hexanes:PhH:Acetone) 

generated alcohol 4.14 (12 mg, 73% yield, average of two experiments) as a yellow oil. Alcohol 

4.14: Rf  0.39 (9:1 PhH:Acetone); 1H NMR (500 MHz, C6D6): d 7.50–7.46 (m, 1H),  7.35 (d, J = 

8.1 Hz,  1H), 7.12 (ddd, J = 8.1, 1.4, 0.5 Hz, 1H),  6.35 (dd, J = 2.2, 1.1 Hz, 1H), 4.59 (q, J = 6.5 

Hz, 1H), 1.29 (d, J = 6.5 Hz, 3H), 1.14, (br s, 1H); 13C NMR (125 MHz, CDCl3): d 155.3, 145.4, 

142.8, 126.9, 121.2, 120.6, 108.4, 106.5, 70.7, 25.6; IR (film): 3350, 2972, 2926, 1430, 1265 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C10H11O2+, 163.0754; found 163.0746. 

 

 

Alcohol 4.15. Purification by flash chromatography (90:9:1 ® 25:9:1 Hexanes:PhH:Acetone) 

generated alcohol 4.15 (16 mg, 76% yield, average of two experiments) as a yellow solid. Alcohol 

4.15: Rf 0.35 (9:1 PhH:Acetone). 1H NMR (400 MHz, CDCl3): d 8.03–7.91 (m, 2H), 7.60–7.51 

(m, 2H), 7.50–7.43 (m, 2H), 7.35 (td, J = 7.5, 1.0, 1H), 5.09 (dq, J = 6.4, 3.3, 1H), 1.90 (d, J = 3.3, 

1H), 1.60 (d, J = 6.4, 3H). Spectral data match those previously reported.35 

 

 

 

4.144.24

Me

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(73% yield)

O

O Me

OH

O

4.154.20

Me

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(76% yield)

O

O

Me

OH

O
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Alcohol 4.16. 1H NMR analysis of the crude reaction mixture indicated an 85% yield of alcohol 

4.16 relative to hexamethylbenzene external standard. Purification by preparative thin-layer 

chromatography (13:1:1 PhH:Et2O:CH3CN) provided an analytical sample of alcohol 4.16 as a 

yellow oil. Alcohol 4.16: Rf  0.30 (13:1:1 PhH:Et2O:CH3CN); 1H NMR (500 MHz, CDCl3): d 6.90 

(s, 1H), 6.82 (dd, J = 8.1, 1.7 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 5.95 (s, 2H), 4.86–4.79 (m, 1H), 

1.70 (d, J = 3.4 Hz, 1H),  1.46 (d, J = 6.4 Hz, 3H); 13C NMR (125 MHz, CDCl3): d 147.9, 147.0, 

140.1, 118.8, 108.2, 106.2, 101.1, 70.4, 25.3; IR (film): 3361, 2972, 2890, 1487, 1240 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C9H11O3+ , 167.0703; found 167.0699. 

 

 

Alcohol 4.17. Purification by flash chromatography (98:1:1 ® 28:1:1 PhH:Et2O:CH3CN) 

generated alcohol 4.17 (15 mg, 81% yield, average of two experiments) as a yellow oil. Alcohol 

4.17: Rf 0.32 (13:1:1 PhH:Et2O:CH3CN). 1H NMR (500 MHz, CDCl3): d 6.92–6.88 (m, 1H), 6.86–

6.81 (m, 2H), 4.80 (dq, J = 6.4, 3.6, 1H), 4.25 (s, 4H), 1.69 (d, J = 3.6, 1H), 1.46 (d, J = 6.4, 3H). 

Spectral data match those previously reported.36 

4.164.34

Me

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(85% yield by 1H NMR analysis)

O

O

O

Me

OH

O

O

4.174.35

Me

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 80 ºC
16 h

(81% yield)

O

Me

OH
O

O

O

O
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Alcohol 4.18. Purification by flash chromatography (90:9:1 ® 40:9:1 Hexanes:PhH:Acetone) 

generated alcohol 4.18 (12 mg, 70% yield, average of two experiments) as a yellow oil. Alcohol 

4.18: Rf  0.38 (9:1 PhH:Acetone); 1H NMR (500 MHz, CDCl3): d 7.91 (s, 1H), 7.80 (d, J = 8.2 Hz, 

1H),  7.43 (d, J = 5.5 Hz, 1H), 7.38 (dd, J = 8.3, 1.3 Hz, 1H), 7.32 (d, J = 5.5 Hz, 1H), 5.10–5.0 

(m, 1H), 1.85 (d, J = 3.4 Hz, 1H), 1.56 (d, J = 6.5 Hz, 3H);  13C NMR (125 MHz, CDCl3): d 142.3, 

140.1, 139.2, 126.6, 123.8, 123.7, 122.3, 119.2, 70.7, 25.5; IR (film): 3351, 2971, 1398, 1197, 

1074 cm–1; HRMS-APCI (m/z) [M]+ calcd for C10H10OS+, 178.0447; found 178.0437. 

 

 

Alcohol 4.19. 1H NMR analysis of the crude reaction mixture indicated a 73% yield of alcohol 

4.19 relative to hexamethylbenzene external standard. Purification by preparative thin-layer 

chromatography (1:1:1 Hexanes:Et2O:CH2Cl2) provided an analytical sample of alcohol 4.19 as a 

white crystalline solid. Alcohol 4.19: Rf  0.48 (1:1:1 Hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, 

CDCl3): d 7.10 (dt, J = 5.2, 0.7 Hz, 1H), 7.03 (d, J = 5.2 Hz, 1H), 4.82–4.75 (m, 1H), 2.89–2.79 

(m, 1H),  2.77–2.67 (m, 1H), 2.06–1.94 (m, 2H), 1.93–1.79 (m, 2H), 1.64 (d, J = 7.0 Hz 1H); 13C 

NMR (125 MHz, CDCl3): d 139.0, 138.1, 126.7, 122.9, 65.6, 32.5, 25.2, 20.1; IR (film): 3235, 

4.184.36

Me

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(70% yield)

O

S Me

OH

S

4.194.37

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 130 ºC
16 h

(73% yield by 1H NMR analysis)
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2936, 2921, 1431, 982 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C8H11OS+, 155.0525; found 

155.0521. 

 

4.7.2.7 Gram-Scale Reduction 

 

Alcohol 4.15. An 8-dram vial was charged with anhydrous powdered K3PO4 (4.04 g, 19.0 mmol, 

4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried under reduced 

pressure, then allowed to cool under N2. Ketone substrate 4.20 (1.00 g, 4.76 mmol, 1.00 equiv) 

and alcohol reductant 4.5 (1.96 g, 11.9 mmol, 2.50 equiv) were then added. The vial was flushed 

with N2 and subsequently 1,4-dioxane (4.76 mL, 1.00 M) was added. Under a stream of N2, the 

vial septum cap was quickly switched for a Teflon-lined screw cap, sealed, then further sealed with 

electrical tape. The reaction was then stirred vigorously (800 rpm) at 130 °C for 24 h. After cooling 

to 23 °C, the reaction was quenched by the addition of sat. aq. NH4Cl (8.00 mL) and diluted with 

EtOAc (6.00 mL) and the layers were separated. The aqueous layer was extracted with EtOAc (3 

x 6.00 mL) and the combined organic layers were passed through a plug (1.00 cm OD) of silica 

gel (3.00 cm tall) and Na2SO4 (3.00 cm tall) using EtOAc (10.0 mL) as eluent. The volatiles were 

removed under reduced pressure. The crude residue was purified by flash chromatography (60:9:1 

Hexanes:PhH:Acetone → 5:9:1 Hexanes:PhH:Acetone) to yield alcohol 4.15 (664 mg, 66% yield) 

as a yellow solid. Alcohol 4.15: Rf 0.32 (5:1 Hexanes:EtOAc). Spectral data match those 

previously reported.35 

 

4.154.20

Me

K3PO4 (4.0 equiv)
4.5 (2.5 equiv)

1,4-dioxane (1.0 M), 130 ºC
24 h

(66% yield)
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O

Me
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4.7.2.8 Stereospecific Reduction 

 

Alcohol (R)-4.6. A 1-dram vial was charged with anhydrous powdered K3PO4 (85.0 mg, 0.400 

mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried under 

reduced pressure, then allowed to cool under N2. Ketone substrate 4.21 (18.8 mg, 0.100 mmol, 

1.00 equiv) and alcohol reductant (R)-4.5 (41.3 mg, 0.250 mmol, 2.50 equiv) were added. The vial 

was purged with N2 and subsequently, 1,4-dioxane (0.100 mL, 1.00 M) was added. Under a stream 

of N2, the vial septum cap was quickly switched for a Teflon-lined screw cap, sealed, then further 

sealed with electrical tape. The reaction was stirred vigorously (800 rpm) at 120 °C for 16 h. After 

cooling to 23 °C, the reaction was quenched by the addition of sat. aq. NH4Cl (1.00 mL) and 

diluted with EtOAc (2.00 mL) and the layers were separated. The aqueous layer was extracted 

with EtOAc (3 x 2.00 mL) and the combined organic layers were passed through a plug (1.00 cm 

OD) of silica gel (3.00 cm tall) and Na2SO4 (3.00 cm tall) using EtOAc (10.0 mL) as eluent. The 

volatiles were removed under reduced pressure. The crude residue was purified by flash 

chromatography (99:1 Hexanes:EtOAc ® 19:1 Hexanes:EtOAc) to yield alcohol (R)-4.6 (8.4 mg, 

44% yield, 48% ee) as a white crystalline solid. Alcohol (R)-4.6: Rf 0.39 (5:1 Hexanes:EtOAc). 

[𝛼]!"%.%	 = +20.8 (c = 0.50, CHCl3). The spectral data match those previously reported in the 

literature for rac-4.6.30 The major enantiomer product was assigned by comparison to published 

[𝛼]! 	values for (R)-4.6.37 

 

(R)-4.64.21

K3PO4 (4.0 equiv)
(R)-4.5 (2.5 equiv, 96% ee)

1,4-dioxane (1.0 M), 120 ºC
16 h

(44% yield)

O

(R)

OH
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4.7.2.9 Verification of Enantiopurity 

4.7.2.9.1 Chiral SFC & HPLC Assays of Alcohol Reductant 

Table 4.6.  Conditions and results of chiral SFC analysis of alcohol reductant 4.5. 
 

Compound 

SFC Method 

Column/Temp. 

Abs. 

Wavelength 

Solvent 
Method 

Flow Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak IC-

3/35 °C 

λabs = 210 nm 

5% 

isopropanol 

in CO2 

3.5 

mL/min 
7.88/8.61 50:50 

 

Daicel 

ChiralPak IC-

3/35 °C 

λabs = 210 nm 

5% 

isopropanol 

in CO2 

3.5 

mL/min 
7.58/8.22 98:2 
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Figure 4.5. SFC trace of rac-4.5 (Table 4.6, Entry 1). 
 

 
 

         

Figure 4.6. SFC trace of (R)-4.5 (Table 4.6, Entry 2). 
 

 

           

Date:6/25/2019
Sample:TBB-402-rac-IC5%MeOH1
Method Name:ICiso5%MeOH-3pt5
Run Info:N.A.

CCP3D05.tmp.DAT - HP1100 DAD Signal A

Min
20181614121086420

m
A

U

280

260

240

220

200

180

160

140

120

100

80

60

40

20

0

-20

S
P

W
 0

.2
0

S
TH

 1
00

00
00

.0
0

Index

1
2

Total

Name

UNKNOWN
UNKNOWN

 

Start
[Min]
7.88
8.61

 

Time
[Min]
8.11
8.99

 

End
[Min]
8.61
9.66

 

RT Offset
[Min]
0.00
0.00

 

Quantity
[% Area]

50.43
49.57

100.00

Height
[µV]

263.1
236.6

499.7

Area
[µV.Min]

55.4
54.5

109.9

Area
[%]

50.434
49.566

100.000

Date:6/25/2019
Sample:TBB-402-rac-IC5%MeOH1
Method Name:ICiso5%MeOH-3pt5
Run Info:N.A.

CCP3D05.tmp.DAT - HP1100 DAD Signal A

Min
20181614121086420

m
AU

280

260

240

220

200

180

160

140

120

100

80

60

40

20

0

-20

SP
W

 0
.2

0
ST

H
 1

00
00

00
.0

0

Index

1
2

Total

Name

UNKNOWN
UNKNOWN

 

Start
[Min]
7.88
8.61

 

Time
[Min]
8.11
8.99

 

End
[Min]
8.61
9.66

 

RT Offset
[Min]
0.00
0.00

 

Quantity
[% Area]

50.43
49.57

100.00

Height
[µV]

263.1
236.6

499.7

Area
[µV.Min]

55.4
54.5

109.9

Area
[%]

50.434
49.566

100.000

Date:6/20/2019
Sample:TBB-2019-336rc-4-sample2
Method Name:ICiso5%MeOH-3pt5
Run Info:N.A.

CCP3CE7.tmp.DAT - HP1100 DAD Signal A

Min
20181614121086420

m
AU

600

550

500

450

400

350

300

250

200

150

100

50

0

-50

SP
W

 0
.2

0
ST

H
 1

00
00

00
.0

0

Index

1
2

Total

Name

UNKNOWN
UNKNOWN

 

Start
[Min]
7.58
8.22

 

Time
[Min]
7.82
8.57

 

End
[Min]
8.22
9.13

 

RT Offset
[Min]
0.00
0.00

 

Quantity
[% Area]

2.18
97.82

100.00

Height
[µV]
8.7

582.5

591.1

Area
[µV.Min]

2.7
122.1

124.8

Area
[%]

2.176
97.824

100.000

Date:6/20/2019
Sample:TBB-2019-336rc-4-sample2
Method Name:ICiso5%MeOH-3pt5
Run Info:N.A.

CCP3CE7.tmp.DAT - HP1100 DAD Signal A

Min
20181614121086420

m
AU

600

550

500

450

400

350

300

250

200

150

100

50

0

-50

SP
W

 0
.2

0
ST

H
 1

00
00

00
.0

0

Index

1
2

Total

Name

UNKNOWN
UNKNOWN

 

Start
[Min]
7.58
8.22

 

Time
[Min]
7.82
8.57

 

End
[Min]
8.22
9.13

 

RT Offset
[Min]
0.00
0.00

 

Quantity
[% Area]

2.18
97.82

100.00

Height
[µV]
8.7

582.5

591.1

Area
[µV.Min]

2.7
122.1

124.8

Area
[%]

2.176
97.824

100.000

OH

Me

Me2N

rac-4.5

OH

Me(R)

Me2N

(R)-4.5



 
 
 

232 

4.7.2.9.2 Stereospecific Reduction of Ketone 4.6 

Table 4.7.  Conditions and results of chiral HPLC analysis of alcohol products. 
 

Compound 

HPLC Method 

Column/Temp. 

Abs. 

Wavelength 

Solvent 
Method 

Flow Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak OD-

H/23 °C 

λabs = 210 nm 

10% 

isopropanol 

in Hexanes 

1 mL/min 5.14/5.77 50:50 

 

Daicel 

ChiralPak OD-

H/23 °C 

λabs = 210 nm 

10% 

isopropanol 

in Hexanes 

1 mL/min 5.16/5.70 
74:26 

 

 

Figure 4.7. HPLC trace of rac-4.6 (Table 4.7, Entry 1). 
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Figure 4.8. HPLC trace of (R)-4.6 (Table 4.7, Entry 2). 
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4.8 Spectra Relevant to Chapter Four: 

 

Base-Mediated Meerwein–Ponndorf–Verley Reduction of Aromatic Ketones and 

Heterocyclic Ketones 

Timothy B. Boit,† Milauni M. Mehta, and Neil K. Garg. 

Org. Lett. 2019, 21, 6447–6451. 
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Figure 4.9 1H NMR (600 MHz, CDCl3) of compound 4.24. 
 
 

Figure 4.10 13C NMR (125 MHz, CDCl3) of compound 4.24. 
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Figure 4.11 1H NMR (500 MHz, CDCl3) of compound 4.20. 
 
 

Figure 4.12 1H NMR (500 MHz, CDCl3) of compound 4.5. 
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Figure 4.13 1H NMR (500 MHz, CDCl3) of compound 4.2. 
 
 

Figure 4.14 1H NMR (500 MHz, CDCl3) of compound 4.6. 
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Figure 4.15 1H NMR (500 MHz, CDCl3) of compound 4.7. 
 
 

Figure 4.16 1H NMR (500 MHz, CDCl3) of compound 4.8. 
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Figure 4.17 1H NMR (500 MHz, CDCl3) of compound 4.9. 
 
 

Figure 4.18 1H NMR (500 MHz, CDCl3) of compound 4.10. 
 
 

4.9

OH

4.10

Me

N
O

OH



 
 
 

240 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
47

7
1.

48
8

1.
48

9
1.

89
5

1.
92

8

3.
82

7
3.

86
4

4.
81

4
4.

82
6

4.
83

9
4.

85
0

6.
59

6

7.
26

0

3.
05

8

0.
99

1

3.
00

9
6.

00
4

1.
00

0

2.
01

5

Current Data Parameters
NAME      TBB-2019-196p
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20190617
Time              21.23 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.70 Hz
GB       0
PC                 1.00

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
55

4

2.
14

3
2.

15
0

3.
79

2

5.
81

4
5.

81
9

6.
86

0
6.

86
4

6.
87

4
6.

87
8

7.
26

0
7.

27
5

7.
28

0
7.

28
3

7.
29

3
7.

29
7

7.
32

1
7.

33
4

7.
33

7
7.

35
1

7.
36

9
7.

37
0

7.
38

4
7.

38
8

7.
38

8

0.
97

5

3.
09

1

1.
00

0

2.
01

6

2.
88

4
3.

95
8

Current Data Parameters
NAME     TBB-2019-198p-2
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20190619
Time              20.39 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W
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Figure 4.19 1H NMR (500 MHz, CDCl3) of compound 4.11. 
 
 

Figure 4.20 1H NMR (500 MHz, CDCl3) of compound 4.12. 
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F2 - Processing parameters
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SSB      0
LB                 0.30 Hz
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PC                 1.00

Figure 4.22 1H NMR (400 MHz, CDCl3) of compound 4.14. 
 
 

Figure 4.21 1H NMR (500 MHz, CDCl3) of compound 4.13. 
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Figure 4.23 13C NMR (125 MHz, CDCl3) of compound 4.14. 
 
 

Figure 4.24 1H NMR (400 MHz, CDCl3) of compound 4.15. 
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Figure 4.25 1H NMR (500 MHz, CDCl3) of compound 4.16. 
 
 

Figure 4.26 13C NMR (125 MHz, CDCl3) of compound 4.16. 
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Figure 4.27 1H NMR (500 MHz, CDCl3) of compound 4.17. 
 
 

Figure 4.28 1H NMR (500 MHz, CDCl3) of compound 4.18. 
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Figure 4.29 13C NMR (125 MHz, CDCl3) of compound 4.18. 
 
 

Figure 4.30 1H NMR (500 MHz, CDCl3) of compound 4.19. 
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Figure 4.31 13C NMR (125 MHz, CDCl3) of compound 4.19. 
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CHAPTER FIVE 

 

Reductive Arylation of Amides via a Nickel-Catalyzed Suzuki–Miyaura Coupling and 

Transfer Hydrogenation Cascade 

Timothy B. Boit,† Milauni M. Mehta,† Junyong Kim, Emma L. Baker and Neil K. Garg. 

Angew. Chem., Int. Ed. 2021, 60, 2472–2477. 

 

5.1 Abstract 

We report a means to achieve the addition of two disparate nucleophiles to the amide 

carbonyl carbon in a single operational step. Our method takes advantage of non-precious-metal 

catalysis and allows for the facile conversion of amides to chiral alcohols via a one-pot Suzuki–

Miyaura cross-coupling / transfer hydrogenation process. This study is anticipated to promote the 

development of new transformations that allow for the conversion of carboxylic acid derivatives 

to functional groups bearing stereogenic centers via cascade processes. 

 

5.2 Introduction 

The synthetic manipulation of carboxylic acid derivatives has become central to organic 

chemistry after more than a century of methodological development.1 Though the field has a rich 

history, strategies for nucleophilic addition to carboxylic acid derivatives may be largely 

characterized by two primary mechanisms (Figure 5.1a). The first involves an addition-elimination 

sequence to produce carbonyl derivatives via a tetrahedral intermediate.2 Notably, this traditional 

strategy has limitations in the context of organometallic nucleophiles, as the ketone products 

resulting from initial acyl substitution are susceptible to further nucleophilic attack to give achiral 
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alcohol products. Specialized acyl derivatives such as N-methyl-N-methoxy amides, or “Weinreb 

amides,” are often required to avoid such undesired reactivity and necessitate two-step protocols.2,3 

A complementary approach employs transition metal catalysis,4 where mild substrate activation 

affords an acyl-metal intermediate and allows for cross-coupling with a variety of nucleophiles.4a,5 

This alternative pathway differentiates the reactivity of the substrate from the product carbonyl to 

overcome the selectivity challenges mentioned above. An exciting opportunity offered by the latter 

strategy is the addition of a second, different nucleophile to the intermediate resulting from the 

initial cross-coupling reaction to generate chiral products. Cascade reactions of this type would 

provide efficient access to important chiral products in racemic or enantioenriched form from 

achiral starting materials.6 

Despite the widely recognized importance of cross-couplings, methods to leverage this 

platform for the addition of disparate nucleophiles to carboxylic acid derivatives remain 

underexplored.7 We envisioned that amides could provide a viable entry to address this challenge, 

given their recent popularization as cross-coupling handles.4j–o,8,9 Amides have been shown to 

undergo a variety of couplings through the intermediacy of acyl-metal species using either non-

precious or precious metal catalysis (e.g., Ni or Pd). Additionally, we viewed them as ideal 

substrates for one-pot cascade reactions, as their stability under non-metal catalyzed conditions 

could allow for the orchestration of orthogonal bond-forming events.10 Dixon has reported an 

elegant intramolecular reductive cyclization of a tertiary lactam substrate mediated by Vaska’s Ir 

complex,11 however, no examples exist for the intermolecular addition of two distinct nucleophiles 

to amides using catalysis in a single operation.12,13 Indeed, a reductive alkylation of aryl pyridyl 

esters reported by Chen and coworkers in 2019 represents the only known example of a carboxylic 

acid derivative undergoing direct catalytic addition of two nucleophiles through a cross-coupling 
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approach (Figure 5.1b).14 Though mechanistically distinct and not involving acyl metal species, 

two additional relevant methodologies should be highlighted. Buchwald and coworkers have 

reported a copper-catalyzed reductive alkylation of symmetric anhydrides to afford 

enantioenriched secondary alcohols,15 and more recently the Hoveyda group reported a copper-

catalyzed asymmetric reductive allylation of nitriles to access enantioenriched homoallylic amines 

(Figure 5.1b).16 Together, these examples illustrate some of the potential advantages of cascade 

reactions that add disparate nucleophiles to a single reactive center of an achiral substrate and 

uncover synergistic reactivity beyond the capabilities of one reaction manifold.17  

 

Figure 5.1. (a) Common reaction pathways for nucleophilic additions to carboxylic acid 
derivatives. (b) Direct catalytic approaches to chiral amines or alcohols from carboxylic acid 
derivatives. 
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In this manuscript, we describe a synthetic method for achieving the addition of two 

different nucleophiles to a carboxylic acid derivative using nickel catalysis.18 The overall 

transformation relies on a Suzuki–Miyaura cross-coupling / transfer hydrogenation cascade 

reaction of amide starting materials to form a C–C and C–H bond,19,20 consecutively, and 

ultimately furnish alcohol products (Figure 5.2).21 The results presented herein not only reinforce 

the notion that amides are versatile building blocks for transition-metal catalyzed reactions, but 

also validate their utility as synthons for directly generating sp3 carbon centers from the amide 

carbonyl. 

 

Figure 5.2. Overview of current study involving the conversion of aliphatic amides to alkyl–aryl 
alcohols via a Suzuki–Miyaura coupling / transfer hydrogenation cascade. 
 
 
5.3 Reaction Discovery and Optimization 

We initiated our study by examining the Ni-catalyzed Suzuki–Miyaura coupling and in situ 

reduction of dihydrocinnamic acid-derived amide 5.1 as shown in Figure 5.3.19b In the absence of 

a reducing agent, the Suzuki–Miyaura coupling with boronate 5.5 delivered ketone 5.3 in nearly 

quantitative yield (entry 1).22,23,24 With the aim of developing the reductive variant, we questioned 

whether the use of a secondary alcohol reductant could effect the in situ transfer hydrogenation of 

ketone 5.3 to deliver alcohol 5.4. In this regard, we attempted the use of i-PrOH as solvent, 

reminiscent of common Meerwein–Ponndorf–Verley (MPV) reduction conditions.25,26 

This study: Direct conversion of amides to alcohols via a reductive arylation

O

N
Bn

Boc

Ni-catalyzed 
Suzuki–Miyaura coupling

& Transfer hydrogenation

Transfer
hydrogenation

(Het)
Alk

(Het)
Alk

O

(Het)
Alk Ar

Ar

Ni-catalysis

Addition of 2 different Nu–Amides Alkyl–Aryl Alcohols

HHO

R' R''

HHO(RO)2B Ar



 261 

Unfortunately, this change resulted in low yields of 5.4 (entries 2 and 3).27 By shifting to the use 

of i-PrOH as an additive while using toluene as solvent, we obtained the desired product 5.4 in a 

slightly improved yield of 32%, with 18% of ketone 5.3 remaining (entry 4). Given our lab’s recent 

success in using 1-4-(dimethylamino)phenyl)-1-ethanol (DMPE, 5.7) in base-catalyzed MPV 

reductions,28 we also tested this benzylic alcohol in our system.29 By simply replacing i-PrOH with 

5.7, alcohol 5.4 was obtained in 51% yield (entry 5). Finally, switching the solvent to 1,4-dioxane 

(entry 6) and using boronate 5.6 in place of boronate 5.5 (entry 7) led to further improvements, 

delivering alcohol 5.4 in 82% yield.30,31,32  

It is worth noting that these optimized conditions satisfy a challenging balance of reactivity 

required for the success of the amide to alcohol conversion. Specifically, reducing agent 5.7 does 

not significantly impede the nickel-catalyzed cross-coupling step, yet is reactive enough to 

efficiently reduce ketone 5.3. Furthermore, as will be shown, other carbonyl functional groups are 

tolerated by the methodology’s mild reducing conditions. 
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Figure 5.3. Evaluation of reaction conditions for the nickel-catalyzed Suzuki–Miyaura coupling / 
transfer hydrogenation cascade of amide 5.1 with phenyl boronates and reductants. Standard 
conditions unless otherwise noted: amide substrate (0.20 mmol, 1.0 equiv); phenyl boronate (0.50–
0.80 mmol, 2.5–4.0 equiv); reductant (0.50 equiv, 2.5 equiv); K3PO4 (0.80 mmol, 4.0 equiv); H2O 
(0.40 mmol, 2.0 equiv); Ni(cod)2 (0.010–0.020 mmol, 5–10 mol%); 5.2 (0.020–0.040 mmol, 10–
20 mol%); solvent (1.0 M); 120 °C; 16 h in a sealed vial. aYield determined by 1H NMR analysis 
using 1,3,5-trimethoxybenzene as an external standard. 
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arylation of sterically encumbered substrates, as demonstrated by the formation of alcohol 5.9 in 

61% yield. The compatibility of carbocyclic amides with boronate 5.6 was explored as well and 

gave alcohols 5.10–5.14 in good yields. We also evaluated an amide substrate bearing an 

epimerizable stereocenter a to the amide carbonyl. As shown by the formation of alcohol 5.15 

from the corresponding trans amide substrate, minimal erosion of stereochemistry was observed.34 

Of note, the ester moiety was not disturbed, demonstrating both the preferential cleavage of the 

amide C–N bond over the ester C–O bond and the mildness of the reducing conditions.35 The 

tolerance of the methodology toward heterocycles was also determined. Notably, 

tetrahydropyrans, pyrrolidines, and piperidines, all of which are valuable in medicinal chemistry,36 

could be employed as evidenced by the synthesis of alcohols 5.16–5.20, respectively.   

With the aim of further improving the synthetic utility of the reductive arylation, we 

performed a robustness screen to assess the compatibility of the reaction with various functional 

groups and heterocycles (Figure 5.4).37 Results indicated the tolerance of functional groups 

including tertiary alcohols, secondary anilines, and secondary amides, as demonstrated by 

moderate to good yields of alcohol 5.20 and appreciable recoveries of additives 5.22–5.24, 

respectively. Additionally, heterocycles such as quinoline (5.25), dibenzofuran (5.26), and N-

methyl indole (5.27) were found to be stable under our standard reductive arylation conditions 

with minimal to no inhibition of reactivity.38 These results complement those presented in the 

scope of the reaction and further demonstrate the methodology’s robustness toward several 

heteroatom-containing functional groups. 
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Figure 5.4. Scope of the reductive arylation of aliphatic amides and boronate 5.6. Standard 
conditions unless otherwise noted: amide substrate (0.20 mmol, 1.0 equiv); phenyl boronate 5.6 
(0.80 mmol, 4.0 equiv); 7 (0.50 mmol, 2.5 equiv); K3PO4 (0.80 mmol, 4.0 equiv); H2O (0.40 mmol, 

N

O
Bn

Boc

+

Ni(cod)2, 5.2
5.7

K3PO4, H2O
1,4-dioxane, 120 ºC

Me
7

O

N
Boc

O

MeO

N
Boc

5.4
76% yield

5.8
82% yielda

5.11 5.14
81% yielda

5.16
84% yield

5.19
75% yield (1:1 d.r.)

5.20
84% yield

5.15
70% yield

5.10
66% yield

O
5.17

73% yield (1:1 d.r.)

OH

OH OH

OH OH OH

OH

OH OH

OH OH

n

Me

Me

OH

Me

5.9
61% yieldb

N

5.18
74% yield (1:1 d.r.)

OH

Boc

H

(nep)B

(Het)
Alk

(Het)
Alk

5.6

Ph
H
N

n-Bu

N

OH
Robustness Screen

N
Boc

O

N
Boc

Bn
Substrate

89% yielda

>99% recovery 
of additive5.21

83% yielda

>99% recovery
of additive

88% yielda

98% recovery
of additive

5.22 5.23

5.25

NHMe

O

O

58% yielda

88% recovery 
of additive

68% yielda

94% recovery 
of additive

N
Me

78% yielda

80% recovery 
of additive

5.24

5.26 5.27

76% yielda (n = 1)
5.12 74% yielda (n = 2)
5.13 64% yielda (n = 3)



 265 

2.0 equiv); Ni(cod)2 (0.020 mmol, 10 mol%); 5.2 (0.040 mmol, 20 mol%); solvent (1.0 M); 120 
°C; 16 h. Unless otherwise noted, yields reflect the average of two isolation experiments. aYield 
determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an external standard. bReaction 
ran at 130 °C. 
 
 
5.5 Scope of Aryl Boronic Ester Coupling Partner 

The scope of the aryl boronate component was also examined by coupling pinacol 

boronates with various amides (Figure 5.5).31,39 Methyl substitution at the ortho, meta, or para 

positions of the aryl boronate was tolerated, as demonstrated by the formation of alcohols 5.28–

5.30 in synthetically useful yields. We also evaluated aryl boronic ester nucleophiles bearing either 

a trimethylsilyl or trifluoromethyl group, which furnished alcohols 5.31 and 5.32, respectively, in 

good yields. Additionally, a naphthyl boronate ester underwent the reductive arylation to afford 

alcohol 5.33 in 58% yield. We also tested several boronates that possess functional groups that 

have been demonstrated to be reactive to nickel catalysis. To our delight, an aryl ester,35 an ether,40 

and a dimethyl amine were tolerated,41 thus giving rise to alcohols 5.34–5.36, respectively. 

Furthermore, a boronic ester containing a morpholinopyridine motif was employed to furnish 

alcohol 5.37, showing the reaction’s tolerance of this heteroatom-rich unit.42  
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Figure 5.5. Scope of the reductive arylation of aliphatic amides and aryl boronates. Standard 
conditions unless otherwise noted: amide substrate (0.20 mmol, 1.0 equiv); aryl boronate (0.80–
1.2 mmol, 4.0–6.0 equiv); 5.7 (0.50 mmol, 2.5 equiv); K3PO4 (0.80 mmol, 4.0 equiv); H2O (0.40 
mmol, 2.0 equiv); Ni(cod)2 (0.020–0.040 mmol, 10–20 mol%); 5.2 (0.040–0.080 mmol, 20–40 
mol%); solvent (1.0 M); 120 °C; 16–24 h. Unless otherwise noted, yields reflect the average of 
two isolation experiments. aYield determined by 1H NMR analysis using 1,3,5-trimethoxybenzene 
as an external standard. 
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available carboxylic acid, was coupled with boronate 5.6 (Figure 5.6b). This transformation 

furnished alcohol 5.43 in 69% yield, providing facile access to a known intermediate in the 

synthesis of 5.44 from commercially available materials.44 These results not only further 

demonstrate the viability of leveraging a cross-coupling approach to add two disparate 

nucleophiles into an amide carbonyl carbon, but also showcase the practical utility of this reductive 

arylation protocol in the synthesis of complex chiral molecules.  

 

Figure 5.6. (a) Synthesis of alcohol 5.40, an intermediate in the synthesis of g-secretase modulator 
5.41. (b) Synthesis of alcohol 5.43, intercepting a known synthetic route toward Prozac® (5.44, 
fluoxetine). See section 5.8.2.6 for details. 
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5.7 Conclusions 

In summary, we have developed the first catalytic method for the direct intermolecular 

addition of two distinct nucleophiles to the amide carbonyl carbon. This transformation takes 

advantage of non-precious metal catalysis and allows for the facile conversion of amides to chiral 

alcohols via a cascade reaction involving Suzuki–Miyaura cross-coupling and subsequent transfer 

hydrogenation. The methodology has a broad scope with respect to both the amide and boronate 

cross-coupling partners. Additionally, it shows tolerance toward epimerizable stereocenters, select 

functional groups (i.e., alcohols, amines, esters, ethers, and secondary amides,) and a range of 

heterocycles. Moreover, the methodology can be used to access scaffolds of value to medicinal 

chemistry, as shown by the syntheses of 5.40 and 5.43. This study validates the use of a cross-

coupling approach to construct sp3 carbon centers from the amide carbonyl carbon in a single 

operational step. We hope this study will prompt the development of additional processes that 

allow for the direct conversion of carboxylic acid derivatives to functional groups bearing 

stereogenic centers45 via catalytic cascade processes. 
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5.8 Experimental Section 

5.8.1 Materials and Methods. Unless stated otherwise, reactions were conducted in flame-dried 

glassware under an atmosphere of nitrogen or argon and commercially obtained reagents were 

used as received. Amide substrates were synthesized following protocols specified in Section A in 

the Experimental Procedures. Alcohol 5.7 was prepared according to literature procedure.46 

Boronate esters 5.5, 5.59–5.61, 5.63–5.65, 5.67 and 5.68 were obtained from Combi-Blocks. 

Boronate ester 5.6 was obtained from TCI Chemicals. Boronate ester 5.39 was obtained from AK 

Scientific. Boronate esters 5.62 and 5.66 were prepared according to literature procedure.47  

Ni(cod)2 and Benz-ICy•HCl (5.2) were obtained from Strem Chemicals. [(TMEDA)Ni(o-tolyl)Cl] 

was prepared according to literature procedure.48 Ligand A (5.71) was prepared according to 

literature procedure.49 Potassium phosphate (K3PO4) was obtained from Acros. 1,4-dioxane was 

obtained from Fisher Scientific and purified by distillation over sodium metal degassed by 

sparging with N2 for 1 h. Paraffin wax (mp 53–57 °C ASTM D 87) was obtained from Sigma-

Aldrich and used as received). 1,3,5-trimethoxybenzene was obtained from Alfa Aesar and used 

as received. Reaction temperatures were controlled using an IKAmag temperature modulator, and 

unless stated otherwise, reactions were performed at room temperature (approximately 23 °C). 

Thin-layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 

mm for analytical chromatography and 0.50 mm for preparative chromatography) and visualized 

using a combination of UV, anisaldehyde, iodine, and potassium permanganate staining 

techniques. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H NMR spectra were recorded on Bruker spectrometers (400, 500, and 600 

MHz were allowed for our provided spectra) and are reported relative to residual solvent signals. 

Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 
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constant (Hz), integration. Data for 13C NMR are reported in terms of chemical shift (at 125 MHz). 

IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are reported in 

terms of frequency absorption (cm-1). DART-MS spectra were collected on a Thermo Exactive 

Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface 

(IonSense Inc.). Both the source and MSD were controlled by Excalibur software v. 3.0. The 

analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CHCl3 or CH2Cl2 as the 

solvent. Ionization was accomplished using UHP He plasma with no additional ionization 

agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion 

calibration solutions (Thermo Fisher Scientific). Determination of enantiopurity was carried out 

on a Mettler Toledo SFC (supercritical fluid chromatography) using Daicel ChiralPak AD–H 

columnn. Data for SFC are reported in enantiomeric excess (ee). For SFC chromatograms see 

section 5.8.2.11 of Experimental Procedures. 

 

5.8.2 Experimental Procedures 

5.8.2.1 Syntheses of Amide Substrates 

Supporting information for the syntheses of amides 5.1,50 5.45–5.48,50 5.21,51 5.38,51 5.49–

5.52,51 and 5.5352 have been published and spectral data match those previously reported. 
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Syntheses for the remaining substrates shown in Figures 5.4 and 5.6 are as follows:  

 

To a mixture of carboxylic acid 5.54 (65.0 mg, 0.650 mmol, 1.00 equiv), EDC•HCl (137 

mg, 0.0720 mmol, 1.10 equiv), HOBt (109 g, 0.710 mmol, 1.10 equiv), triethylamine (0.100 mL, 

0.710 mmol, 1.10 equiv), and DMF (5.00 mL, 0.130 M) was added benzylamine (78.0 µL, 0.710 

mmol, 1.10 equiv). The resulting mixture was stirred at 23 ºC for 17 h, and then diluted with 

deionized water (5 mL) and transferred to a separatory funnel with brine (5 mL). The aqueous 

layer was extracted with EtOAc (3 x 10 mL), then the organic layers were combined and washed 

with deionized water (3 x 10 mL), dried over Na2SO4, and evaporated under reduced pressure. The 

resulting crude material was used in the subsequent step without further purification.  

 To a flask containing the crude material from the previous step was added DMAP (8.00 

mg, 0.0650 mmol, 0.100 equiv) followed by acetonitrile (4.00 mL, 0.160 M). Boc2O (184 g, 0.850 
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mmol, 1.30 equiv) was added in one portion and the reaction vessel was flushed with N2, then the 

reaction mixture was allowed to stir at 23 ºC for 20 h. The reaction was quenched by addition of 

saturated aqueous NaHCO3 (5 mL), transferred to a separatory funnel with EtOAc (10 mL) and 

H2O (10 mL), and extracted with EtOAc (3 x 10 mL). The organic layers were combined, dried 

over Na2SO4, and evaporated under reduced pressure. The resulting crude residue was purified by 

flash column chromatography (29:1 Hexanes:EtOAc) to yield amide 5.55 (60.5 mg, 32% yield, 

over two steps) as a clear oil. Amide 5.55: Rf 0.65 (5:1 Hexanes:EtOAc); 1H NMR (600 MHz, 

C6D6): d 7.30 (d, J = 7.5, 2H), 7.11 (t, J = 7.5, 2H), 7.03 (t, J = 7.5, 1H), 4.88 (s, 2H), 4.05 (quint, 

J = 8.3, 1H), 2.54–2.43 (m, 2H), 2.30–2.18 (m, 2H), 1.82–1.67 (m, 2H), 1.17 (s, 9H); 13C NMR 

(125 MHz, CDCl3): d 178.0, 152.8, 138.6, 128.4, 127.6, 127.1, 83.0, 47.6, 41.4, 28.0, 25.8, 17.9; 

IR (film): 2980, 2869, 1732, 1687, 1144, 980 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C-

17H24NO3+, 290.17507; found 290.17377. 

 

 

 To a mixture of carboxylic acid 5.56 (1.00 g, 7.03 mmol, 1.00 equiv), EDC•HCl (1.48 g, 

7.74 mmol, 1.10 equiv), HOBt (1.18 g, 7.74 mmol, 1.10 equiv), triethylamine (1.10 mL, 7.74 

mmol, 1.10 equiv), and DMF (70 mL, 0.10 M) was added benzylamine (0.850 mL, 7.740 mmol, 

1.10 equiv). The resulting mixture was stirred at 23 ºC for 20 h, and then diluted with deionized 

water (100 mL) and transferred to a separatory funnel with EtOAc (30 mL) and brine (15 mL). 

The aqueous layer was extracted with EtOAc (3 x 100 mL), then the organic layers were combined 

5.56 5.57

1. BnNH2 (1.1 equiv)
1. EDC•HCl (1.1 equiv)
1. HOBt (1.1 equiv)
1. Et3N (1.1 equiv)
1. DMF, 23 ºC

2. Boc2O (1.3 equiv)
2. DMAP (0.10 equiv)
2. CH3CN, 40 ºC

    (60% yield, 2 steps)

O

N

O

OH
Boc
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and washed with deionized water (4 x 100 mL), dried over Na2SO4, and evaporated under reduced 

pressure. The resulting crude solid material was used in the subsequent step without further 

purification.  

 To a flask containing the crude material from the previous step was added DMAP (85.9 

mg, 0.703 mmol, 0.100 equiv) followed by acetonitrile (35.0 mL, 0.200 M). Boc2O (1.99 g, 9.14 

mmol, 1.30 equiv) was added in one portion and the reaction vessel was flushed with N2, then the 

reaction mixture was allowed to stir at 40 ºC for 16 h. The reaction was quenched by addition of 

saturated aqueous NaHCO3 (100 mL), transferred to a separatory funnel with EtOAc (20 mL) and 

extracted with EtOAc (3 x 40 mL). The organic layers were combined, dried over Na2SO4, and 

evaporated under reduced pressure. The resulting crude residue was purified by flash 

chromatography (99:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield amide 5.57 as a white 

crystalline powder. Hot recrystallization of the purified product from n-heptane gave the 

recrystallized material (1.41 g, 60% yield over two steps) as white crystals. Amide 5.57: mp: 57.7–

62.8 ºC; Rf 0.57 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.32–7.27 (m, 2H), 7.25–

7.20 (m, 3H), 4.85 (s, 2H), 3.59 (tt, J = 9.7, 3.9, 1H), 1.97–1.87 (m, 2H), 1.81–1.70 (m, 2H), 1.70–

1.44 (m, 8H), 1.40 (s, 9H); 13C NMR (125 MHz, CDCl3): d 180.8, 153.3, 138.7, 128.4, 127.6, 

127.1, 83.0, 47.8, 45.8, 31.9, 28.4, 28.0, 26.7; IR (film): 2977, 2928, 2858, 1734, 1694, 1369, 1148 

cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C20H30NO3+, 332.22202; found 332.22098. 
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To a mixture of carboxylic acid 5.58 (500 mg, 2.46 mmol, 1.00 equiv), EDC•HCl (519 mg, 

2.71 mmol, 1.10 equiv), HOBt (414 mg, 2.71 mmol, 1.10 equiv), triethylamine (0.380 mL, 2.71 

mmol, 1.10 equiv), and DMF (25.0 mL, 0.100 M) was added benzylamine (0.300 mL, 2.71 mmol, 

1.10 equiv). The resulting mixture was stirred at 23 ºC for 23 h, and then diluted with deionized 

water (100 mL) and transferred to a separatory funnel with EtOAc (30 mL) and brine (15 mL). 

The aqueous layer was extracted with EtOAc (3 x 80 mL), then the organic layers were combined 

and washed with deionized water (4 x 80 mL), dried over Na2SO4, and evaporated under reduced 

pressure. The resulting crude solid material was used in the subsequent step without further 

purification.  

 To a flask containing the crude material from the previous step was added DMAP (28.9 

mg, 0.236 mmol, 0.100 equiv) followed by acetonitrile (12.0 mL, 0.200 M). Boc2O (671 mg, 3.07 

mmol, 1.30 equiv) was added in one portion and the reaction vessel was flushed with N2, then the 

reaction mixture was allowed to stir at 23 ºC for 17 h. The reaction was quenched by addition of 

saturated aqueous NaHCO3 (10 mL), transferred to a separatory funnel with EtOAc (20 mL) and 

extracted with EtOAc (3 x 40 mL). The organic layers were combined, dried over Na2SO4, and 

evaporated under reduced pressure. The resulting crude residue was purified by flash 

chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield amide 5.42 (0.57 g, 61% 

yield over two steps) as a clear oil. Amide 5.42: Rf 0.38 (5:1 Hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): d 7.33–7.17 (m, 5H), 4.87 (br s, 2H), 3.55 (s, 2H), 3.15 (br s, 2H), 2.86 (br s, 3H), 

5.58 5.42

1. BnNH2 (1.1 equiv)
1. EDC•HCl (1.1 equiv)
1. HOBt (1.1 equiv)
1. Et3N (1.1 equiv)
1. DMF, 23 ºC

2. Boc2O (1.3 equiv)
2. DMAP (0.10 equiv)
2. CH3CN, 23 ºC

O

(61% yield, 2 steps)
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1.45 (s, 9H), 1.40 (s, 9H); 13C NMR (125 MHz, CDCl3): d 174.4, 155.7, 153.1, 138.3, 128.4, 127.6, 

127.3, 83.5, 79.6, 79.5, 47.4, 45.6, 45.3, 37.2, 36.6, 35.0, 34.8, 28.6, 28.0; IR (film): 2977, 1734, 

1691, 1368, 1145 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C21H33N2O5+, 393.23840; found 

393.23730. 

Note: 5.42 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectra. 

 

5.8.2.2 Relevant Control Experiments 

 

Representative Procedure for Conversion of Aliphatic Amides to Secondary Alcohols from 

Figure 3 (amide 5.1 and boronate ester 5.6 used as an example). A 1-dram vial was charged 

with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 equiv) and a magnetic stir bar. The vial 

and its contents were flame-dried under reduced pressure and allowed to cool under N2. Amide 

substrate 5.1 (67.9 mg, 0.200 mmol, 1.00 equiv), boronate ester nucleophile 5.6 (152 mg, 0.800 

mmol, 4.00 equiv), and DMPE (5.7, 82.6 mg, 0.500 mmol, 2.50 equiv) were added. The vial was 

flushed with N2 for 5 min, then water (7.21 µL, 0.400 mmol, 2.00 equiv), which had been sparged 

with N2 for 10 min, was added. The vial was taken into a glovebox and charged with Ni(cod)2 

(5.50 mg, 0.0200 mmol, 10 mol%) and Benz-ICy•HCl (5.2, 12.8 mg, 0.0400 mmol, 20 mol%). 

Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. The vial was sealed with a Teflon-lined 

screw cap, removed from the glovebox, and stirred vigorously (800 RPM) at 120 ºC for 16 h. After 

5.1 5.6 5.4

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

N

O
Bn

Boc

OH

(4.0 equiv)
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cooling to 23 ºC, the mixture was quenched by the addition of saturated aqueous NH4Cl (1 mL) 

and extracted with EtOAc (3 x 2 mL). The combined organic layers were then filtered over a plug 

of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent. The volatiles were removed 

under pressure and the yield of alcohol 5.4 was determined by 1H NMR analysis with 1,3,5-

trimethoxybenzene as an external standard.  

Any modifications of the conditions shown in the representative procedure above are specific 

below in Table 5.1. 

 

Table 5.1. Relevant control experiments 

 
a Yields determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an 
external standard.  
b Substantial amounts of the corresponding Boc-cleavage product (des-Boc amide 
starting material) were observed due to the elevated reaction temperature. 

 

 

 

 

Reaction Conditions
Experimental Resultsa

5.1 5.3

N

O

Boc

Bn conditions

5.45.1

Ph

5.3

O

Ph
+

Ph

OH

Ph Ph

5.4

+
(nep)B

5.6

 5.6 (4.0 equiv), DMPE (5.7, 4.0 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
1,4-dioxane (1.0 M), 120 °C, 16 h 5%b 0% 0%

 5.6 (4.0 equiv), DMPE (5.7, 4.0 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Benz-ICy•HCl (5.2, 20 mol%), 1,4-dioxane (1.0 M), 120 °C, 16 h 0%b

 5.6 (4.0 equiv), DMPE (5.7, 4.0 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (10 mol%), 1,4-dioxane (1.0 M), 120 °C, 16 h 12%b

0% 0%

0% 0%
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5.8.2.3 General Procedures for Methodology 

5.8.2.3.1 General Procedure A. A 1-dram vial was charged with anhydrous powder K3PO4 (170 

mg, 8.00 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried 

under reduced pressure and allowed to cool under N2. Amide substrate (0.200 mmol, 1.00 equiv), 

boronate ester nucleophile (152 mg, 0.800 mmol, 4.00 equiv), and DMPE (5.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 

into a glovebox and charged with Ni(cod)2 (5.50 mg, 0.0200 mmol, 10 mol%) and Benz-ICy•HCl 

(5.2, 12.8 mg, 0.0400 mmol, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. 

The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred 

vigorously (800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, the mixture was quenched by the 

addition of saturated aqueous NH4Cl (1 mL) and extracted with EtOAc (3 x 2 mL). The combined 

organic layers were then filtered over a plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc 

(10 mL) as eluent and the volatiles were removed under pressure. The crude mixture was adsorbed 

onto silica gel (450 mg) under reduced pressure and purified by flash column chromatography on 

silica. 

 

5.8.2.3.2 General Procedure B. A 1-dram vial was charged with anhydrous powder K3PO4 (170 

mg, 8.00 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried 

under reduced pressure and allowed to cool under N2. Amide substrate (0.200 mmol, 1.00 equiv), 

boronate ester nucleophile (152 mg, 0.800 mmol, 4.00 equiv), and DMPE (5.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 
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into a glovebox and charged with Ni(cod)2 (5.50 mg, 0.0200 mmol, 10 mol%) and Benz-ICy•HCl 

(5.2, 12.8 mg, 0.0400 mmol, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. 

The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred 

vigorously (800 RPM) at 120 ºC for 16 h.  After cooling to 23 ºC, the mixture was diluted with 

CH2Cl2 (1 mL) and washed with 2 M HCl (3 x 1 mL). The organic layer was then filtered over a 

plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent and the volatiles were 

removed under pressure. The crude mixture was adsorbed onto silica gel (450 mg) under reduced 

pressure and purified by flash column chromatography on silica. 

 

5.8.2.3.3 General Procedure C. A 1-dram vial was charged with anhydrous powder K3PO4 (170 

mg, 8.00 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried 

under reduced pressure and allowed to cool under N2. Amide substrate (0.200 mmol, 1.00 equiv), 

boronate ester nucleophile (228 mg, 1.20 mmol, 6.00 equiv), and DMPE (5.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 

into a glovebox and charged with Ni(cod)2 (11.0 mg, 0.0400 mmol, 20 mol%) and Benz-ICy•HCl 

(5.2, 25.6 mg, 0.0800 mmol, 40 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. 

The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred 

vigorously (800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, the mixture was diluted with 

CH2Cl2 (1 mL) and washed with deionized H2O (3 x 1 mL). The organic layer was then filtered 

over a plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent and the volatiles 

were removed under pressure. The crude mixture was adsorbed onto silica gel (450 mg) under 

reduced pressure and purified by flash column chromatography on silica. 
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Any modifications of the conditions shown in the representative procedures above are specified 

in the following schemes, which depict all of the results shown in Figures 5.4, 5.5, and 5.6. 

 

5.8.2.4 Scope of Amide Substrates 

 

Alcohol 5.4. Crude alcohol 5.4 was synthesized following General Procedure A. Purification by 

flash column chromatography (99:1 Hexanes:EtOAc ® 19:1 Hexanes:EtOAc) afforded alcohol 

5.4 (76% yield, average of two experiments) as a white solid. Alcohol 5.4: Rf 0.34 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.40–7.34 (m, 4H), 7.32–7.27 (m, 3H), 7.23–

7.16 (m, 3H), 4.70 (app t, J = 6.5, 1H), 2.76 (ddd, J = 13.9, 10.0, 5.8, 1H), 2.68 (ddd, J = 13.9, 9.6, 

6.4, 1H), 2.21–1.98 (m, 2H), 1.92 (br s, 1H). Spectral data match those previously reported.53  

 

 

Alcohol 5.8. Crude alcohol 5.8 was synthesized following General Procedure A.  1H NMR analysis 

of the crude reaction mixture indicated an 82% yield of alcohol 5.8 relative to 1,3,5-

trimethoxybenzene external standard. Sequential purification by preparative thin-layer 

chromatography (3:1 Hexanes:Et2O, then 4:1 Hexanes:Acetone) provided an analytical sample of 
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H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(76% yield)
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alcohol 5.8 as a clear oil. Alcohol 5.8: Rf 0.52 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): 

δ 7.41–7.31 (m, 4H), 7.31–7.27 (m, 1H), 4.67 (dd, J = 7.5, 5.9, 1H), 1.87–1.75 (m, 2H), 1.75–1.65 

(m, 1H), 1.49–1.36 (m, 1H), 1.36–1.16 (m, 13H), 0.87 (t, J = 6.8, 3H). Spectral data match those 

previously reported.54 

 

 

Alcohol 5.9. Crude alcohol 5.9 was synthesized following General Procedure A. Purification by 

flash column chromatography (39:1 Hexanes:Et2O ® 6.5:1 Hexanes:Et2O) afforded alcohol 5.9 

(61% yield, average of two experiments) as a clear oil. Alcohol 5.9: Rf 0.48 (5:1 Hexanes:EtOAc). 

1H NMR (500 MHz, CDCl3): δ 7.34–7.28 (m, 4H), 7.29–7.26 (m, 1H), 4.40 (s, 1H), 1.83 (s, 1H), 

0.93 (s, 9H). Spectral data match those previously reported.55 

 

 

Alcohol 5.10. Crude alcohol 5.10 was synthesized following General Procedure A. Sequential 

purification by flash column chromatography (98:1:1 Hexanes:CH2Cl2:Et2O ® 3:1:1 

Hexanes:CH2Cl2:Et2O) followed by preparative thin-layer chromatography (1:1:1 

CH2Cl2:Et2O:Hexanes) afforded alcohol 5.10 (66% yield, average of two experiments) as a clear 
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oil. Alcohol 5.10: Rf 0.38 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.37–7.30 (m, 

4H), 7.30–7.24 (m, 1H), 4.58 (d, J = 8.0, 1H), 2.69–2.56 (m, 1H), 2.15–1.96 (m, 2H), 1.92–1.75 

(m, 5H). Spectral data match those previously reported.55 

 

 

Alcohol 5.11. Crude alcohol 5.11 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated a 76% yield of alcohol 5.11 relative to 1,3,5-

trimethoxybenzene external standard. Sequential purification by preparative thin-layer 

chromatography (5:1 Hexanes:EtOAc, then 5:1:1 Hexanes:CH2Cl2:Et2O) afforded an analytical 

sample of alcohol 5.11 as a clear oil. Alcohol 5.11: Rf 0.46 (5:1 Hexanes:EtOAc). 1H NMR (500 

MHz, CDCl3): δ 7.36–7.26 (m, 5H), 7.30–7.27 (m, 1H), 4.41 (d, J = 8.5, 1H), 2.22 (app sext, J = 

8.2, 1H), 1.95–1.78 (m, 2H), 1.70–1.63 (m, 1H), 1.54–1.44 (m, 3H), 1.42–1.33 (m, 1H), 1.19–1.10 

(m, 1H). Spectral data match those previously reported.56 

 

 

Alcohol 5.12. Crude alcohol 5.12 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated a 74% yield of alcohol 5.12 relative to 1,3,5-
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trimethoxybenzene external standard. Alcohol 5.12: Rf 0.44 (5:1 Hexanes:EtOAc). Spectral data 

match those previously reported.57 

Note: The 1H NMR spectrum of the crude material obtained using the reaction conditions above 

is provided and matches previously reported 1H NMR data. 

 

 

Alcohol 5.13. Crude alcohol 5.13 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated an 64% yield of alcohol 5.13 relative to 1,3,5-

trimethoxybenzene external standard). Preparation of an authentic sample of alcohol 5.13 from 

cycloheptyl(phenyl)methanone (see section 5.8.2.7 for experimental details) allowed for direct 

comparison with the 1H NMR spectrum of the crude reaction mixture and full characterization. 

Alcohol 5.13: Rf 0.57 (5:1 Hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.35–7.23 (m, 5H), 

4.47 (d, J = 6.7, 1H), 1.93–1.82 (m, 2H), 1.79 (br s, 1H), 1.72–1.65 (m, 1H), 1.65–1.30 (m, 9H), 

1.23–1.09 (m, 1H); 13C NMR (125 MHz, CDCl3): d 144.0, 128.3, 127.5, 126.8, 79.4, 46.4, 31.2, 

29.4, 28.6, 28.5, 26.9, 26.7; IR (film): 3378, 2917, 2852, 1492, 699 cm-1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C14H21O+, 205.15869; found 205.15788. 

Note: 1H NMR and 13C NMR spectra of the authentic material, as prepared in section 5.8.2.7, 

are provided.  A 1H NMR spectrum of the crude material obtained using the reaction conditions 

above is also provided and matches the 1H NMR spectrum of the authentic material. 
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Alcohol 5.14. Crude alcohol 5.14 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated an 81% yield of alcohol 5.14 relative to 1,3,5-

trimethoxybenzene external standard (average of two experiments). To the crude reaction mixture 

was added a teflon-coated magnetic stir bar and CH2Cl2 (1 mL). The solution was stirred, cooled 

to 0 °C, TFA (200 µL) was slowly added, and the contents were stirred at 0 °C for 1 h. The volatiles 

were then removed under reduced pressure to give the crude material, which was purified by flash 

column chromatography (99:1 Hexanes:EtOAc → 19:1 Hexanes:EtOAc). Treatment of the 

purified product with a solution (4 mL total volume, 1:1 v/v) of MeOH:2M KOH and stirring the 

resulting solution at 23 °C for 2 h afforded an analytical sample of alcohol 5.14 as a white solid. 

Alcohol 5.14: Rf 0.38 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.43–7.29 (m, 5H), 

7.23–7.22 (m, 1H), 7.14–7.11 (m, 3H), 4.63 (d, J = 8.5, 1H), 3.16 (dd, J = 16.0, 8.0, 1H), 3.06 (dd, 

J = 16.0, 8.0, 1H), 2.87 (app sext, J = 8.3, 1H), 2.69 (dd, J = 16.0, 8.0, 1H), 2.64 (dd, J = 16.0, 8.5, 

1H); 13C NMR (125 MHz, CDCl3): d 144.0, 143.2, 142.8, 128.7, 128.0, 126.7, 126.4, 126.3, 124.7, 

124.5, 78.5, 47.3, 36.3, 36.1; IR (film): 3556, 3385, 3067, 3028, 2936 cm-1; HRMS-APCI (m/z) 

[M + NH4]+ calcd for C16H20NO+, 242.15394; found 242.15312. 

Note: 5.14 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectra. 
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Alcohol 5.15. Crude alcohol 5.15 was synthesized following General Procedure A. Purification by 

flash column chromatography (99:1 Hexanes:Acetone ® 9:1 Hexanes:Acetone) afforded a 

mixture of the trans and cis diastereomers of alcohol 5.15 (77% yield, 31:1 trans:cis diastereomers, 

average of two experiments) as a clear oil. Trans diastereomer alcohol 5.15: Rf 0.22 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.37–7.24 (m, 5H), 4.35 (d, J = 7.2, 1H), 3.63 

(s, 3H), 2.20 (tt, J = 12.4, 3.6, 1H), 2.13–1.87 (m, 4H), 1.66–1.56 (m, 1H), 1.51–1.28 (m, 3H), 

1.13–0.96 (m, 2H); 13C NMR (125 MHz, CDCl3): d 176.6, 143.5, 128.4, 127.7, 126.7, 79.1, 51.6, 

44.2, 43.3, 28.70, 28.68, 28.4, 27.9; IR (film): 3454, 2938, 1731, 1716, 1170 cm-1; HRMS-APCI 

(m/z) [M + H]+ calcd for C15H21O3+, 249.14852; found 249.14806. 

 

 

Alcohol 5.16. Crude alcohol 5.16 was synthesized following General Procedure B. Purification by 

flash column chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 

5.16 (84% yield, average of two experiments) as a white solid. Alcohol 5.16: Rf 0.23 (3:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.38–7.26 (m, 5H), 4.32 (d, J = 7.7, 1H), 3.98 

(4.0 equiv)
5.49 5.6 5.15

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(77% yield)

N

O
Bn

Boc

OH

MeO

O

H

MeO

O

H

(4.0 equiv)
5.38 5.6 5.16

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(84% yield)

N

O
Bn

Boc

OH

OO
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(app dd, J = 11.6, 4.6, 1H), 3.86 (app dd, J = 11.6, 4.6, 1H), 3.34 (td, J = 11.8, 2.2, 1H), 3.25 (td, 

J = 11.9, 2.3, 1H), 2.21 (br s, 1H), 1.94–1.86 (m, 1H), 1.86–1.72 (m, 1H), 1.50–1.36 (m, 1H), 

1.36–1.20 (m, 1H), 1.20–1.07 (m, 1H). Spectral data match those previously reported.58 

 

 

Alcohol 5.17. Crude alcohol 5.17 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 1:1 Hexanes:EtOAc) afforded a mixture of 

diastereomers of alcohol 5.17 (72% yield, 1:1 d.r., average of two experiments) as a clear oil. 

Alcohol 5.17: Rf 0.27 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.37–7.26 (m, 10H), 

4.50 (dd, J = 2.8, 7.0, 1H), 4.40 (dd, J = 2.9, 8.5, 1H), 4.16 (ddd, J = 1.8, 4.0, 11.3, 1H), 3.89–3.71 

(m, 2H), 3.58 (ddd, J = 1.7, 4.0, 11.3, 1H), 3.49–3.30 (m, 3H), 3.20 (dd, J = 11.3, 9.4, 1H), 2.13, 

(d, J = 2.9, 1H), 2.10 (d, J = 3.0, 1H), 2.00–1.86 (m, 3H), 1.73–1.65 (m, 1H), 1.63–1.43 (m, 4H), 

1.43–1.35 (m, 1H), 1.20–1.10 (m, 1H); 13C NMR (125 MHz, CDCl3, 19 of 20 observed): d 143.1, 

143.0, 128.60, 128.56, 128.0, 127.9, 126.7, 126.4, 76.6, 75.9, 70.8, 70.6, 68.6, 68.4, 43.0, 42.9, 

26.4, 25.4, 25.3; IR (film): 3401, 2938, 2846, 1453, 1081 cm-1; HRMS-APCI (m/z) [M + H]+ calcd 

for C12H17O2+, 193.12231; found 193.12228. 

Note: 5.17 was obtained as a mixture of diastereomers. These data represent empirically 

observed chemical shifts from the 1H NMR and 13C NMR spectra. 

 

(4.0 equiv)
5.51 5.6 5.17

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(72% yield, 1:1 d.r.)

N

O
Bn

Boc

OH

OO
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Alcohol 5.18. Crude alcohol 5.18 was synthesized following General Procedure B.  Purification 

by flash chromatography (19:1 Hexanes:EtOAc ® 1:1 Hexanes:EtOAc) afforded a mixture of 

diastereomers of alcohol 5.18 (74% yield, 1:1 d.r., average of two experiments) as a clear oil. 

Alcohol 5.18: Rf 0.27 (9:1 PhH:Acetone). 1H NMR (500 MHz, DMSO-d6): 7.44–7.08 (m, 5H), 

5.45–5.33 (m, 1H), 4.52–4.21 (m, 1H), 3.45–2.83 (m, 4H), 2.47–2.27 (m, 1H), 1.97–1.71 (m, 1H), 

1.63–1.30 (m, 10H). Spectral data match those previously reported.59 

 Note: 5.18 was obtained as a mixture of rotamers and diastereomers. These data represent 

empirically observed chemical shifts from the 1H NMR spectra. 

 

 

Alcohol 5.19. Crude alcohol 5.19 was synthesized following General Procedure B. Purification by 

flash column chromatography (PhH ® 9:1 PhH:Acetone) afforded a mixture of diastereomers of 

alcohol 5.19 (75% yield, 1:1 d.r. average of two experiments) as a clear oil. Alcohol 5.19: Rf 0.44 

(9:1 PhH:Acetone); 1H NMR (500 MHz, CDCl3, 49 of 50 observed): d 7.81–7.26 (m, 10H), 4.50 

(br s, 1H), 4.43 (d, J = 8.5, 1H), 4.16–2.46 (m, 7H), 2.24–1.51 (m, 10H), 1.49–1.31 (m, 18H), 

1.22–1.09 (m, 1H); 13C NMR (125 MHz, CDCl3, 23 of 26 observed): d 155.4, 155.0, 142.9, 128.57, 

5.52 5.6 5.18

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(74% yield, 1:1 d.r.)

N

O
Bn

Boc

OH

NN
Boc Boc

(4.0 equiv)

(4.0 equiv)
5.50 5.6 5.19

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(75% yield, 1:1 d.r.)

N

O
Bn

Boc

OH

NN
Boc Boc
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128.56, 127.93, 127.91, 126.7, 126.5, 79.7, 79.4, 76.5, 75.9, 46.7, 44.5, 43.1, 43.0, 28.6, 28.5, 27.0, 

26.3, 24.8, 24.0; IR (film): 3422, 2975, 2930, 1665, 1424 cm-1; HRMS-APCI (m/z) [M + H]+ calcd 

for C17H26NO3+, 292.19072; found 292.18998. 

Note: 5.19 was obtained as a mixture of rotamers and diastereomers. These data represent 

empirically observed chemical shifts from the 1H NMR and 13C NMR spectra. 

 

 

Alcohol 5.20. Crude alcohol 5.20 was synthesized following General Procedure B. Purification by 

flash column chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 5.20 (84% yield, 

average of two experiments) as a clear oil. Alcohol 5.20: Rf 0.33 (9:1 PhH:Acetone). 1H NMR 

(500 MHz, CDCl3): 7.38–7.23 (m, 5H), 4.34 (d, J = 7.5, 1H), 4.29–3.81 (m, 2H), 2.77–2.38 (m, 

2H), 2.26 (br s, 1H), 1.98–1.89 (m, 1H), 1.81–1.65 (m, 1H), 1.42 (s, 9H), 1.33–1.17 (m, 2H), 1.11 

(app qd, J = 12.5, 4.4, 1H). Spectral data match those previously reported.58 

 

 

 

 

 

 

 

5.21 5.6 5.20

+
(nep)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(84% isolated yield)

N

O
Bn

Boc

OH

NN
BocBoc

(4.0 equiv)
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5.8.2.5 Scope of Boronate Ester Nucleophiles 

 

Alcohol 5.28. Crude alcohol 5.28 was synthesized following General Procedure B. Purification by 

flash column chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 

5.28 (55% yield, average of two experiments) as a crystalline solid. Alcohol 5.28: mp: 62–64 ºC; 

Rf 0.32 (2:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.42 (dd, J = 7.7, 1.3, 1H), 7.23 (td, 

J = 7.5, 1.5, 1H), 7.21–7.12 (m, 2H), 4.69 (d, J = 7.3, 1H), 4.03 (dd, J = 11.2, 4.5, 1H), 3.90 (dd, 

J = 11.5, 4.5, 1H), 3.37 (td, J = 9.5, 2.3, 1H), 3.29 (td, J = 9.5, 2.3, 1H), 2.35 (s, 3H), 1.96–1.83 

(m, 2H), 1.71 (br s, 1H), 1.60–1.48 (m, 1H), 1.42 (qd, J = 12.5, 4.6, 1H), 1.22–11.5 (m, 1H); 13C 

NMR (125 MHz, CDCl3): d 141.3, 135.3, 130.6, 127.5, 126.39, 126.36, 74.6, 68.1, 67.9, 42.2, 

29.4, 29.2, 19.6; IR (film): 3420, 2951, 2847, 1090, 1016 cm-1; HRMS-APCI (m/z) [M + H]+ calcd 

for C13H19O2+, 207.13796; found 207.13823. 

 

 

Alcohol 5.29. Crude alcohol 5.29 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 5.29 (59% 

(6.0 equiv)
5.38 5.59 5.28

+ (pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (5.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(55% yield)

N

O
Bn

Boc

OH

OO

Me Me

(4.0 equiv)
5.38 5.60 5.29

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(59% yield)

N

O
Bn

Boc

OH

OO

Me
Me
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yield, average of two experiments) as a white solid. Alcohol 5.29: mp: 97–99 ºC; Rf 0.36 (2:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.23 (t, J = 7.5, 1H), 7.12–7.09 (m, 3H), 4.33 

(d, J = 7.9, 1H), 4.02 (dd, J = 11.4, 4.4, 1H), 3.90 (dd, J = 11.4, 4.4, 1H), 3.37 (td, J = 11.9, 2.3, 

1H), 3.29 (td, J = 11.9, 2.3, 1H), 2.36 (s, 3H), 1.93–1.90 (m, 1H), 1.89–1.79 (m, 2H), 1.47 (qd, J 

= 12.2, 4.5, 1H), 1.32 (qd, J = 12.2, 4.6, 1H), 1.18–1.15 (m, 1H); 13C NMR (125 MHz, CDCl3): d 

143.0, 138.2, 128.7, 128.4, 127.4, 123.8, 79.1, 68.0, 67.8, 42.5, 29.5, 29.4, 21.6; IR (film): 3409, 

2950, 2848, 1135, 1089, 1035 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C13H19O2+, 207.13796; 

found 207.13826. 

 

 

Alcohol 5.30. Crude alcohol 5.30 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 5.30 (62% 

yield, average of two experiments) as a white solid. Alcohol 5.30: mp: 71–74 ºC; Rf 0.25 (2:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.24–7.13 (m, 4H), 4.33 (d, J = 7.9, 1H), 4.02 

(dd, J = 11.8, 4.4, 1H), 3.89 (dd, J = 11.2, 4.8, 1H), 3.37 (td, J = 11.9, 2.3, 1H), 3.28 (td, J = 11.9, 

2.3, 1H), 2.34 (s, 3H), 1.94–1.91 (m, 1H), 1.86–1.79 (m, 1H), 1.46 (qd, J = 12.3, 4.7, 1H), 1.30 

(qd, J = 12.3, 4.7, 1H), 1.17–1.13 (m, 1H); 13C NMR (125 MHz, CDCl3): d 143.0, 137.6, 129.2, 

126.7, 78.8, 68.0, 67.8, 42.5, 29.6, 29.3, 21.3; IR (film): 3410, 2950, 2847, 1089, 1033, 1017 cm-

1; HRMS-APCI (m/z) [M + H]+ calcd for C13H19O2+, 207.13796; found 207.13823. 

(4.0 equiv)
5.38 5.61 5.30

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(62% yield)

N

O
Bn

Boc Me

OH

Me
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Alcohol 5.31. Crude alcohol 5.31 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 5.31 (62% yield, average of 

two experiments) as a clear oil. Alcohol 5.31: Rf 0.26 (9:1 PhH:Acetone); 1H NMR (500 MHz, 

CDCl3): d 7.51 (d, J = 8.1, 2H), 7.30 (d, J = 8.1, 2H), 4.37 (d, J = 7.5, 1H), 4.02 (dd, J = 11.4, 4.6, 

1H), 3.90 (dd, J = 11.4, 4.6, 1H), 3.37 (td, J = 12.0, 2.3, 1H), 2.29 (td, J = 12.0, 2.3, 1H), 1.95–

1.89 (m, 1H), 1.89–1.74 (m, 2H), 1.47 (app qd, J = 12.6, 4.7, 1H), 1.39–1.29 (m, 1H), 1.22–1.16 

(m, 1H), 0.26 (s, 9H); 13C NMR (125 MHz, CDCl3): d 143.5, 140.2, 133.6, 126.1, 79.0, 68.0, 67.8, 

42.4, 29.4, 29.3, –0.98; IR (film): 3409, 2953, 2846, 1247, 831 cm-1; HRMS-APCI (m/z) [M + K]+ 

calcd for C15H24O2SiK+, 303.11771; found 303.11798. 

 

 

Alcohol 5.32. Crude alcohol 5.32 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 5.32 (53% yield, average of 

two experiments) as a clear oil. Alcohol 5.32: mp: 140–143 ºC; Rf 0.29 (9:1 PhH:Acetone). 1H 

NMR (500 MHz, CDCl3): d 7.61 (d, J = 8.3, 2H), 7.43 (d, J = 8.3, 2H), 4.48 (d, J = 7.1, 1H), 4.29–

(6.0 equiv)
5.38 5.62 5.31

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (5.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(62% yield)

N

O
Bn

Boc

OH

OO SiMe3 SiMe3

(4.0 equiv)
5.21 5.63 5.32

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (15 mol%)

Benz-ICy•HCl (5.2, 30 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(53% yield)

N

O
Bn

Boc CF3

OH

CF3
NN

Boc Boc
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3.93 (m, 2H), 2.77–2.45 (m, 2H), 2.01 (br s, 1H), 1.93–1.84 (m, 1H), 1.80–1.69 (m, 1H), 1.44 (s, 

9H), 1.34–1.12 (m, 4H); 13C NMR (125 MHz, CDCl3): d 154.9, 147.1, 130 (q, J = 32), 127.0, 

125.4 (q, J = 3.6), 125.4, 125.3, 123.1, 79.6, 77.9, 43.7, 28.6, 28.4, 27.9; IR (film): 3418, 2932, 

2859, 1666, 1325, 1162, 1125 cm-1; HRMS-APCI (m/z) [M]+ calcd for C18H24F3NO3+, 359.17028; 

found 359.17126. 

Note: 5.32 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectra. 

 

 

Alcohol 5.33. Crude alcohol 5.33 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 5.33 (58% yield, average of 

two experiments) as a clear oil. Alcohol 5.33: Rf 0.39 (9:1 PhH:Acetone); 1H NMR (500 MHz, 

CDCl3): d 7.89–7.80 (m, 3H), 7.73, (s, 1H), 7.53–7.43 (m, 3H), 4.56 (d, J = 7.5, 1H), 4.17 (app d, 

J = 13.4, 1H), 4.04 (app d, J = 13.4, 1H), 2.68 (td, J = 12.9, 2.7, 1H), 2.58 (td, J = 12.9, 2.7, 1H), 

2.04–1.98 (m, 1H), 1.89–1.82 (m, 1H), 1.43 (s, 9H), 1.36–1.15 (m, 4H); 13C NMR (125 MHz, 

CDCl3, 16 of 17 observed): d 154.9, 140.5, 133.3, 133.2, 128.4, 128.0, 127.8, 126.4, 126.1, 125.7, 

124.5, 79.4, 78.8, 43.5, 28.6, 28.4; IR (film): 3418, 2974, 2929, 2856, 1666, 1425, 1162 cm-1; 

HRMS-APCI (m/z) [M + H]+ calcd for C21H28NO3+, 342.20637; found 342.20615. 

 

 

(4.0 equiv)
5.21 5.64 5.33

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
24 h

(58% yield)
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O
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Alcohol 5.34. Crude alcohol 5.34 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) generated alcohol 5.34 (61% 

yield, average of two experiments) as a clear oil. Alcohol 5.34: Rf 0.18 (2:1 Hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): d 8.00–7.95 (m, 2H), 7.39–7.34 (m, 2H), 4.45 (d, J = 7.2, 1H), 4.01 (app 

dd, J = 11.4, 4.2, 1H), 3.90 (app dd, J = 11.4, 4.2, 1H), 3.35 (td, J = 12.0, 2.0, 1H), 3.27 (td, J = 

12.0, 2.0, 1H), 1.91 (br s, 1H), 1.88–1.78 (m, 2H), 1.59 (s, 9H), 1.52–1.42 (m, 1H), 1.40–1.31 (m, 

1H), 1.18–1.14 (m, 1H); 13C NMR (125 MHz, CDCl3): d 165.7, 147.5, 131.6, 129.7, 128.5, 126.5, 

81.2, 78.4, 68.0, 67.7, 42.6, 29.3, 29.1, 28.3; IR (film): 3417, 2953, 2848, 1710, 1292, 1117 cm-1; 

HRMS-APCI (m/z) [M + H]+ calcd for C17H25O4+, 293.17474; found 293.17416. 

 

 

Alcohol 5.35. Crude alcohol 5.35 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) generated alcohol 5.35 (72% yield, average of 

two experiments) as a clear oil. Alcohol 5.35: Rf 0.31 (9:1 PhH:Acetone); 1H NMR (500 MHz, 

CDCl3): d 7.24 (t, J = 8.1, 1H), 6.87–6.84, (m, 2H), 6.81 (ddd, J = 8.1, 2.5, 0.85, 1H), 4.56 (sept, 

(6.0 equiv)
5.38 5.65 5.34

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (5.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(61% yield)

N

O
Bn

Boc

OH

OO
O

OtBu

O

OtBu

(6.0 equiv)
5.38 5.66 5.35

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (5.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(72% yield)

N

O
Bn

Boc

OH

OO

OiPr OiPr
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J = 6.0, 1H), 4.32 (d, J = 7.6, 1H), 4.02 (app dd, J = 11.4, 4.2, 1H), 3.90 (app dd, J = 11.4, 4.2, 

1H), 3.36 (td, J = 12.0, 2.2, 1H), 3.28 (td, J = 11.8, 2.2, 1H), 1.94–1.87 (m, 1H), 1.87–1.78 (m, 

1H), 1.58 (br s, 1H) 1.46 (qd, J = 12.3, 4.6, 1H), 1.34 (d, J = 6.1), 1.33 (qd, J = 12.3, 4.4) (7H 

total),  1.23–1.15 (m, 1H); 13C NMR (125 MHz, CDCl3): d 158.1, 144.7, 129.5, 118.9, 115.0, 

114.3, 78.9, 69.9, 68.0, 67.8, 42.5, 29.4, 29.3, 22.2; IR (film): 3406, 2974, 2847, 1599, 1583, 1253, 

1116 cm-1; HRMS-APCI (m/z) [M]+ calcd for C15H22O3+, 250.15635; found 250.15623. 

 

 

Alcohol 5.36. Crude alcohol 5.36 was synthesized following General Procedure C. 1H NMR 

analysis of the crude reaction mixture indicated an 52% yield of alcohol 5.36 relative to 1,3,5-

trimethoxybenzene external standard (average of two experiments). Purification by preparative 

thin-layer chromatography (9:1 PhH:Acetone) provided an analytical sample of alcohol 5.36 as a 

clear oil. Alcohol 5.36: Rf 0.54 (2:1 Hex:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.30–7.26 (m, 

2H), 7.25–7.14 (m, 3H), 6.75–6.72 (m, 1H), 6.70 (app d, J = 7.5, 1H), 6.66 (ddd, J = 8.5, 2.6, 0.8, 

1H), 4.62 (ddd, J = 8.3, 5.4, 3.3, 1H), 2.96 (s, 6H), 2.77 (ddd, J = 14.5, 9.8, 5.8, 1H), 2.69 (ddd, J 

= 14.5, 9.8, 6.4, 1H), 2.20–2.10 (m, 1H), 2.10–1.99 (m, 1H), 1.81 (d, J = 3.3, 1H); 13C NMR (125 

MHz, CDCl3): d 151.0, 145.7, 142.1, 129.4, 128.6, 128.5, 125.9, 114.3, 112.1, 110.1, 74.6, 40.8, 

40.4, 32.3; IR (film): 3366, 3025, 2918, 2858, 2801, 1602, 1495, 697 cm-1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C17H22NO+, 256.16959; found 256.16915. 

 

(6.0 equiv)
5.1 5.67 5.36

+
(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (5.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(52% 1H NMR yield)

N

O
Bn

Boc

OH
NMe2

Ph Ph
NMe2
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Alcohol 5.37. Crude alcohol 5.37 was synthesized following General Procedure C. 1H NMR 

analysis of the crude reaction mixture indicated a 44% yield of alcohol 5.37 and 56% yield of the 

corresponding ketone intermediate relative to 1,3,5-trimethoxybenzene external standard (average 

of two experiments). Preparation of an authentic sample of alcohol 5.37 (see section 5.8.2.7 for 

experimental details) allowed for direct comparison with the 1H NMR spectrum of the crude 

reaction mixture and full characterization. Alcohol 5.37: Rf 0.45 (3:1 PhH:Acetone); 1H NMR (500 

MHz, CDCl3): d 8.15 (d, J = 2.4, 1H), 7.55 (dd, J = 8.8, 2.4, 1H), 7.31–7.26 (m, 2H), 7.22–7.15 

(m, 3H), 6.65 (d, J = 8.8, 1H), 4.65–4.59 (m, 1H), 3.83 (app t, J = 4.8, 4H), 3.50 (app t, J = 4.8, 

4H), 2.76–2.58 (m, 2H), 2.20–2.10 (m, 1H), 2.06–1.95 (m, 1H), 1.78–1.68 (m, 1H); 13C NMR (125 

MHz, CDCl3): d 159.6, 146.3, 141.7, 135.8, 129.5, 128.56, 128.55, 126.1, 107.1, 71.6, 66.9, 45.8, 

40.0, 32.2; IR (film): 3391, 3025, 2918, 2855, 1605, 1494, 1245 cm-1; HRMS-APCI (m/z) [M + 

H]+ calcd for C18H23N2O2+, 299.17540; found 299.17471. 

Note: 1H NMR and 13C NMR spectra of the authentic material, as prepared in section 5.8.2.7, 

are provided.  A 1H NMR spectrum of the crude material obtained using the reaction conditions 

above is also provided and matches the 1H NMR spectrum of the authentic material. 

 

 

 

 

(4.0 equiv)
5.1 5.68 5.37

+

(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(44% 1H NMR yield)

N

O
Bn

Boc
N

OH

N
Ph

Ph
N

O
N

O
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5.8.2.6 Syntheses of Alcohols 5.40 and 5.43 

 

Alcohol 5.40. Crude alcohol 5.40 was synthesized following General Procedure B. Purification by 

flash column chromatography (19:1 Hexanes:EtOac ® 3:1 Hexanes:EtOAc) afforded alcohol 5.40 

(40% yield, average of two experiments) as a clear oil. Alcohol 5.40: Rf 0.45 (2:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): d 7.81 (s, 1H), 7.78 (s, 2H), 4.58 (dd, J = 6.9, 3.5, 1H), 4.03 (app dd, 

J = 11.6, 4.3, 1H), 3.95 (app dd, J = 11.6, 4.2, 1H), 3.36 (td, J = 12.1, 2.0), 3.32 (td, J = 12.1, 2.0) 

(2H total), 2.08 (d, J = 3.5, 1H), 1.90–1.80 (m, 1H), 1.79–1.72 (m, 1H), 1.49 (qd, 12.3, 4.6), 1.43 

(qd, J = 12.3, 4.7) (2H total), 1.29–1.19 (m, 1H); 13C NMR (125 MHz, CDCl3): d 145.6, 131.8 (q, 

J = 33), 126.8, 126.7, 124.5, 122.3, 121.8 (sept, J = 3.7), 77.5, 67.8, 67.6, 42.6, 29.1, 28.4; IR 

(film): 3401, 2956, 2855, 1277, 1128 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C14H15F6O2+, 

329.09708; found 329.09637. 

 

 

Alcohol 5.43. Crude alcohol 5.43 was synthesized following General Procedure B. Purification by 

flash column chromatography (PhH ® 9:1 PhH:Acetone) yield alcohol 5.43 (69% yield, average 

(4.0 equiv)
5.38 5.39 5.40

+

(pin)B

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(40% yield)

N

O
Bn

Boc

OH

O
O

CF3 CF3

CF3 CF3

(6.0 equiv)

O

N
Bn

Boc
N
Me

Boc +
(nep)B

OH

N
Me

Boc

DMPE (5.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (5.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(69% yield)5.42 5.6 5.43
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of two experiments) as a clear oil. Alcohol 5.43: Rf 0.48 (2:1 Hexanes:EtOAc); 1H NMR (400 

MHz, CDCl3): d 7.42–7.18 (m, 5H), 4.60 (br s, 1H), 4.33 (br s), 3.90 (br s), 3.47 (br s), 3.30–2.92 

(m), 2.50 (br s), (total 3H), 2.87 (s, 3H), 2.00–1.88 (m, 1H), 1.88–1.67 (m, 1H), 1.47 (s, 9H). 

Spectral data match those previously reported.60 

Note: 5.43 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR spectrum. 

 

5.8.2.7 Syntheses of Authentic Samples of Alcohols 5.13 and 5.37 

 

To a flame-dried 1-dram vial equipped with a magnetic stir bar was added the ketone 5.69 

(11.4 mg, 0.0560 mmol, 1.00 equiv) in MeOH. The solvent was then evaporated under reduced 

pressure. The vial was then capped with a septum cap, and the atmosphere was purged with N2. 

To the vial was added MeOH (0.300 mL, 0.190 M) and the reaction was stirred to give a 

homogeneous solution. NaBH4 (6.80 mg, 0.180 mmol, 3.20 equiv) was added in a single portion 

and the vial was stirred at 23 °C. After 1 h, NaBH4 (6.40 mg, 0.170 mmol, 3.00 equiv) was added 

in a single portion and the vial was stirred at 23 °C. After 3 h, the reaction was quenched with H2O 

(2 mL). The aqueous layer was extracted with EtOAc (4 x 3 mL), the combined organic layers 

were dried over anhydrous MgSO4, and the volatiles were removed under reduced pressure. The 

resulting crude residue was purified by preparative thin-layer chromatography (5:1 

Hexanes:EtOAc) to yield alcohol 5.13 as a clear oil (10.0 mg, 87% yield).  

Note: See section 5.8.2.4 for chemical shifts from the 1H NMR and 13C NMR spectra. 

NaBH4 (6.2 equiv)

MeOH (0.20 M), 23 ºC
4 h

(87% yield) 5.13

O OH

5.69
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A 1-dram vial was charged with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 

equiv) and a magnetic stir bar. The vial and its contents were flame-dried under reduced pressure 

and allowed to cool under N2. Amide substrate 5.1 (67.9 mg, 0.200 mmol, 1.00 equiv) and boronate 

ester nucleophile 5.68 (116 mg, 0.400 mmol, 2.00 equiv) were added. The vial was flushed with 

N2 for 5 min, then water (7.21 µL, 0.400 mmol, 2.00 equiv), which had been sparged with N2 for 

10 min, was added. The vial was taken into a glovebox and charged with Ni(cod)2 (5.50 mg, 10 

mol%) and Benz-ICy•HCl (5.2, 12.8 mg, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) 

was added. The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and 

stirred vigorously (800 RPM) at 120 ºC for 13 h. After cooling to 23 ºC, the mixture was quenched 

by the addition of saturated aqueous NH4Cl (1 mL) and extracted with EtOAc (3 x 2 mL). The 

combined organic layers were then filtered over a plug of silica gel (3 cm) and Na2SO4 (3 cm) 

using EtOAc (10 mL) as eluent. The volatiles were removed under reduced pressure and the 

resulting crude residue was purified by flash column chromatography (9:1 Hexanes:EtOAc ® 

EtOAc) to yield ketone 5.70 as a clear oil (10.0 mg, 87% yield). Alcohol 5.70: 1H NMR (500 MHz, 

CDCl3): d 8.78 (d, J = 2.3, 1H), 8.05 (dd, J = 9.1, 2.3, 1H), 7.32–7.28 (m, 2H), 7.26–7.18 (m, 3H), 

6.60 (d, J = 9.1, 1H), 3.81 (t, J = 5.0, 4H), 3.67 (t, J = 5.0, 4H), 3.19 (t, J = 7.5, 4H), 3.05 (t, J = 

7.5, 4H). Spectral data match those previously reported.61 

 

 

(2.0 equiv)
5.1 5.68 5.70

+

(pin)B

Ni(cod)2 (10 mol%)
Benz-ICy•HCl (5.2, 20 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
13 h

(86% yield)
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To a flame-dried 1-dram vial equipped with a magnetic stir bar was added NaBH4 (17.0 

mg, 0.450 mmol, 2.70 equiv). The ketone 5.70 (50.0 mg, 0.0170 mmol, 1.00 equiv) was dissolved 

in MeOH (0.60 mL, 0.30 M) and added to the vial. After 1 h, the reaction was quenched with H2O 

(2 mL). The aqueous layer was extracted with EtOAc (4 x 3 mL), the combined organic layers 

were dried over anhydrous NaSO4, and the volatiles were removed under reduced pressure. The 

resulting crude residue was purified by preparative TLC (1:1 Hexanes:EtOAc) to yield alcohol 

5.37 as a clear oil (25.0 mg, 50% yield). 

Note: See section 5.8.2.5 for chemical shifts from the 1H NMR and 13C NMR spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

5.70

O

N

Ph

N
O

NaBH4 (2.7 equiv)

MeOH (0.30 M), 23 ºC
4 h

(50% yield) 5.37

Ph

OH

N N
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5.8.2.8 Robustness Screen 

Table 5.2. Evaluation of functional group compatibility in the Suzuki–Miyaura coupling and 
transfer hydrogenation cascade 

 
Conditions: amide 5.21 (0.20 mmol, 1.00 equiv), PhB(nep) (5.6, 0.80 mmol, 4.00 equiv), DMPE 
(5.7, 0.50 mmol, 2.50 equiv), additive (0.20 mmol, 1.00 equiv), Ni(cod)2 (0.020 mmol, 10 mol%), 
Benz-ICy•HCl (5.2, 0.040 mmol, 20 mol%), K3PO4 (0.80 mmol, 4.00 equiv), H2O (0.40 mmol, 
2.00 equiv), and 1,4-dioxane (1.0 M) in a sealed vial at 120 °C for 16 h. Yields of coupled product, 
remaining additive, and remaining starting material were determined by 1H NMR analysis using 
1,3,5-trimethoxybenzene or hexamethylbenzene as an external standard. 
 

N

O

N
Boc

Bn +

Ni(cod)2 (10 mol%)
Benz-ICy•HCl (5.2, 20 mol%)

DMPE (5.7, 2.5 equiv)
Additive (1.0 equiv)

K3PO4, H2O, 1,4-dioxane
120 °C, 16 h

N

OH

Boc Boc

Entry SM
Remaining (%)

7
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Remaining (%)

5
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2
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6

N.D.b

Yield
of 5.20 (%)

12 22 18 0

1 –

Entry SM
Remaining (%)Additive Additive

Remaining (%)
Yield

of 5.20 (%)

5.21 5.6 5.20

81 N.D. 0

89 >99 0

0 0 0

42 0

43 0 0
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0 0 0
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5.8.2.9 Benchtop Variants of Methodology 

5.8.2.9.1 Procedure A: Employing a paraffin wax encapsulation approach. Note: The 

supporting information for the preparation of Ni(cod)2/Benz-ICy–paraffin capsules has been 

previously reported.62 

 

A 2-dram vial was charged with anhydrous powder K3PO4 (340 mg, 1.60 mmol, 4.00 equiv) and 

a magnetic stir bar (egg-shaped 3/8 x 3/16 in). The vial and its contents were flame-dried under 

reduced pressure and allowed to cool under N2. The vial was then charged with amide substrate 

5.1 (136 mg, 0.40 mmol, 1.00 equiv), boronate ester nucleophile 5.6 (304 mg, 1.60 mmol, 4.00 

equiv), DMPE (7, 165 mg, 1.00 mmol, 2.50 equiv), and a paraffin wax capsule containing Ni(cod)2 

(11.0 mg, 0.0400 mmol, 10 mol%) and Benz-ICy•HCl (5.2, 25.5 mg, 0.0800 mmol, 20 mol%) 

were added. The vial was purged with N2 and subsequently deionized water (14.0 µL, 0.80 mmol, 

2.00 equiv) and 1,4-dioxane (0.400 mL, 1.00 M), which had been sparged with N2 for 10 min, were 

added. The vial was capped with a Teflon-lined screw cap under a flow of N2 and the reaction 

mixture was stirred vigorously (800 RPM) at 120 ºC for 18 h. After removing the vial from heat, 

the reaction mixture was transferred to a 100 mL pear-shaped flask containing 2.0 g of silica gel 

with hexanes (6 mL) and CH2Cl2 (6 mL). The mixture was adsorbed onto the silica gel under 

reduced pressure and filtered over a plug of silica gel (4.0 cm OD x 3.0 cm, 300 mL of hexanes 

eluent to remove paraffin, then 250 mL of EtOAc eluent). The volatiles were removed under 

5.1 5.6 5.4

+
(nep)B

Ni(cod)2 (10 mol%)
Benz-ICy•HCl (5.2, 20 mol%)

DMPE (5.7, 2.5 equiv)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
18 h

(64% 1H NMR yield)

N

O
Bn

Boc

OH

(4.0 equiv)
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reduced pressure. 1H NMR analysis of the crude reaction mixture indicated a 64% yield of alcohol 

5.4 relative to 1,3,5-trimethoxybenzene external standard (average of two experiments). 

 

5.8.2.9.2 Procedure B: Employing an air-stable Ni(II) precatalyst 

 

A 1-dram vial was charged with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 equiv) and 

a magnetic stir bar. The vial and its contents were flame-dried under reduced pressure and allowed 

to cool under N2. Amide substrate 5.1 (67.9 mg, 0.200 mmol, 1.00 equiv), boronate ester 

nucleophile 5.6 (152 mg, 0.800 mmol, 4.00 equiv), DMPE (7, 82.6 mg, 0.500 mmol, 2.50 equiv), 

[(TMEDA)Ni(o-tolyl)Cl]48 (6.03 mg, 0.0200 mmol, 10 mol%), and Benz-ICy•HCl (5.2, 12.8 mg, 

0.0400 mmol, 20 mol%) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 

0.400 mmol, 2.00 equiv) and 1,4-dioxane (200 µL, 1.00 M), which had been sparged with N2 for 

10 min, were added. The vial was capped with a Teflon-lined screw cap under a flow of N2 and 

the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, 

the mixture was quenched by the addition of saturated aqueous NH4Cl (1 mL) and extracted with 

EtOAc (3 x 2 mL). The combined organic layers were then filtered over a plug of silica gel (3 cm) 

and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent. The volatiles were removed under reduced 

pressure. 1H NMR analysis of the crude reaction mixture indicated a 64% yield of alcohol 4 relative 

to 1,3,5-trimethoxybenzene external standard.  

 

5.1 5.6 5.4

+
(nep)B

DMPE (5.7, 2.5 equiv)
[(TMEDA)Ni(o-tolyl)Cl] (10 mol%)

Benz-ICy•HCl (5.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(64% 1H NMR yield)

N

O
Bn

Boc

OH

(4.0 equiv)
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5.8.2.10 Enantioselectivity Experiments  

 

A 1-dram vial was charged with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 equiv) and 

a magnetic stir bar. The vial and its contents were flame-dried under reduced pressure and allowed 

to cool under N2. Amide substrate 5.1 (67.9 mg, 0.200 mmol, 1.00 equiv), boronate ester 

nucleophile 5.6 (152 mg, 0.800 mmol, 4.00 equiv), and DMPE (5.7, 82.6 mg, 0.500 mmol, 2.50 

equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 mmol, 2.00 

equiv), which had been sparged with N2 for 10 min, was added. The vial was taken into a glovebox 

and charged with Ni(cod)2 (5.50 mg, 0.0200 mmol, 10 mol%) and Ligand A (5.71, 15.6 mg, 0.0400 

mmol, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. The vial was sealed 

with a Teflon-lined screw cap, removed from the glovebox, and stirred vigorously (800 RPM) at 

120 ºC for 16 h. After cooling to 23 ºC, the mixture was quenched by the addition of saturated 

aqueous NH4Cl (1 mL) and extracted with EtOAc (3 x 2 mL). The combined organic layers were 

then filtered over a plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent. 

1H NMR analysis of the crude reaction mixture indicated a 36% yield of alcohol 5.4 relative to 

1,3,5-trimethoxybenzene external standard. Purification by preparative thin-layer chromatography 

(4:1 Hexanes:EtOAc) provided an analytical sample of enantioenriched alcohol 5.4 as a clear oil. 

5.1 5.6 5.4

+
(nep)B

Ligand A (5.71, 20 mol%)
DMPE (5.7, 2.5 equiv)

Ni(cod)2 (10 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M), 120 ºC
16 h

(36% 1H NMR yield, 20% ee)

N
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OH

(4.0 equiv) (Not absolute stereochemistry)
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The spectral data match those previously reported in section 5.8.2.4 of Experimental Procedures 

for rac-5.4.  

  

5.8.2.11 Verification of Enantioenrichment 

Table 5.3.  Conditions and results of chiral SFC analysis of alcohol products 

Compound 
Method 

Column/Temp. 
Solvent 

Method 

Flow 

Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel ChiralPak 

AD-H/35 °C 

1% 

isopropanol 

in CO2 

3.5  

mL/min 
7.35/8.12 50:50 

 

Daicel ChiralPak 

AD-H/35 °C 

1% 

isopropanol 

in CO2 

3.5  

mL/min 
7.43/8.12 40:60 
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Ph
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Ph
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Ph

OH
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Figure 5.7. SFC trace of rac-5.4 (Table 5.3, Entry 1). 
 

 

          

 
Figure 5.8. SFC trace of enantionenriched-5.4 (Table 5.3, Entry 2). 
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5.8.2.12 Deuterium Incorporation Experiments 

5.8.2.12.1 Preparation of deuterated reducing agent d-DMPE (d-5.7) 

 

To a flame-dried flask equipped with a magnetic stir bar was added ketone 5.72 (50.0 mg, 0.307 

mmol, 1.00 equiv) and THF (3.0 mL, 0.10 M). The flask was cooled to 0 °C and lithium aluminum 

deuteride (39 mg, 0.921 mmol. 3.00 equiv) was added in a single portion. The reaction was then 

warmed to 23 °C and stirred for 1 h. The reaction was cooled to 0 °C and quenched by the 

sequential addition of MeOH (5 mL), and deionized water (3 mL) and the resulting mixture was 

transferred to a separatory funnel with CH2Cl2 (10 mL) and water (10 mL). The aqueous layer was 

extracted with CH2Cl2 (3 x 10 mL), then the organic layers were combined, dried over Na2SO4, 

and evaporated under reduced pressure. Purification of the crude residue by flash chromatography 

(4:1 Hexanes:EtOAc) afforded deuterated alcohol d-5.7 (46 mg, 91% yield) as a white solid. 

Alcohol d-5.7: Rf 0.33 (3:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.26 (d, J = 9.0, 2H), 

6.73 (d, J = 9.0, 2H), 2.94 (s, 3 H), 1.62 (s, 1H), 1.48 (s, 3H).  
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5.8.2.12.2 Deuterium incorporation experiments using d-DMPE (d-5.7) 

 

Conversion Yield of d-5.4 Yield of 5.4 
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5.9 Spectra Relevant to Chapter Five: 

 

Reductive Arylation of Amides via a Nickel-Catalyzed Suzuki–Miyaura Coupling and 

Transfer Hydrogenation Cascade 

Timothy B. Boit,† Milauni M. Mehta,† Junyong Kim, Emma L. Baker and Neil K. Garg. 

Angew. Chem., Int. Ed. 2021, 60, 2472–2477. 
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Figure 5.9 1H NMR (600 MHz, CDCl3) of compound 5.55. 
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Figure 5.10 13C NMR (125 MHz, CDCl3) of compound 5.55. 
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Figure 5.11 1H NMR (500 MHz, CDCl3) of compound 5.57. 
 
 

Figure 5.12 13C NMR (125 MHz, CDCl3) of compound 5.57. 
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Figure 5.13 1H NMR (500 MHz, CDCl3) of compound 5.42. 
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Figure 5.14 13C NMR (125 MHz, CDCl3) of compound 5.42. 
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Figure 5.15 1H NMR (600 MHz, CDCl3) of compound 5.4. 
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Figure 5.16 1H NMR (500 MHz, CDCl3) of compound 5.8. 
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SSB      0
LB                 0.30 Hz
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PC                 1.00

Figure 5.17 1H NMR (500 MHz, CDCl3) of compound 5.9. 
 
 

Figure 5.18 1H NMR (500 MHz, CDCl3) of compound 5.10. 
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F2 - Processing parameters
SI                65536
SF          600.1300288 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.19 1H NMR (600 MHz, CDCl3) of compound 5.11. 
 
 

Figure 5.20 1H NMR (600 MHz, CDCl3) of compound 5.12. 
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Figure 5.21 1H NMR (400 MHz, CDCl3) of compound 5.13. 
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F2 - Acquisition Parameters
Date_          20200715
Time              16.00
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
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AQ            2.6476543 sec
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======== CHANNEL f1 ========
NUC1                 1H
P1                11.75 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300276 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.22 1H NMR (600 MHz, CDCl3) of compound 5.13. 
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F2 - Acquisition Parameters
Date_          20200715
Time              15.56
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
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DE                 6.50 usec
TE                294.3 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                11.75 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300277 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.23 13C NMR (125 MHz, CDCl3) of compound 5.13. 
 
 

Figure 5.24 1H NMR (600 MHz, CDCl3) of compound 5.14. 
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F2 - Processing parameters
SI                65536
SF          500.1300120 MHz
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SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

4.354.40 ppm

Figure 5.25 13C NMR (125 MHz, CDCl3) of compound 5.14. 
 
 

Figure 5.26 1H NMR (500 MHz, CDCl3) of compound 5.15. 
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F2 - Acquisition Parameters
Date_          20191029
Time              19.46 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.27 13C NMR (125 MHz, CDCl3) of compound 5.15. 
 
 

Figure 5.28 1H NMR (500 MHz, CDCl3) of compound 5.16. 
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F2 - Processing parameters
SI                65536
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WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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F2 - Acquisition Parameters
Date_          20191029
Time              20.08 h
INSTRUM           av500
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PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  120
DS                    2
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PLW1        23.00000000 W
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NUC2                 1H
CPDPRG[2        waltz16
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PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577755 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.29 1H NMR (500 MHz, CDCl3) of compound 5.17. 
 
 

Figure 5.30 13C NMR (125 MHz, CDCl3) of compound 5.17. 
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F2 - Acquisition Parameters
Date_          20200803
Time              19.20 h
INSTRUM           av500
PROBHD   Z119248_0002 (
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TD                65536
SOLVENT           CDCl3
NS                    8
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D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.32 1H NMR (500 MHz, CDCl3) of compound 5.19. 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
20

0
1.

20
3

1.
40

4
1.

41
3

1.
55

2
1.

55
8

1.
56

1
1.

88
1

1.
89

7
1.

90
1

1.
90

4
1.

90
8

1.
92

2
1.

92
5

1.
92

9
2.

35
4

3.
26

7
3.

27
2

3.
29

1
3.

29
5

3.
31

4
3.

31
9

3.
34

0
3.

34
4

3.
36

3
3.

36
5

3.
36

8
3.

38
8

3.
39

2
3.

88
9

3.
89

7
4.

02
0

4.
02

9
4.

05
1

4.
68

2
4.

69
7

7.
13

4
7.

13
7

7.
14

9
7.

15
0

7.
15

1
7.

15
2

7.
16

3
7.

16
6

7.
17

8
7.

18
1

7.
19

3
7.

19
6

7.
21

6
7.

21
9

7.
23

1
7.

23
2

7.
23

4
7.

26
0

7.
40

9
7.

41
1

7.
42

4
7.

42
6

1.
11

2
1.

14
6

1.
68

7
1.

01
6

2.
12

6

3.
04

3

1.
07

0
1.

05
8

1.
10

6
1.

07
2

1.
02

2

2.
09

5
1.

06
6

1.
00

0

Current Data Parameters
NAME       MM-2019-294p
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20200107
Time               9.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
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TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

5.18
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Note: Mixture of 
diastereomers and 
conformers present

5.19

OH

N
Boc

Note: Mixture of 
diastereomers and 
conformers present

Figure 5.31 1H NMR (500 MHz, CDCl3) of compound 5.18. 
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F2 - Acquisition Parameters
Date_          20200803
Time              19.54 h
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NS                  536
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
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F2 - Processing parameters
SI               131072
SF          125.7577733 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.33 13C NMR (125 MHz, CDCl3) of compound 5.19. 
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F2 - Acquisition Parameters
Date_          20200731
Time               8.40 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300119 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.34 1H NMR (500 MHz, CDCl3) of compound 5.20. 
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F2 - Acquisition Parameters
Date_          20200107
Time               9.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.35 1H NMR (500 MHz, CDCl3) of compound 5.28. 
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NAME       MM-2019-294p
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F2 - Acquisition Parameters
Date_          20200106
Time              18.38
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                296.9 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127584 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.36 13C NMR (125 MHz, CDCl3) of compound 5.28. 
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F2 - Acquisition Parameters
Date_          20200107
Time              18.32
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                322.5
DW               40.400 usec
DE                 6.50 usec
TE                295.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                16.50 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300288 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.37 1H NMR (600 MHz, CDCl3) of compound 5.29. 
 
 

220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

21
.6

1
29

.4
0

29
.5

1

42
.4

9

67
.8

3
68

.0
3

79
.0

7

12
3.

85
12

7.
38

12
8.

42
12

8.
69

13
8.

24
14

2.
97

Current Data Parameters
NAME       MM-2019-292p
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F2 - Acquisition Parameters
Date_          20191204
Time              16.38
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                296.7 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127575 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.38 13C NMR (125 MHz, CDCl3) of compound 5.29. 
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Current Data Parameters
NAME       MM-2019-286p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20191126
Time              15.00
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                161.3
DW               50.000 usec
DE                 6.00 usec
TE                294.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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PROCNO                1

F2 - Acquisition Parameters
Date_          20191127
Time              10.14 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  184
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577751 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.40 13C NMR (125 MHz, CDCl3) of compound 5.30. 
 
 

Figure 5.39 1H NMR (500 MHz, CDCl3) of compound 5.30. 
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Current Data Parameters
NAME       MM-2020-051p
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200301
Time              14.13
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  362
DW               40.400 usec
DE                 6.50 usec
TE                300.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                16.50 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300289 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.41 1H NMR (600 MHz, CDCl3) of compound 5.31. 
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Current Data Parameters
NAME       MM-2020-051p
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20200301
Time              15.26 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  152
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577739 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.42 13C NMR (125 MHz, CDCl3) of compound 5.31. 
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Current Data Parameters
NAME       MM-2020-034p
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20200216
Time              17.51 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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NAME       MM-2020-034p
EXPNO                17
PROCNO                1

F2 - Acquisition Parameters
Date_          20200709
Time              13.49 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  216
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.44 13C NMR (125 MHz, CDCl3) of compound 5.32. 
 
 

Figure 5.43 1H NMR (500 MHz, CDCl3) of compound 5.32. 
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Current Data Parameters
NAME       MM-2020-035p
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20200216
Time              19.19 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300125 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.45 1H NMR (500 MHz, CDCl3) of compound 5.33. 
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Current Data Parameters
NAME       MM-2020-035p
EXPNO                 9
PROCNO                1

F2 - Acquisition Parameters
Date_          20200216
Time              19.27 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   56
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577745 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.46 13C NMR (125 MHz, CDCl3) of compound 5.33. 
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Current Data Parameters
NAME      MM-2019-284rp
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20200112
Time              13.12 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.47 1H NMR (500 MHz, CDCl3) of compound 5.34. 
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Current Data Parameters
NAME      MM-2019-284rp
EXPNO               250
PROCNO                1

F2 - Acquisition Parameters
Date_          20191204
Time              20.51
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                296.6 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127578 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.48 13C NMR (100 MHz, CDCl3) of compound 5.34. 
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Current Data Parameters
NAME      MM-2020-039rp
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20200218
Time              17.44 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.49 1H NMR (500 MHz, CDCl3) of compound 5.35. 
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LB                 1.00 Hz
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PC                 1.40

Figure 5.50 13C NMR (125 MHz, CDCl3) of compound 5.35. 
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Figure 5.52 13C NMR (125 MHz, CDCl3) of compound 5.36. 
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F2 - Acquisition Parameters
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F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.51 1H NMR (500 MHz, CDCl3) of compound 5.36. 
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Figure 5.53 1H NMR (600 MHz, CDCl3) of compound 5.37. 
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F2 - Acquisition Parameters
Date_          20200315
Time              19.56 h
INSTRUM           av500
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TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
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RG                12.14
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PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.54 1H NMR (500 MHz, CDCl3) of compound 5.37. 
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F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
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SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.56 1H NMR (500 MHz, CDCl3) of compound 5.40. 
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F2 - Processing parameters
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SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.55 13C NMR (125 MHz, CDCl3) of compound 5.37. 
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Figure 5.57 13C NMR (125 MHz, CDCl3) of compound 5.40. 
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F2 - Processing parameters
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SF          400.1300176 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.58 1H NMR (400 MHz, CDCl3) of compound 5.43. 
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PC                 1.00

Figure 5.60 1H NMR (400 MHz, CDCl3) of compound d-5.7. 
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SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.59 1H NMR (500 MHz, CDCl3) of compound 5.70. 
 
 

5.70

O

N

Ph

N
O

d-5.7

Me

DHO

Me2N



 334 

5.10 Notes and References 

 
(1) Larock, R. C. Comprehensive Organic Transformations: A Guide to Functional Group 

Preparation; 2nd Ed. John Wiley & Sons: New York, 1997.  

(2) For the classic Weinreb amide synthesis of ketones from amides via a tetrahedral intermediate, 

see: Nahm, S.; Weinreb, S. M. N-Methoxy-N-methylamides as Effective Acylating Agents 

Tetrahedron Lett. 1981, 22, 3815–3818. 

(3) For a related synthetic method that allows for the addition of two nucleophiles to substituted 

ureas, thus affording ketone products, see: Heller, S. T.; Newton, J. N.; Fu, T.; Sarpong, R. 

One‐pot Unsymmetrical Ketone Synthesis Employing a Pyrrole‐Bearing Formal Carbonyl 

Dication Linchpin Reagent. Angew. Chem., Int. Ed. 2015, 54, 9839–9843. 

(4) For representative reviews and publications on the non-decarbonylative transition metal-

catalyzed cross-coupling of carboxylic acid derivatives, see: (a) Liebeskind, L. S.; Srogl, J. 

Thiol Ester−Boronic Acid Coupling. A Mechanistically Unprecedented and General Ketone 

Synthesis. J. Am. Chem. Soc. 2000, 122, 45, 11260–11261. (b) Cheng, H.-G.; Chen, H.; Liu, 

Y.; Qianghui, Z. The Liebeskind–Srogl Cross‐Coupling Reaction and its Synthetic 

Applications. Asian J. Org. Chem. 2008, 7, 490–508. (c) Johnson, J. B.; Rovis, T. 

Enantioselective Cross-Coupling of Anhydrides with Organozinc Reagents: The Controlled 

Formation of Carbon−Carbon Bonds through the Nucleophilic Interception of Metalacycles. 

Acc. Chem. Res. 2008, 41, 327–338. (d) Gooßen, L. J.; Rodriguez, N.; Gooßen, K. Carboxylic 

Acids as Substrates in Homogeneous Catalysis. Angew. Chem., Int. Ed. 2008, 47, 3100–3120. 

(e) Albano, G.; Aronica, L. A. Acyl Sonogashira Cross-Coupling: State of the Art and 

Application to the Synthesis of Heterocyclic Compounds. Catalysts 2020, 10, 25–61. (f) 

 



 335 

 
Blangetti, M.; Rosso, H.; Prandi, C.; Deagostino, A.; Venturello, P. Suzuki-Miyaura Cross-

Coupling in Acylation Reactions, Scope and Recent Developments. Molecules 2013, 18, 

1188–1213. (g) Hirschbeck, V.; Gehrtz, P. H.; Fleischer, I. Metal‐Catalyzed Synthesis and 

Use of Thioesters: Recent Developments. Chem. Eur. J. 2018, 24, 7092–7107. (h) Ogiwara, 

Y.; Sakai, N. Acyl Fluorides in Late‐Transition‐Metal Catalysis. Angew. Chem., Int. Ed. 2020, 

59, 574–594. (i) Gooßen, L. J.; Gooßen, K.; Rodriguez, N.; Blanchot, M.; Linder, C.; 

Zimmermann, B. New Catalytic Transformations of Carboxylic Acids. Pure Appl. Chem. 

2008, 80, 1725–1733. (j) Meng, G.; Shi, S.; Szostak, M. Cross-Coupling of Amides by N–

C Bond Activation. Synlett 2016, 27, 2530–2540. (k) Liu, C.; Szostak, M. Twisted Amides: 

From Obscurity to Broadly Useful Transition‐Metal‐Catalyzed Reactions by N−C Amide 

Bond Activation. Chem. Eur. J. 2017, 23, 7157–7173. (l) Dander, J. E.; Garg, N. K. Breaking 

Amides using Nickel Catalysis. ACS Catal. 2017, 7, 1413–1423. (m) Takise, R.; Muto, K.; 

Yamaguchi, J. Cross-Coupling of Aromatic Esters and Amides. Chem. Soc. Rev. 2017, 46, 

5864–5888. (n) Meng, G.; Szostak, M. N‐Acyl‐Glutarimides: Privileged Scaffolds in Amide 

N–C Bond Cross‐Coupling. Eur. J. Org. Chem. 2018, 2352–2365. (o) Buchspies, J.; Szostak, 

M. Recent Advances in Acyl Suzuki Cross-Coupling. Catalysts 2019, 9, 53–75.  

(5) Hu, J.; Zhao, Y.; Liu, J.; Zhang, Y.; Shi, Z. Nickel‐Catalyzed Decarbonylative Borylation of 

Amides: Evidence for Acyl C−N Bond Activation. Angew. Chem., Int. Ed. 2016, 55, 8718–

8722. 

(6) These cascade reactions could involve either one or two catalytic steps. For discussion on the 

definitions of cascade and tandem processes, see: (a) Fogg, D. E.; dos Santos, E. N. Tandem 

 



 336 

 
Catalysis: A Taxonomy and Illustrative Review. Coord. Chem. Rev. 2004, 248, 2365–2379. 

(b) Hayashi, Y. Pot Economy and One-Pot Synthesis. Chem. Sci. 2016, 7, 866–880. 

(7) For representative examples of one-pot, sequential protocols for the reductive functionalization 

of amides, see: (a) Meyers, A.; Comins, D. N-Methylamino Pyridyl Amides (mapa) II. An 

Efficient Acylating Agent for Various Nucleophiles and Sequential Addition to 

Unsymmetrical tert-Alcohols. Tetrahedron Lett. 1978, 19, 5179–5182. (b) Oda, Y.; Sato, T.; 

Chida, N. Direct Chemoselective Allylation of Inert Amide Carbonyls. Org. Lett. 2012, 14, 

950–953. (c) Zheng, X.; Liu, J.; Ye, C.-X.; Wang, A.; Wang, A.-E.; Huang, P.-Q. SmI2-

Mediated Radical Coupling Strategy to Securinega Alkaloids: Total Synthesis of (−)-14, 15-

Dihydrosecurinine and Formal Total Synthesis of (−)-Securinine. J. Org. Chem. 2015, 80, 

1034–1041. (d) Dander, J. E.; Giroud, M.; Racine, S.; Darzi, E. R.; Alvizo, O.; Entwistle, D.; 

Garg, N. K. Chemoenzymatic Conversion of Amides to Enantioenriched Alcohols in Aqueous 

Medium. Commun. Chem. 2019, 2, 82. (e) Ong, D. Y.; Fan, D.; Dixon, D. J.; Chiba, S. 

Transition‐Metal‐Free Reductive Functionalization of Tertiary Carboxamides and Lactams 

for α‐Branched Amine Synthesis. Angew. Chem., Int. Ed. 2020, 59, 11903–11907. 

(8) Kaiser, D.; Bauer, A.; Lemmerer, M.; Maulide, N. Amide Activation: An Emerging Tool for 

Chemoselective Synthesis. Chem. Soc. Rev. 2018, 47, 7899–7925. 

(9) Hie, L.; Fine Nathel, N. F.; Shah, T.; Baker, E. L.; Hong, X.; Yang, Y.-F.; Liu, P.; Houk, K. 

N.; Garg, N. K. Conversion of Amides to Esters by the Nickel-Catalysed Activation of Amide 

C–N Bonds. Nature 2015, 524, 79–83 

 



 337 

 
(10) Pauling, L.; Corey, R. B. Configurations of Polypeptide Chains with Favored Orientations 

Around Single Bonds: Two New Pleated Sheets. Proc. Natl. Acad. Sci. USA 1951, 37, 729–

740.  

(11) Gabriel, P.; Gregory, A. W.; Dixon, D. J. Iridium-Catalyzed Aza-Spirocyclization of Indole-

Tethered Amides: An Interrupted Pictet–Spengler Reaction. Org. Lett. 2019, 21, 6658–6662. 

(12) For examples of one-pot, sequential reductive functionalizations of tertiary amides, see: (a) 

Gregory, A. W.; Chambers, A.; Hawkins, A.; Jakubec, P.; Dixon, D. J. Iridium‐Catalyzed 

Reductive Nitro-Mannich Cyclization. Chem. Eur. J. 2015, 21, 111–114. (b) Tan, P. W.; 

Seayad, J.; Dixon, D. J. Expeditious and Divergent Total Syntheses of Aspidosperma 

Alkaloids Exploiting Iridium (I)‐Catalyzed Generation of Reactive Enamine Intermediates. 

Angew. Chem., Int. Ed. 2016, 55, 13436–13440. (c) Xie, L-G.; Dixon, D. J. Tertiary Amine 

Synthesis via Reductive Coupling of Amides with Grignard Reagents. Chem. Sci. 2017, 8, 

7492–7497. (d) Fuentes de Arriba, Á. L.; Lenci, E.; Sonawane, M.; Formery, O.; Dixon, D. 

J. Iridium‐Catalyzed Reductive Strecker Reaction for Late‐Stage Amide and Lactam 

Cyanation. Angew. Chem., Int. Ed. 2017, 56, 3655–3659. (e) Xie, L.-G.; Dixon, D. J. Iridium-

Catalyzed Reductive Ugi-Type Reactions of Tertiary Amides. Nat. Commun. 2018, 9, 2841. 

(f) Gabriel, P.; Xie, L.-G.; Dixon, D. J. Iridium-Catalyzed Reductive Coupling of Grignard 

Reagents and Tertiary Amides. Org. Synth. 2019, 96, 511–527. (g) T. Rogova, P. Gabriel, S. 

Zavitsanou, J. A. Leitch, F. Duarte, D. J. Dixon. Reverse Polarity Reductive Functionalization 

of Tertiary Amides via a Dual Iridium-Catalyzed Hydrosilylation and Single Electron 

Transfer Strategy. ACS Catal. 2020, 10, 11438–11447. (h) For a review, see: Matheau-Raven, 

D.; Gabriel, P.; Leitch, J. A.; Almehmadi, Y. A.; Yamazaki, K.; Dixon, D. J. Catalytic 

 



 338 

 
Reductive Functionalization of Tertiary Amides using Vaska's Complex: Synthesis of 

Complex Tertiary Amine Building Blocks and Natural Products. ACS Catal. 2020, 10, 8880–

8897. 

(13) Although definitions for step count vary widely in the literature, here we employ the term 

“operational step” to indicate the number of reagent additions. Cascade reactions involving a 

single operational step enjoy certain practical advantages, such as operational simplicity, over 

complementary cascade reactions requiring multiple reagent additions. Moreover, cascade 

reactions involving one operational step present additional challenges to the organic chemist 

including the design of reaction conditions suitable for both transformations. 

(14) Wu, X.; Li, X.; Huang, W.; Wang, Y.; Xu, H.; Cai, L.; Qu, J.; Chen, Y. Direct Transformation 

of Aryl 2-Pyridyl Esters to Secondary Benzylic Alcohols by Nickel Relay Catalysis. Org. 

Lett. 2019, 21, 2453–2458. 

(15) Bandar, J. S.; Ascic, E.; Buchwald, S. L. Enantioselective CuH-Catalyzed Reductive 

Coupling of Aryl Alkenes and Activated Carboxylic Acids. J. Am. Chem. Soc. 2016, 138, 

5821–5824. 

(16) Zhang, S.; del Pozo, J.; Romiti, F.; Mu, Y.; Torker, S.; Hoveyda, A. Delayed Catalyst Function 

Enables Direct Enantioselective Conversion of Nitriles to NH2-Amines. Science 2019, 364, 

45–51. 

(17) Further advantages of cascade reactions in regard to efficiency include the avoidance of 

intermediate purification, improved atom economy, and reduced waste generation. For 

general reviews on cascade reactions, see: (a) Ref. 6. (b) Tietze, L. F.; Brasche, G.; Gericke, 

K. Domino Reactions in Organic Synthesis, Wiley-VCH, Weinheim, 2006. (c) Tietze, L. F.; 

 



 339 

 
Beifuss, U. Sequential Transformations in Organic Chemistry: A Synthetic Strategy with a 

Future. Angew. Chem., Int. Ed. 1993, 32, 131–163. (d) Tietze, L. F. Domino Reactions in 

Organic Synthesis. Chem. Rev. 1996, 96, 115–136. (e) Ho, T.-L. Tandem Organic Reactions, 

Wiley, New York, 1992. (f) Bunce, R. A. Recent Advances in the Use of Tandem Reactions 

for Organic Synthesis. Tetrahedron 1995, 51, 13103–13159. (g) Trost, B. M. The Atom 

Economy–A Search for Synthetic Efficiency. Science 1991, 254, 1471–1477. (h) Trost, B. M. 

Atom Economy—A Challenge for Organic Synthesis: Homogeneous Catalysis Leads the 

Way. Angew. Chem., Int. Ed. 1995, 34, 259–281. (i) Nicolaou, K. C.; Edmonds, D. J.; Bulger, 

P. G. Cascade Reactions in Total Synthesis. Angew. Chem., Int. Ed. 2006, 45, 7134–7186. (j) 

Romiti, F.; del Pozo, J.; Paioti, P. H. S.; Gonsales, S. A.; Li, X.; Hartrampf, F. W. W.; 

Hoveyda, A. Different Strategies for Designing Dual-Catalytic Enantioselective Processes: 

From Fully Cooperative to Non-Cooperative Systems. J. Am. Chem. Soc. 2019, 141, 17952–

17961. (k) Jones, A.; Stoltz, B. M.; May, J. A.; Sarpong, R. S. Toward a Symphony of 

Reactivity: Cascades Involving Catalysis and Sigmatropic Rearrangements. Angew. Chem., 

Int. Ed. 2014, 535, 2556–2591. 

(18) For reviews on nickel catalysis see: (a) Tasker, S. Z.; Standley, E. A.; Jamison, T. F. Recent 

Advances in Homogeneous Nickel Catalysis. Nature 2014, 509, 299–309. (b) Rosen, B. M.; 

Quasdorf, K. W.; Wilson, D. A.; Zhang, N.; Resmerita, A.-M.; Garg, N. K.; Percec, V. Nickel-

Catalyzed Cross-Couplings Involving Carbon–Oxygen Bonds. Chem. Rev. 2011, 111, 1346–

1416. 

(19) For our laboratory’s nickel-catalyzed Suzuki–Miyaura couplings of amides, see: (a) Weires, 

N. A.; Baker, E. L.; Garg, N. K. Nickel-Catalysed Suzuki–Miyaura Coupling of Amides. Nat. 

 



 340 

 
Chem. 2016, 8, 75–79. (b) Boit, T. B.; Weires, N. A.; Kim, J.; Garg, N. K. Nickel-Catalyzed 

Suzuki–Miyaura Coupling of Aliphatic Amides. ACS Catal. 2018, 8, 1003–1008.  

(20) Johnstone, R. A. W.; Wilby, A. H.; Entwistle, I. D. Heterogeneous Catalytic Transfer 

Hydrogenation and its Relation to Other Methods for Reduction of Organic Compounds. 

Chem. Rev. 1985, 85, 129−170. 

(21) This catalytic reductive arylation protocol complements the known catalytic reductive 

alkylation and reductive allylation methods shown in Figure 5.1b.  

(22) Despite its air-sensitivity, Ni(cod)2 has been used in more than 800 synthetic methodology 

studies (see ref 23a).  Moreover, it has been used in several process research studies, 

suggesting its value in manufacturing.  For select studies, see: (a) Dawson, D. D.; Jarvo, E. 

R. Stereospecific Nickel-Catalyzed Cross-Coupling Reactions of Benzylic Ethers with 

Isotopically-Labeled Grignard Reagents. Org. Process Res. Dev. 2015, 19, 1356–1359. (b) 

Liu, J.; Gao, S.; Chen, M. Preparation of Bifunctional Allylboron Reagent and Application to 

Aldehyde Allylboration. Org. Process Res. Dev. 2019, 23, 1659–1662. 

(23) For the use of Ni(cod)2 on the benchtop, paraffin wax encapsulation has proven to be an 

effective strategy, including for the Suzuki–Miyaura coupling of aliphatic amides; see: a) 

Dander, J. E.; Weires, N. A.; Garg, N. K. Org. Lett. 2016, 18, 3934–3936. (b) Mehta, M. M.; 

Boit, T. B.; Dander, J. E.; Garg, N. K. Ni-Catalyzed Suzuki–Miyaura Cross-Coupling of 

Aliphatic Amides on the Benchtop. Org. Lett. 2020, 22, 1–5. 

(24) In our prior studies, we have shown that the Suzuki–Miyaura coupling of aliphatic amides 

requires high temperatures, presumably to facilitate the transmetalation step. 

 



 341 

 
(25) For seminal publications, see: (a) Meerwein, H.; Schmidt, R. Ein neues Verfahren zur 

Reduktion von Aldehyden und Ketonen. Liebigs Ann. 1925, 444, 221−238. (b) Verley, A. The 

Exchange of Functional Groups Between Two Molecules. The Passage of Ketones to 

Alcohols and the Reverse. Bull. Soc. Chim. Fr. 1925, 37, 871−874. (c) Ponndorf, W. Z. Der 

reversible Austausch der Oxydationsstufen zwischen Aldehyden oder Ketonen einerseits und 

primären oder sekundären Alkoholen anderseits. Angew. Chem. 1926, 39, 138−143.  

(26) For reviews, see: (a) Cha, J. S. Recent Developments in Meerwein−Ponndorf−Verley and 

Related Reactions for the Reduction of Organic Functional Groups Using Aluminum, Boron, 

and Other Metal Reagents:  A Review. Org. Process Res. Dev. 2006, 10, 1032−1053. (b) de 

Graauw, C. F.; Peters, J. A.; van Bekkum, H.; Huskens, J. Meerwein-Ponndorf-Verley 

Reductions and Oppenauer Oxidations: An Integrated Approach. Synthesis 1994, 1007−1017. 

(c) Inch, T. D. Asymmetric Synthesis. Synthesis 1970, 466−473. (d) Nishide, K.; Node, M. 

Recent Development of Asymmetric Syntheses Based on the Meerwein‐Ponndorf‐Verley 

Reduction. Chirality 2002, 14, 759−767. (e) Ooi, T.; Miura, T.; Itagaki, Y.; Ichikawa, H.; 

Maruoka, K. Catalytic Meerwein–Ponndorf–Verley (MPV) and Oppenauer (OPP) Reactions: 

Remarkable Acceleration of the Hydride Transfer by Powerful Bidentate Aluminum 

Alkoxides. Synthesis 2002, 279−291. (f) Wilds, A. L. Org. React. 2011, 2, 178−223. (g) 

Djerassi, C. The Oppenauer Oxidation. Org. React. 2011, 6, 207−272.  

(27) When using i-PrOH as the solvent, up to 39% yield of the corresponding ester product was 

observed by 1H NMR. 

(28) Boit, T. B.; Mehta, M. M.; Garg, N. K. Base-Mediated Meerwein–Ponndorf–Verley 

Reduction of Aromatic and Heterocyclic Ketones. Org. Lett. 2019, 21, 6447–6451.  

 



 342 

 
(29) We anticipated that the stability of the doubly vinylogous amide byproduct resulting from 

oxidation of DMPE (5.7) would drive the transfer hydrogenation reaction forward.  

(30) (a) Verheyen, T.; van Turnhout, L.; Vandavasi, J. K.; Isbrandt, E. S.; De Borggraeve, W. M.; 

Newman, S. G. Ketone Synthesis by a Nickel-Catalyzed Dehydrogenative Cross-Coupling of 

Primary Alcohols. J. Am. Chem. Soc. 2019, 141, 6869–6874. (b) Bera, S.; Bera, A.; Banerjee, 

D. Nickel-Catalyzed Hydrogen-Borrowing Strategy: Chemo-Selective Alkylation of Nitriles 

with Alcohols. Chem. Commun. 2020, 56, 6850–6853. (c) Berini, C.; Brayton, D. F.; Mocka, 

C.; Navarro, O. Homogeneous, Anaerobic (N-Heterocyclic Carbene)-Pd or -Ni Catalyzed 

Oxidation of Secondary Alcohols at Mild Temperatures. Org. Lett. 2009, 11, 4244–4247. 

(31) It should be noted that for subsequent evaluation of the scope of the methodology, boronates 

derived from both pinacol and neopentyl glycol were used. We generally recommend the use 

of boronates derived from neopentyl glycol. However, the superior commercial availability 

of boronates derived from pinacol can sometimes be advantageous.  

(32) Notably, the reductive arylation of amide 5.1 could be performed on the benchtop by 

employing either (a) a paraffin wax capsule charged with the precatalyst/ligand combination, 

Ni(cod)2/Benz-ICy•HCl, or (b) the air-stable Ni(II) precatalyst [(TMEDA)Ni(o-tolyl)Cl]. See 

section 5.8.2.9 for details. 

(33) When amides derived from benzoic acids were employed, using a Ni(cod)2 / SIPr 

catalyst/ligand system and 3-pentanol as the alcohol reductant in toluene at 50 °C for 16 h, 

the corresponding ester was observed in 85% yield as determined by 1H NMR analysis using 

hexamethylbenzene as an external standard. 

 



 343 

 
(34) Notably, under our standard Suzuki–Miyaura coupling conditions of the parent amide, 

epimerization of the stereocenter a to the amide carbonyl is observed affording a mixture of 

cis and trans diastereomers (see ref. 19b.) 

(35) For transition metal-catalyzed cleavage of the acyl C–O bond of esters, see: (a) Muto, K.; 

Yamaguchi, J.; Musaev, D. G.; Itami, K. Decarbonylative Organoboron Cross-Coupling of 

Esters by Nickel Catalysis. Nat. Commun. 2015, 6, 7508. (b) LaBerge, N. A.; Love, J. A. 

Nickel‐Catalyzed Decarbonylative Coupling of Aryl Esters and Arylboronic Acids. Eur. J. 

Org. Chem. 2015, 5546–5553. (c) Halima, T. B.; Vandavasi, J. K.; Shkoor, M.; Newman, S. 

G. A Cross-Coupling Approach to Amide Bond Formation from Esters. ACS Catal. 2017, 7, 

2176–2180. (d) Kruckenberg, A.; Wadepohl, H.; Gade, L. H. 

Bis(diisopropylphosphinomethyl)amine Nickel(II) and Nickel(0) Complexes: Coordination 

Chemistry, Reactivity, and Catalytic Decarbonylative C–H Arylation of Benzoxazole. 

Organometallics 2013, 32, 5153–5170. (e) Yue, H.; Guo, L.; Liao, H.-H.; Cai, Y.; Zhu, C.; 

Rueping, M. Catalytic Ester and Amide to Amine Interconversion: Nickel‐Catalyzed 

Decarbonylative Amination of Esters and Amides by C–O and C–C Bond Activation. Angew. 

Chem., Int. Ed. 2017, 56, 4282–4285. (f) Yu, H.; Guo, L.; Lee, S.-C.; Liu, X.; Rueping, M. 

Selective Reductive Removal of Ester and Amide Groups from Arenes and Heteroarenes 

through Nickel‐Catalyzed C–O and C–N Bond Activation. Angew. Chem., Int. Ed. 2017, 56, 

3972–3976. (g) Halima, T. B.; Zhang, W.; Yalaoui, I.; Hong, X.; Yang, Y.; Houk, K. N.; 

Newman, S. G. Palladium-Catalyzed Suzuki–Miyaura Coupling of Aryl Esters. J. Am. Chem. 

Soc. 2017, 139, 1311–1318. (h) Halima, T. B.; Masson-Makdissi, J.; Newman, S. G. Nickel‐

Catalyzed Amide Bond Formation from Methyl Esters. Angew. Chem., Int. Ed. 2018, 57, 

 



 344 

 
12925–12929. (i) Zheng, Y.-L.; Newman, S. G. Methyl Esters as Cross-Coupling 

Electrophiles: Direct Synthesis of Amide Bonds. ACS Catal. 2019, 9, 4426–4433. (j) Zheng, 

Y.-L.; Newman, S. G. Nickel‐Catalyzed Domino Heck‐Type Reactions Using Methyl Esters 

as Cross‐Coupling Electrophiles. Angew. Chem., Int. Ed. 2019, 58, 18159–18164. 

(36) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the Structural Diversity, Substitution 

Patterns, and Frequency of Nitrogen Heterocycles Among US FDA Approved 

Pharmaceuticals: Miniperspective. J. Med. Chem. 2014, 57, 10257–10274. 

(37) Collins, K. D.; Glorius, F. A Robustness Screen for the Rapid Assessment of Chemical 

Reactions. Nat. Chem. 2013, 5, 597–601. 

(38) The robustness screen was carried out using amide 5.21 and boronate 5.6, with one equivalent 

of additive. Additives 5.22–5.27 were recovered in near quantitative yields and did not 

significantly hinder the reductive arylation reaction. See section 5.8.2.8 for details.   

(39) The amide coupling partner was varied in order to simplify isolation of purified products.   

(40) For nickel-catalyzed cleavage of the aryl C–O bond of aryl ethers, see: (a) Wenkert, E.; 

Michelotti, E. L.; Swindell, C. S. Nickel-Induced Conversion of Carbon-Oxygen into Carbon-

Carbon bonds. One-Step Transformations of Enol Ethers into Olefins and Aryl Ethers into 

Biaryls. J. Am. Chem. Soc. 1979, 101, 2246–2247. (b) Wenkert, E.; Michelotti, E. L.; 

Swingdell, C. S.; Tingoli, M. Transformation of Carbon-Oxygen into Carbon-Carbon Bonds 

Mediated by Low-Valent Nickel Species. J. Org. Chem. 1984, 49, 4894–4899. (c) Dankwardt, 

J. W. Nickel‐Catalyzed Cross‐Coupling of Aryl Grignard Reagents with Aromatic Alkyl 

Ethers: An Efficient Synthesis of Unsymmetrical Biaryls. Angew. Chem., Int. Ed. 2004, 43, 

2428–2432. (d) Guan, B.-T.; Xiang, S.-K.; Wu, T.; Sun, Z.-P.; Wang, B.-Q.; Zhao, K.-Q.; 

 



 345 

 
Shi, Z.-J. Methylation of Arenes via Ni-Catalyzed Aryl C–O/F Activation. Chem. Commun. 

2008, 1437–1439. (e) Tobisu, M.; Shimasaki, T.; Chatani, N. Nickel‐Catalyzed Cross‐

Coupling of Aryl Methyl Ethers with Aryl Boronic Esters. Angew. Chem., Int. Ed. 2008, 47, 

4866–4869. (f) Sergeev, A. G.; Hartwig, J. F. Selective, Nickel-Catalyzed Hydrogenolysis of 

Aryl Ethers. Science 2011, 322, 439–443.  

(41) For the nickel-catalyzed cleavage of the aryl C–N bond of dimethylanilines, see: Cao, Z.-C.; 

Xie, S.-J.; Fang, H.; Shi, Z.-J. Ni-Catalyzed Cross-Coupling of Dimethyl Aryl Amines with 

Arylboronic Esters Under Reductive Conditions. J. Am. Chem. Soc. 2018, 140, 13575−13579. 

(42) When boronates bearing para electron-donating groups were employed, a significant amount 

of the ketone intermediate was observed. For example, the coupling of amide 5.1 with p-

NMe2Ph–B(pin) under our standard reaction conditions gave the corresponding ketone and 

alcohol in 17% and 42% yields, respectively.  

(43) Rombouts, F. J. R.; Trabanco-Suárez, A. A.; Gijsen, H. J. M.; Macdonald, G. J.; Bischoff, F. 

P.; Alonso-de Diego, S.-A.; Velter, A. I.; Van Roosbroeck, Y. E. M. Substituted 3,4-Dihydro- 

2H-pyrido[1,2-a]pyrazine-1,6-dione Derivatives Useful for the Treatment of (Inter Alia) 

Alzheimer's Disease. (Janssen Pharmaceuticals, Inc.), WO2013171712A1, 2013. 

(44) Zhao, S.; Guo, Y.; Han, E.-J.; Luo, J.; Liu, H.-M.; Liu, C.; Xie, W.; Zhang, W.; Wang, M. 

Copper (II)-Catalyzed Trifluoromethylation of Iodoarenes Using Chen's Reagent. Org. Chem. 

Front. 2018, 5, 1143–1147. 

(45) An exciting opportunity lies in catalytic asymmetric variants of our strategy. In an 

encouraging preliminary result, we have found that the use of a chiral NHC ligand allows for 

the synthesis of 5.4 in 36% yield and 20% ee. See sections 5.8.2.10 and 5.8.2.11 for details.  

 



 346 

 
(46) Boit, T. B.; Mehta, M. M.; Garg, N. K. Base-mediated Meerwein–Ponndorf–Verley reduction 

of aromatic and heteroaromatic ketones. Org. Lett. 2019, 21, 6447–6451. 

(47) Fier, P. S.; Luo, J.; Hartwig, J. F. Copper-mediated fluorination of arylboronate esters. 

Identification of a copper(III) fluoride complex. J. Am. Chem. Soc. 2013, 135, 2552–2559 

(48) Shields, J. D.; Gray, E. E.; Doyle, A. G. A modular air-stable nickel precatalyst. Org. Lett. 

2020, 17, 2166–2169. 

(49) He, W.; Zhao, W.; Zhou, B.; Liu, H.; Li, X.; Li, L.; Li, J.; Shi, J. Synthesis of C2-symmetric 

benzimidazolium salts and their application in palladium-catalyzed enantioselective 

intramolecular a-arylation of amides. Molecules 2016, 21, 742–748. 

(50) Hie, L.; Baker, E. L.; Anthony, S. M.; Desrosiers, J. -N.; Senanayake, C.; Garg, N. K. Nickel-

catalyzed esterification of aliphatic amides. Angew. Chem., Int. Ed. 2016, 65, 15129–15132. 

(51) Boit, T. B.; Weires, N. A.; Kim, J.; Garg, N. K. Nickel-catalyzed Suzuki–Miyaura coupling 

of aliphatic amides. ACS Catal. 2018, 8, 1003–1008.  

(52) Dander, J. E.; Baker, E. L.; Garg, N. K. Nickel-catalyzed transamidation of aliphatic amide 

derivatives. Chem. Sci. 2017, 8, 6433–6438. 

(53) Lamani, M.; Ravikumara, G. S.; Prabhu, K. R. Iron(III) chloride-catalysed aerobic reduction 

of olefins using aqueous hydrazine at ambient temperature. Adv. Synth. Catal. 2012, 354, 

1437–1442. 

(54) Genc, S.; Arslan, B.; Gulcemal, S.; Gunnaz, S.; Cetinkaya, B.; Gulcemal, D. Iridium(I)-

catalyzed C–C and C–N bond forming reactions via the borrowing hydrogen strategy. J. Org. 

Chem. 2019, 84, 6286–6297. 

 



 347 

 
(55) Rahaim, R. J.; Maleczka, R. E. C–O hydrogenolysis catalyzed by Pd-PMHS nanoparticles in 

the company of chloroarenes. Org. Lett. 2011, 13, 584–587. 

(56) Kabalka, G. W.; Wu, Z.; Ju, W. Alkylation of aromatic aldehydes with alkylboron chloride 

derivatives. Tetrahedron 2001, 57, 1663–1670.  

(57) Gaykar, R. N.; Bhunia, A.; Biju, A. T. Employing arynes for the generation of aryl anion 

equivalents and subsequent reaction with aldehydes. J. Org. Chem. 2018, 83, 11333–11340. 

(58) Orjales, A.; Mosquera, R.; Toledo, A.; Pumar, M. C.; Garcia, N.; Cortizo, L.; Labeaga, L.; 

Innerarity, A. Syntheses and binding studies of new [(aryl)(aryloxy)methyl]piperidine 

derivatives and related compounds as potential antidepressant drugs with high affinity for 

serotonin (5-HT) and norepinephrine (NE) transporters. J. Med. Chem. 2003, 46, 5512–5532. 

(59) Van Orden, L. J.; Van Dyke, P. M.; Saito, D. R.; Church, T. J.; Chang, R.; Smith, J. A. M.; 

Martin, W. J.; Jaw–Tsai, S.; Strangeland, E. L. A novel class of 3-(phenoxy-phenyl-methyl)-

pyrrolidines as potent and balanced norepinephrine and serotonin reuptake inhibitors: 

synthesis and structure-activity relationships. Bioorg & Med Chem. Lett. 2013, 23, 1456–

1461. 

(60) Jakobsson, J. E.; Gronnevik, G.; Riss, P. J. Organocatalyst-assisted Ar–18F bond formation: a 

universal procedure for direct aromatic radiofluorination. Chem. Commun. 2017, 53, 12906–

12909. 

(61) Perner, R. J.; Gu, Y.-G.; Lee, C.-H.; Bayburt, E. K.; McKie, J.; Alexander, K. M.; Kohlhaas, 

K. L.; Wismer, C. T.; Mikusa, J.; Jarvis, M. F.; Kowaluk, E. A.; Bhagwat, S. S. 5,6,7-

Trisubstituted 4-Aminopyrido[2,3-d]pyrimidines as novel inhibitors of adenosine kinase. J. 

Med. Chem. 2003, 46, 5249–5257. 

 



 348 

 
(62) Mehta, M. M.; Boit, T. B.; Dander, J. E.; Garg, N. K. Ni-catalyzed Suzuki–Miyaura cross-

coupling of aliphatic amides on the benchtop. Org. Lett. 2020, 22, 1–5. 




