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Development, Application and Mechanistic Investigation of Palladium Catalyzed  

Aerobic Oxidative Amination Methods 

By 

Adam B. Weinstein 

 

Under the supervision of Professor Shannon S. Stahl 

at the University of Wisconsin-Madison 

 

Abstract 

Palladium catalyzed oxidative transformations that employ readily available molecular oxygen as 

the stoichiometric oxidant enable economic synthetic routes to complex organic targets. This 

thesis focuses on the development of aerobic oxidative transformations that generate carbon–

nitrogen bonds. Chapters 2 and 3 describe research projects that have expanded the scope and 

mechanistic understanding of reactions that involve amidopalladation of alkenes (aza-Wacker 

reactions). Chapters 4, 5 and 6 describe research projects that have targeted the discovery of aryl 

C–H amination reactions. Palladium catalyzed aerobic C–H amination reactions have limited 

precedent. Several approaches to address this challenge were tested, and promising results are 

discussed. 
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Chapter 1 

 

 

A Survey of Issues Concerning the Development of Palladium 

Catalyzed Aerobic Oxidation of Alkenes and C–H Bonds 
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1.1 The Aerobic Palladium Oxidase Paradigm 

The oxidative functionalization of organic substrates allows for streamlined conversion of 

simple feedstock chemicals into complex target structures.1 These transformations face several 

key challenges, including problems with chemo- regio- and stereoselectivity, and with the cost 

and environmental detriment of the reagents required for the oxidation processes. Our goal is to 

develop palladium catalysts that mediate the selective two-electron oxidative transformation of a 

substrate with the two-electron reduction of molecular oxygen (Scheme 1.1).2 The availability of 

molecular oxygen and the environmentally benign nature of the byproduct of its reduction 

(water) make it an attractive choice as a terminal oxidant. The strategies and challenges 

associated with the implementation of this paradigm will be discussed below in the context of the 

oxidative transformations that are relevant to the research presented in this thesis. 

Scheme 1.1.  The PdII/Pd0 aerobic oxidase paradigm. 

 

1.2 Aerobic Oxidation of Alkenes 

1.2.1. The Wacker Process 

The most prominent example of a palladium-catalyzed aerobic oxidation reaction is the 

Wacker Process, which is the industrial-scale transformation of ethylene gas and water to 

acetaldehyde in the presence of molecular oxygen and catalytic palladium and copper (Scheme 

1.2a).3 The catalytic mechanism involves oxypalladation of ethylene with PdII and water to 
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Sub(H2)
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+ 2 HX
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H2O
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generate a PdII–alkyl intermediate, which can undergo reductive elimination to give acetaldehyde 

and Pd0. CuII oxidizes the Pd0 species to PdII, and CuII is regenerated rapidly in the presence of 

O2 (Scheme 1.2b).  

Scheme 1.2.  The Wacker Process. 

 

1.2.2. Wacker-Type Reactions 

Since its discovery in the 1950's, the Wacker Process has served as the prototypical example 

for palladium catalyzed oxidative functionalization of alkenes, and a wide range of Wacker-type 

reactions have been developed.4 Wacker-type reactions are defined here as transformations that 

involve nucleopalladation of an alkene to generate a PdII–alkyl intermediate. Nucleopalladation 

of alkenes has proven to be an exceptionally versatile mode of reactivity, as a variety of 

nitrogen-, oxygen-, and carbon-based nucleophiles have been employed. Moreover, the PdII–

alkyl intermediate that results from nucleopalladation of an alkene is amenable to a broad range 

of synthetic elaborations, enabling access to diverse structures (Scheme 1.3). 
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Scheme 1.3.  Nucleopalladation of an alkene and the diverse reactivity of PdII–alkyl species. 

 

Of particular relevance to the research described in this thesis, aza-Wacker cyclization of a 

nitrogen nucleophile onto a tethered alkene yields N-heterocycles.5 For example, our group 

reported that a (pyridine)2Pd(OAc)2 catalyst system could mediate the oxidative cyclization of γ-

hexenyl tosylamides to pyrrolidines under an atmosphere of oxygen (Scheme 1.4a).6 This 

transformation involves amidopalladation of the alkene to generate a Pd–alkyl species, followed 

by β-hydride elimination, dissociation of product, and reductive elimination of an equivalent of 

acid. The Pd0 species represents a critical juncture in the catalytic mechanism, as unproductive 

aggregation of Pd0 to Pd black (catalyst death) competes with reaction with O2 and ultimately 

regeneration of the active PdII catalyst. Neutral donor ligands, such as pyridine and 

dimethylsulfoxide, stabilize the Pd0 species and help prevent formation of Pd black.7 Chapter 2 

of this thesis describes the application of aza-Wacker cyclizations to the stereoselective synthesis 

of vicinal amino alcohol derivatives from allylic alcohol precursors. 

 

 

 

Nu
R

Nu
R

Nu

Nu
OAc

R

Nu
X

R

N

H+

CO, 
MeOH

X-, [O]

PhI(OAc)2

Nu = NTs
O

CO2EtOMeO

CO2Et

[O]

NuH

R

Nu
PdII

R

PdII

nucleo-
palladation

Nu
β-H

elimination

[PdII] = 
Pd-Ar

Nu
R

Ar

-H+

HN NHTs

O

R

R



! 5 

Scheme 1.4.  Aza-Wacker cyclization of γ-hexenyl tosylamides. 

 

1.2.3. The Stereochemical Course of Nucleopalladation of an Alkene 

Wacker-type reactions are characterized by the nucleopalladation event, in which carbon–

nucleophile and carbon–palladium bonds are formed at the olefinic carbons. In many cases, two 

stereogenic centers are generated during this process, and the relative and absolute configuration 

of these stereogenic centers typically translates into the final product of the transformation. The 

stereochemical course of nucleopalladation has been a topic of great intrigue, because two 

mechanistically distinct stereochemical pathways are possible.8 In a trans-nucleopalladation, the 

electrophilic PdII center activates the alkene for nucleophilic attack from the opposite face, 

resulting in a Pd–alkyl intermediate in which Pd and the nucleophile are anti with respect to each 

other (Scheme 1.5, left pathway). In a cis-nucleopalladation, both the alkene and the nucleophile 

bind the PdII center, and migratory insertion of the alkene into the Pd–nuclephile bond results in 

a Pd–alkyl intermediate in which Pd and the nucleophile are syn with respect to each other 

(Scheme 1.5, right pathway).  
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Scheme 1.5.  The stereochemical course of nucleopalladation of an alkene. 

 

The distinction between these two stereochemical pathways has been the subject of extensive 

study, and the nature of oxypalladation in the traditional Wacker Process is still under debate. 

The stereochemical pathway of Wacker-type reactions that lead to products with stereogenic 

centers is often characterized with cleverly designed substrate probes.9 Such studies have 

revealed that cis- and trans-NP processes are both prevalent, and thus the selectivity between the 

trans- and cis-NP pathways is an important consideration in the development of stereoselective 

Wacker-type reactions. Chapter 3 of this thesis describes an investigation of the factors that 

affect the selectivity for cis- and trans-amidopalladation in the context of an asymmetric aza-

Wacker cyclization.  

1.3 Aerobic Oxidation of C–H bonds 

1.3.1. C–H Activation, C–X Reductive Elimination, and the Oxidant Problem 

A major limitation in the scope of reactivity amenable to aerobic palladium oxidase catalysis 

is direct C–H bond activation followed by C–C, C–O or C–N bond forming reductive 

elimination. Apparently, transformations that terminate in β-hydride elimination, such as the aza-

Wacker reactions discussed above and oxidative Heck-type reactions,10 are more compatible 

with aerobic regeneration of the active PdII catalyst than are the direct C–H functionalization 

reactions.11 While relatively few synthetically useful examples of palladium catalyzed aerobic 

C–H functionalization exist, examples that take advantage of strong chemical oxidant additives 
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are more prevalent.12 This is unfortunate, because the advantages of direct C–H functionalization 

in streamlining the synthesis of complex targets are partially negated by the wasteful byproducts 

of these strong chemical oxidants. Explanations for the origin of this challenge, which we term 

"the oxidant problem," and strategies to address it, are discussed below.  

To establish the potential origins of the "oxidant problem" in palladium catalyzed C–H 

functionalization reactions, a comparative analysis of generic mechanisms for traditional cross 

coupling and oxidative coupling reactions is worthwhile (Scheme 1.6). In traditional cross-

coupling reactions, such as Suzuki or Buchwald-Hartwig couplings, a Pd0 species undergoes 

oxidative addition into a carbon–halogen bond, transmetallation with a nucleophilic species, and 

reductive elimination to generate the carbon–nucleophile bond (Scheme 1.6a).13 The oxidative 

addition process is accelerated by the presence of electron-rich, donating ligands bound to Pd0.14 

With that in mind, a bulky phosphine ligand is often employed as a strongly coordinating neutral 

donor ligand, and highly basic nucleophiles are compatible. The reductive elimination process  

 

Scheme 1.6.  Comparative analysis of a) Pd0/PdII cross couplings, b) PdII/Pd0 aerobic oxidative 
couplings and c) PdII/PdIV oxidative couplings.  
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benefits from these choices in phosphine ligand and nucleophilic coupling partner. Bulky 

phosphine ligands accelerate the rate of reductive elimination by crowding the Pd square plane 

and favoring the lower coordination number that follows reductive elimination,15 and electron 

rich nucleophilic coupling partners undergo reductive elimination faster than electron poor 

coupling partners.16 These features of traditional cross coupling reactions account for the facile 

reductive elimination that occurs in these systems as compared to the difficult reductive 

elimination that must occur in oxidative cross coupling reactions. In aerobic oxidative coupling 

reactions, PdII catalysts perform C–H activation, metallation with a nucleophilic species, and 

reductive elimination of carbon–nucleophile bonds to afford Pd0 species that must be trapped by 

O2 prior to degradation to Pd black (Scheme 1.6b). In contrast to the oxidative addition process 

in traditional cross coupling reactions, PdII mediated C–H activation typically proceeds through 

an electrophilic cyclometalation-deprotonation mechanism17 and is not compatible with presence 

of strongly donating neutral ligands or nucleophilic partners. Moreover, the bulky phosphine 

ligands that have enabled highly efficient cross coupling reactions are not expected to be stable 

under oxidizing conditions. Instead, pyridine- or sulfoxide-based ligands are often employed. 

These considerations suggest that a difficult reductive elimination step may account for the 

challenge in the development of aerobic oxidative coupling reactions. The non-aerobic oxidative 

coupling reactions that have been developed in recent years circumvent this challenging 

reductive elimination step (as well as the unstable Pd0 intermediate) by employing chemical 

oxidants that are capable of promoting the oxidation of PdII to high-valent species, such as PdIV 

(Scheme 1.6c).18 Reductive elimination from an electrophilic high-valent Pd centers is expected 

to be more favorable than reductive elimination from the corresponding PdII center. 
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1.3.2. Strategies for Overcoming the Oxidant Problem 

1.3.2.1. Ligand Promoted Aerobic C–H Functionalizations 

The discovery of new ligand-supported Pd catalyst systems for aerobic C–H functionalization 

reactions is a central goal of our research efforts. The presence of a suitable neutral donor ligand 

is critical to the stabilization of the Pd0 intermediate and prevention of catalyst death, and our 

challenge is the identification of ligands that satisfy this function and are compatible with 

electrophilic C–H activation and reductive elimination. Several successful examples are 

mentioned below.  

Buchwald and coworkers reported the ortho arylation of anilides using catalytic Pd(OAc)2 in 

the presence of trifluoroacetic acid and 1 atm of O2 (Scheme 1.7).19 The authors noted that Pd 

black was observed, and addition of dimethylsulfoxide (two equivalents with respect to Pd) 

helped prevent catalyst decomposition and improved the yield and reproducibility of the 

reaction. This is a straightforward example of the identification of a suitable ligand for the 

stabilization of Pd0 intermediates in an aerobic oxidation reaction, and it is significant in light of 

the scarcity of aerobic aryl C–H coupling reactions.  

Scheme 1.7.  Arylation of anilides using dimethylsulfoxide supported PdII/Pd0 catalysis. 

 

In separate research efforts executed by Buchwald and coworkers, Pd(OAc)2 was used in 

dimethylsulfoxide (as the solvent) for the synthesis of carbazoles via intramolecular aryl C–H 

amination of 2-acetamido-biphenyl substrates.20 Pd(OAc)2 has been shown to form nanoparticles 

in dimethylsulfoxide,21 and these may act as robust reservoirs of Pd0 and accommodate the high 
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temperatures that are employed in this reaction. This transformation is noteworthy for being the 

only reported example of an aerobic aryl C–H amination, though the scope is limited and 

reactivity diminishes when the temperature is lowered from 120 °C. Alternative methods that 

have been reported in the literature for carbazole synthesis from analogous substrates have 

employed ambient temperatures and stronger oxidants, such as PhI(OAc)2 (Scheme 1.8b)22 and 

oxone (Scheme 1.8c).23  

Scheme 1.8.  Dimethylsulfoxide as the solvent stabilizes Pd0 at high temperatures. 

 

A report from our group described the aerobic homocoupling of o-xylene using catalytic Pd, 

Cu and pyridine ligand.24 2-Fluoropyridine was found to be especially effective at promoting this 

reactivity. A plot of the initial rate of reaction versus the pKa of pyH+ for various pyridine 

derivatives that were tested indicated that the electronics of 2-fluoropyridine were finely tuned 

for this reaction. These results support the idea that the neutral donor ligand must be sufficiently 

donating to stabilize Pd0 and promote reoxidation by O2 and sufficiently electron poor to 

facilitate C–H activation and reductive elimination steps.  
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Scheme 1.9.  2-Fluoropyridine supported Pd catalyst balances C–H activation and reductive 
elimination steps with stabilization and reoxidation of Pd0

.  

 

In 2010, our group first reported on the remarkable utility of 4,5-diazafluorenone (DAF) as a 

novel ligand for promotion of palladium oxidase chemistry. DAF was found to promote the 

allylic acetoxylation of terminal olefins (Scheme 1.10).25 A screen of common pyridine-based 

ligands highlighted the ability of the diazafluorene ligand scaffold to enable reactivity.  
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Scheme 1.10.  4,5-Diazafluorenone promotes aerobic allylic acetoxylation. 

 

Mechanistic studies to elucidate the origin of the promoting effect of DAF on this and other 

oxidative transformations are in progress. A test of the stoichiometric reactivity of a DAF-ligated 

π-allyl–PdII complex and a tBu2bpy-ligated π-allyl–PdII complex showed that reductive 

elimination of allyl acetate readily occurred from the DAF-ligated complex under aerobic 

conditions, while the tBu2bpy-ligated π-allyl–PdII complex required the presence of 

benzoquinone to help promote the reductive elimination (Scheme 1.11). These results provide 

early evidence that DAF is responsible for facilitating a difficult reductive elimination step under 

aerobic conditions.  
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Scheme 1.11.  4,5-Diazafluorenone promotes reductive elimination of allyl acetate. 

 

1.3.2.2. Redox Co-catalysts 

As discussed above, the ability to access high-valent PdIII or PdIV intermediates greatly 

facilitates reductive elimination steps in oxidative coupling reactions.12 Unfortunately, molecular 

oxygen is not expected to be able to carry out the oxidation of catalytically relevant PdII species 

in the oxidative coupling reactions of interest.26 This can be attributed to the relatively small 

reduction potential associated with the two-electron reduction of O2 to H2O2 (Scheme 1.12a) 

compared to that of H2O2 to H2O (Scheme 1.12b), where the majority of the oxidizing power of 

molecular oxygen is held.27 The reduction potential for the overall four-electron conversion of O2 

to water highlights that O2 is sufficiently oxidizing to generate high-valent Pd species, but only if 

the four-electron process can be accessed kinetically (Scheme 1.12c). Indeed, the reduction 

potential of PhI(OAc)2, which is known to generate high-valent Pd species, is comparable to that 

of the four electron reduction of O2.28  

Scheme 1.12.  Standard reduction potentials of O2 and H2O2. 
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A strategy for harnessing the four-electron reduction of O2 in a palladium catalyzed two-

electron oxidation reaction is to use an appropriate redox co-catalyst.29 Sanford and coworkers 

reported an example of this strategy in which catalytic nitrate was employed in conjunction with 

Pd(OAc)2 for sp3 C–H acetoxylation reactions. 30  The authors had previously found that 

PhI(OAc)2
31 and K2S2O8

32 were capable of promoting this transformation (Table 1.1, entries 1-

2). Air, with and without co-catalytic copper (cf. the Wacker Process, Scheme 1.2), was not 

effective (entries 3-4). Based on prior studies by Campora that demonstrated the ability of NO2 

to oxidize PdII to well-defined PdIV complexes,33 the authors tested co-catalytic NaNO3 and were 

able to obtain comparable yields to those reported in their prior studies with stoichiometric 

chemical oxidants (entries 5-6).  

Table 1.1.  Co-catalytic nitrate in aerobic sp3 C–H acetoxylation. 

 

The proposed mechanism of this transformation invokes the ability of NO2 to oxidize a PdII 

species to PdIV with generation of NO (Scheme 1.13). Molecular oxygen then reacts with two 

equivalents of NO to regenerate two equivalents of NO2. This reactivity between NO and O2 

takes full advantage of the four-electron oxidizing power of molecular oxygen.  
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Scheme 1.13.  Proposed mechanism of PdII/NO2 co-catalyzed aerobic sp3 C–H acetoxylation. 

 

1.3.2.3. Trapping of Strong Peroxide Oxidants Derived from O2 

A final approach to solving the "oxidant problem" also involves a strategy for harnessing the 

four-electron oxidizing power of O2. As mentioned above, the initial two electron reduction of 

O2 to H2O2 holds limited potential, while the two electron reduction of H2O2 to H2O holds 

significant potential (cf. Scheme 1.12).34 A tactic for accessing the oxidizing power of hydrogen 

peroxide rather than O2 is to employ a reductive trap for in situ conversion of O2 to a reactive 

peroxide species. 35  Jiao and coworkers reported an example in which aerobic aryl C–H 

hydroxylation of 2-phenylpyridine derivatives could be carried out with catalytic Pd and N-

hydroxypthalimide (NHPI) in toluene (Scheme 1.14a).36 The authors noted that significant 

amounts of benzaldehyde and benzoic acid were formed during the reaction, and an experiment 

with labeled 18O2 indicated that the hydroxyl oxygen atom in the product is derived from 

molecular oxygen. These results led the authors to propose that NHPI initiates the reaction by 

generation of a phthalimide N-oxyl radical (PINO) that can abstract a hydrogen atom from 

toluene (Scheme 1.14b). The tolyl radical can trap O2 as a peroxo species that is capable of 

transferring an oxygen atom to the cyclometalated (2-phenylpyridine)PdII complex. The resulting 

high-valent Pd species can reductively eliminate the aryl–OH bond (Scheme 1.14c).  
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Scheme 1.14.  Palladium-catalyzed aryl C–H hydroxylation with O2-derived peroxide. 

 

Chapters 4, 5 and 6 of this thesis explore some of the strategies discussed above in the 

development of aerobic aryl C–H amination reactions. 
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Synthesis of Vicinal Aminoalcohols by Stereoselective Aza- 

Wacker Cyclizations: Access to (–)-Acosamine by Redox Relay 
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2.1 Introduction 

The stereoselective synthesis of vicinal aminoalcohols from simple starting materials is a 

prominent challenge in organic chemistry. The prevalence of the vicinal aminoalcohol moiety in 

biologically active molecules, as well as the difficulty with which the 1,2-oxidation pattern can 

be synthesized, has justified the development of a diverse array of approaches to access these 

molecules.1 Intermolecular oxidative difunctionalization of alkenes is an appealing strategy for 

the generation of the 1,2-aminooxygenation pattern, but methods with a combination of high 

stereo- and regioselectivity and diverse scope remain elusive. Examples include Sharpless 

asymmetric aminohydroxylation,2 metal-catalyzed activation of oxaziridines,3 and palladium-

catalyzed aminoacetoxylation reactions that employ hypervalent iodine oxidants.4 Our interest in 

palladium-catalyzed aerobic oxidation of alkenes (Wacker-type reactions) prompted us to 

investigate new methods for the synthesis of vicinal aminoalcohols from readily available, 

stereochemically defined starting materials. Here, we employ a detachable, tethered nitrogen 

nucleophile to generate the 1,2-aminooxygenation pattern from allylic alcohols via an aza-

Wacker cyclization (Scheme 2.1a).5,6,7 The cyclization step forms 5-membered oxazolidine 

products and exhibits high levels of diastereoselectivity. This strategy is amenable to the de novo 

synthesis of aminosugars, which are key substructures of several antibiotic and anticancer natural 

products (Scheme 2.1b).8 Implementation of a redox-relay approach9 enables rapid synthesis of 

(–)-acosamine and highlights the utility of this method.  
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Scheme 2.1. a) Detachable tethered nucleophile approach for the synthesis of vicinal 
aminoalcohols from allylic alcohols. b) Aminosugars in natural product antibiotic 
and anticancer agents. Z = benzyloxycarbonyl (Cbz) or tert-butoxycarbonyl (Boc).  

 

2.2 Results and Discussion 

We began our studies with an assessment of the reactivity and diastereoselectivity of Wacker 

cyclization when using distinct tethering units for the attachment of oxygen or nitrogen 

nucleophiles to secondary allylic amine or allylic alcohol substrates (Table 2.1). These efforts 

included the allylic N-tosyl carbamate 1 (entries 1-3) and N-allyl hemiaminal 3 (entries 4-6) 

substrates, reported previously by Bäckvall5f and Hiemstra,5a as well as aminal 5a. Assessment 

of a variety of catalyst conditions for aerobic oxidative cyclization revealed 

PdII/dimethylsulfoxide-based catalysts to be the most promising.10 Effective catalyst systems 

included Pd(DMSO)2(TFA)2 in THF,10c which is effective at ambient temperature (condition A), 

Pd(TFA)2 in DMSO, which is compatible with higher reaction temperatures (condition B), and 

Pd(OAc)2 in DMSO, resembling conditions originally discovered by Larock10a and Hiemstra10b 

(condition C). Allylic N-tosyl carbamate substrate 1 was susceptible to decomposition under 

these direct aerobic reoxidation conditions.11 When cyclization to oxazolidinone 2 occurred (e.g., 

entry 2), only modest diastereoselectivity was observed. N-Allyl hemiaminal 3 cyclized to the 
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corresponding oxazolidine 4 in moderate yields, but the diastereoselectivity of the transformation 

was poor.12 O-Allyl hemiaminals are an appealing class of substrates because they may be 

synthesized directly from allylic alcohols, but they have not been tested previously in Wacker-

type cyclizations. The benzyl carbamate (Cbz) derivative 5a, underwent cyclization in excellent 

yield and good diastereoselectivity to afford the trans oxazolidine 6a (entries 7-9). Conditions A 

and B were particularly effective. 

Table 2.1.  Evaluation of diastereoselective oxidative cyclization of substrates derived from an 
allylic alcohol or an allylic amine. 

 

[a] Catalyst conditions A: 5 mol% Pd(TFA)2, 20 mol% DMSO, 20 mol% NaOBz, 
3Å M.S., THF (0.1 M), 25 °C, 24 h, 1 atm O2. Catalyst condition B: 5 mol% 
Pd(TFA)2, 20 mol% NaOBz, 3Å M.S., DMSO (0.1 M), 60 °C, 24 h, 1 atm O2. 
Catalyst condition C: 5 mol% Pd(OAc)2, DMSO (0.1 M), 60 °C, 24 h, 1 atm O2. 
[b] Yield / diastereomeric ratio based on 1H NMR spectroscopic analysis of the 
crude reaction mixture with phenyltrimethylsilane as the internal standard. [c] 
Isolated yield. Diastereomeric ratio based on 1H NMR analysis of the purified 
products. Boc = tert-butoxycarbonyl, Bz = benzoyl, Cbz = benzyloxycarbonyl, 
DMSO = dimethylsulfoxide, M.S. = molecular sieves, THF = tetrahydrofuran, 
TFA = trifluoroaceticacid, Ts = 4-toluenesulfonyl. 

 
The three-step detachable tethered nucleophile approach for the conversion of trans crotyl 

alcohol to vicinal aminoalcohol derivative 8 is illustrated in Scheme 2.2. Trans-crotyl alcohol is 

entry substrate
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readily converted to the corresponding O-allyl hemiaminal, and aza-Wacker cyclization proceeds 

smoothly at ambient temperature (condition A). The oxazolidine ring is unmasked under acidic 

conditions. Several additional primary O-allyl hemiaminal substrates were similarly effective. 

Comparison of benzyl and tert-butyl carbamate (Cbz- and Boc-) O-allyl hemiaminals revealed 

that the Cbz-derived nitrogen nucleophile is more effective (cf. 6c and 6d). A propyl-substituted 

alkene produced oxazolidine 6e with negligible alkene isomerization.13 Finally, reaction with a 

trisubstituted alkene affords a tertiary C–N bond (cf. 6f); condition B was more effective than 

condition A in this reaction. 

Scheme 2.2. Transformation of primary allylic alcohols into vicinal aminoalcohols. PPTS = 
pyridinium p-tolueneulfonate. 

 

We next explored the scope of the diastereoselective cyclization of O-allyl hemiaminals 

derived from secondary alcohols (Table 2.2). Both trans and cis allylic alcohols are good 

substrates and afford the same trans-4,5-disubstituted oxazolidine (entries 2-3). The 

effectiveness of the trans-allylic alcohol substrate is noteworthy because such substrates are 

more readily accessible than the cis analog; however, higher diastereoselectivity can be achieved 

with the cis substrate. Increasing the size of the secondary allylic substituent improves the 

diastereoselectivity, and condition B provides higher reactivity with these more sterically 

encumbered substrates (entries 4-6). Cyclic O-allyl hemiaminals 5j and 5k yield the cis ring- 
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Table 2.2. Diastereoselective synthesis of oxazolidines from cyclization of secondary O-allyl 
hemiaminals. 

 

[a] See Table 2.1 for descriptions of catalyst conditions A and B. 
[b] Isolated yields. Diastereomeric ratio based on 1H NMR 
spectroscopic analysis of the isolated material. Relative 
configurations of 6a and 6j were assigned by NOESY-1D 
spectroscopic analysis (other structures assigned by analogy).  
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fused products in good yields (entries 7-8). Allylic alcohols derived from aldol additions to 

crotonaldehyde also provide effective O-allyl hemiaminal substrates (entries 9-12). Ketone 

adduct 5l is prone to decomposition under the reaction conditions and provided only modest 

yield of oxazolidine 6l, but the Weinreb amide 5m, ethyl ester 5n, and dimethylamide 5o are 

well-tolerated. 

The aldol reaction is one of many potential routes to enantioenriched allylic alcohols14 and 

thus can provide access to enantioenriched aminoalcohol derivatives in connection with our 

method. Asymmetric aldol chemistry enabled the synthesis of enantioenriched allylic alcohol 9 

from crotonaldehyde,15 which was converted to the corresponding O-allyl hemiaminal 5p and 

cyclized cleanly to oxazolidine 6p (Scheme 2.3). Oxazolidine 6p was obtained with exquisite 

diastereoselectivity and no epimerization of the α-methyl stereocenter. 

Scheme 2.3. Transformation of enantioenriched allylic alcohol to the oxazolidine with no 
epimerization. rsm = recovered starting material. 

 

The utility of this method is illustrated in the synthesis of the 2-deoxy-3-aminosugar (–)-

acosamine.16 2-Deoxy-3-aminosugars can be obtained via synthesis of the corresponding acyclic 

1,3-aminoaldehyde precursor. We envisioned that the aminoaldehyde could be accessed rapidly 

by employing our cyclization in a redox-relay sequence, whereby cyclization of an O-allyl 

hemiaminal derived from a bis-allylic alcohol precursor would generate a masked aldehyde 

intermediate (Scheme 2.4). Transfer of the olefin redox equivalent via β-hydride elimination 

from the second allylic alcohol position would form an enol ether and expedite elaboration of the 

oxazolidine to the desired aminosugar target.  
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Scheme 2.4. Retrosynthetic analysis of 2-deoxy-3-aminosugars with application of aza-Wacker 
cyclization and redox-relay. 

 

This redox-relay strategy enabled the synthesis of (–)-N-Cbz-O-methylacosamine, a 

conveniently isolated derivative of acosamine, from TBS-protected (–)-lactaldehyde in five steps 

(Scheme 2.5). First, vinyllithium addition of silyl-protected allylic alcohol 11 to lactaldehyde 10 

yielded 12 with the desired stereochemistry. Installation of the O-allyl hemiaminal and aza-

Wacker cyclization provided the silyl enol ether 14 with good efficiency as a single 

diastereomer.17 The silyl enol ether and secondary TBS-ether were removed to unveil the free 

aldehyde and alcohol. Finally, the oxazolidine ring was opened under acidic conditions with 

concomitant formation of the methyl-protected cyclic acetal 16 [(–)-N-Cbz-O-methylacosamine].  

Scheme 2.5. Synthesis of (–)-N-Cbz-O-methylacosamine 
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This rapid and redox economical synthesis of (–)-acosamine illustrates a versatile approach that 

could be applied to a variety of other aminosugar derivatives. 

In summary, we have demonstrated that aza-Wacker cyclizations can be used to synthesize 

stereodefined vicinal aminoalcohols from allylic alcohol precursors by employing a detachable 

tethered nucleophile approach. These oxidative functionalization reactions are operationally 

simple and the catalytic reactions give clean conversion of starting material to desired product. 

The diversity of methods for the asymmetric synthesis of allylic alcohols makes the 

diastereoselective transformation described here particularly apt for application to a variety of 

contexts.  
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2.4 Experimental Details and Supporting Information 

2.4.1. General considerations 

All commercially available compounds were purchased and used as received, unless otherwise 

noted. Solvents were dried over alumina columns prior to use; however, purification and drying 

of commercial solvents is not required for the catalytic reactions described here. 

Dimethylsulfoxide (DMSO) was purchased from Aldrich and stored over molecular sieves. 1H 

and 13C NMR spectra were recorded on Bruker or Varian 300 MHz, 400 MHz or 500 MHz 

spectrometers and chemical shifts are given in parts per million relative to internal 

tetramethylsilane (0.00 ppm for 1H) or CDCl3 (77.16 ppm for 13C). Flash chromatography was 

carried out with SiliaFlash® P60 (Silicycle, particle size 40-63 um, 230-400 mesh) or by using a 

CombiFlash Rf® automated chromatography system with reusable high performance silica 

columns (RediSep® Rf Gold Silica, 20-40 µm spherical particles). 

 

2.4.2. Preparation of O-acetyl hemiaminal tethering reagents 

 

 

S1: Procedure adapted from literature precedence.18 Benzyl carbamate (1 equiv, 

33.1 mmol, 5 g) and sodium carbonate (0.5 equiv, 16.5 mmol, 1.75 g) were weighed into a 250 

ml round bottom fask. Water (55 ml) was added, followed by formaldehyde solution (37 wt. % 

in H2O, 1.38 equiv, 45.5 mmol, 3.38 ml). The mixture was heated to reflux with stirring until the 

solids dissolved, then allowed to cool to room temperature (product begins to precipitate as a 

white solid almost immediately) and stirred for 5 h. The reaction mixture was extracted with 50 

ml dichloromethane 3x, and combined organics washed with brine, dried over MgSO4, filtered 

CbzHN OH CbzHN OAcHCHOCbzNH2 +
Na2CO3

H2O

Ac2O

pyridine
THFS1 S2

CbzHN OH
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and concentrated in vacuo. Recrystallization from dichloromethane/hexanes afforded 4.35 g 

white needles (73% yield).  

 

S2: White crystalline solid S1 (1 equiv., 15 mmol, 2.7 g) was dissolved in THF 

(0.22 M, 70 ml). Pyridine (2 equiv., 30 mmol, 2.8 ml) and acetic anhydride (6 equiv., 69 mmol, 

7.2 ml) were added sequentially via syringe at room temperature. The clear solution was stirred 

for 8 h at room temperature and then concentrated in vacuo. The resulting oil was purified on 

silica using hexanes : ethyl acetate as the eluent, to afford the product (3.23 g, 98% yield) as a 

clear oil. 1H NMR (300 MHz, CDCl3) δ 7.36 (m, 5H), 5.91 (bs, 1H), 5.21 (d, J = 7.5 Hz, 2H), 

5.15 (s, 2H), 2.07 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 171.77, 155.87, 135.89, 128.62, 128.40, 

128.30, 67.39, 66.71, 21.00; HRMS (ESI) calculated for [C11H13NO4 + Na]+ requires m/z 

246.0737, found 246.0735. 

 

 S3: Prepared as described previously.19  

 

2.4.3. Preparation of O-allyl hemiaminal substrates 

 

General procedure: A 100 ml 3-necked round bottom flask equipped with a stir bar and reflux 

condenser was flame dried and purged with nitrogen, then charged with pyridinium p-toluene 

sulfonate (0.1 equiv). The allylic alcohol (1 equiv) was then added via cannula as a solution in 

dry CH2Cl2 under nitrogen. Tethering reagent (S2, 1.5 equiv, or S3, 1 equiv) was added via 

cannula as a solution in dry CH2Cl2 under nitrogen. The reaction mixture was diluted to a 

ZHN OAc

OH

R2

R1
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R2

R1

NHZ

PPTS, CH2Cl2
reflux, 22 h

CbzHN OAc
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concentration of 0.1 M allylic alcohol in CH2Cl2. The reaction mixture was heated to reflux for 

approximately 22 hours. The yellow-orange reaction mixture was then allowed to cool to room 

temperature, transferred to a separatory funnel, diluted three-fold with pentanes and washed with 

water and then brine. The organic layer was dried over MgSO4 and concentrated in vacuo. The 

yellow-orange oil was purified on silica. Typically, purification was performed on silica using a 

CombiFlash Rf automated chromatography system with a gradient of ethyl acetate in hexanes. 

Often, this afforded a yellow oil, which could be further purified manually on silica with a 

toluene:acetone solvent system.  

 

5a: Prepared from commercially available trans-3-penten-2-ol (3.4 mmol) and 

S2 according to the general procedure. Purification on silica using a CombiFlash 

Rf system with a gradient (0-30%) of ethyl acetate in hexanes, followed by manual purification 

on silica with a 20:1 toluene:acetone solvent system, afforded the product (672 mg, 79% yield) 

as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.35 (m, 5H), 5.68 (dq, J = 12.8, 6.3 Hz, 1H), 5.44 

(bs, 1H), 5.36 (dd, J = 15.0, 8.0 Hz, 1H), 5.12 (s, 2H), 4.70 (dd, J = 10.7, 7.7 Hz, 1H), 4.61 (dd, J 

= 10.6, 6.5 Hz, 1H), 4.00 (p, J = 6.4 Hz, 1H), 1.69 (d, J = 6.2 Hz, 3H), 1.22 (d, J = 6.4 Hz, 3H); 

13C NMR (75 MHz, CDCl3) δ 156.26, 136.32, 132.77, 128.57, 128.23, 128.18, 128.08, 74.08, 

69.91, 66.94, 21.64, 17.71; HRMS (ESI) calculated for [C14H19NO3 + Na]+ requires m/z 

272.1258, found 272.1250.  

 

5b: Prepared from trans-2-buten-1-ol20 (1.76 mmol) and S2 according to the general 

procedure. Purification on silica using a gradient (0-30%) of ethyl acetate in hexanes 

afforded the product (369 mg, 89% yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.36 (m, 

O NHCbz

Me

O NHCbz

Me

Me
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5H), 5.73 (dq, J = 14.7, 6.8 Hz, 1H), 5.56 (dt, J = 14.7, 6.3 Hz, 1H), 5.47 (bs, 1H), 5.13 (s, 2H), 

4.69 (d, J = 7.2 Hz, 2H), 3.97 (d, J = 6.3 Hz, 2H), 1.71 (d, J = 6.6 Hz, 3H);  13C NMR (75 MHz, 

CDCl3) δ 156.39, 136.29, 130.20, 128.68, 128.38, 128.30, 127.08, 71.71, 68.96, 67.15, 17.91; 

HRMS (ESI) calculated for [C13H17NO3 + Na]+ requires m/z 258.1101, found 258.1104. 

 

cis-5b: Prepared from cis-2-buten-1-ol21 (3.5 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (0-30%) of ethyl acetate in 

hexanes afforded the product (636 mg, 77% yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 

7.44 – 7.27 (m, 5H), 5.67 (dq, J = 13.5, 6.8 Hz, 1H), 5.59 – 5.49 (m, 1H), 5.48 (bs, 1H), 5.14 (s, 

2H), 4.71 (d, J = 7.1 Hz, 2H), 4.11 (d, J = 6.5 Hz, 2H), 1.65 (d, J = 6.4 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 156.40, 136.25, 128.66, 128.44, 128.36, 128.29, 126.39, 72.01, 67.13, 63.62, 

13.30; HRMS (ESI) calculated for [C13H17NO3 + Na]+ requires m/z 258.1101, found 258.1109. 

 

5c: Prepared from the crotyl alcohol22 (2.83 mmol) and S2 according to the general 

procedure. Purification on silica using a gradient (0-30%) of ethyl acetate in hexanes, 

followed by purification with a 15:1 toluene:acetone solvent system, and finally 

purification using a gradient (0-20%) of acetone in hexanes afforded the product (647 mg, 73% 

yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.35 (m, 5H), 7.32 – 7.24 (m, 2H), 7.23 – 

7.13 (m, 3H), 5.88 (dt, J = 14.4, 6.7 Hz, 1H), 5.60 (dt, J = 12.4, 5.3 Hz, 1H), 5.44 (bs, 1H), 5.12 

(s, 2H), 4.70 (d, J = 7.2 Hz, 2H), 4.02 (d, J = 6.1 Hz, 2H), 3.38 (d, J = 6.7 Hz, 2H); 13C NMR (75 

MHz, CDCl3) δ 156.41, 140.00, 136.26, 133.46, 128.72, 128.70, 128.59, 128.40, 128.31, 127.33, 

126.27, 71.88, 68.79, 67.19, 38.84; HRMS (ESI) calculated for [C19H21NO3 + Na]+ requires m/z 

334.1414, found 334.1400. 

O NHCbz
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5d: Prepared from the crotyl alcohol22 (2.86 mmol) and S3 according to the general 

procedure. Purification on silica using a gradient (0-30%) of ethyl acetate in hexanes, 

followed by purification with a 25:1 toluene:acetone solvent system, and finally 

purification using a gradient (0-20%) of acetone in hexanes afforded the product (202 mg, 25% 

yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.33 – 7.25 (m, 2H), 7.19 (td, J = 6.7, 1.7 Hz, 

3H), 5.89 (dtt, J = 14.7, 6.6, 1.3 Hz, 1H), 5.62 (dtt, J = 15.2, 6.1, 1.5 Hz, 1H), 5.24 (bs, 1H), 4.63 

(d, J = 7.2 Hz, 2H), 4.00 (d, J = 6.1 Hz, 2H), 3.39 (d, J = 6.7 Hz, 2H), 1.45 (s, 9H); 13C NMR (75 

MHz, CDCl3) δ 155.68, 140.05, 133.19, 128.72, 128.57, 127.55, 126.24, 80.12, 71.55, 68.61, 

38.85, 28.44; HRMS (ESI) calculated for [C16H23NO3 + Na]+ requires m/z 300.1571, found 

300.1572. 

 

5e: Prepared from commercially available trans-2-hexen-1-ol (2.95 mmol) and S2 

according to the general procedure. Purification on silica using a gradient (0-30%) 

of ethyl acetate in hexanes, followed by purification with a 18:1 toluene:acetone solvent system, 

and finally purification using a gradient (0-20%) of acetone in hexanes afforded the product (509 

mg, 66% yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 5.72 (dt, J = 

13.9, 6.6 Hz, 1H), 5.60 – 5.48 (m, 1H), 5.46 (bs, 1H), 5.13 (s, 2H), 4.70 (d, J = 7.1 Hz, 2H), 3.99 

(d, J = 6.3 Hz, 2H), 2.02 (q, J = 7.2 Hz, 2H), 1.40 (h, J = 7.4 Hz, 2H), 0.90 (t, J = 7.3 Hz, 3H); 

13C NMR (75 MHz, CDCl3) δ 156.39, 136.26, 135.14, 128.60, 128.28, 128.22, 125.86, 71.65, 

68.98, 67.05, 34.43, 22.26, 13.76; HRMS (ESI) calculated for [C15H21NO3 + Na]+ requires m/z 

286.1414, found 286.1428. 
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5f: Prepared from the crotyl alcohol23 (4.0 mmol) and S2 according to the general 

procedure. Purification on silica using a gradient (0-40%) of ethyl acetate in 

hexanes, followed by purification with a 15:1 toluene:acetone solvent system afforded the 

product (831 mg, 83% yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.29 (m, 5H), 

5.50 (m, 1H), 5.44 (bs, 1H), 5.13 (s, 2H), 4.67 (d, J = 7.1 Hz, 2H), 3.91 (s, 2H), 1.68 – 1.56 (m, 

6H); 13C NMR (101 MHz, CDCl3) δ 156.37, 136.29, 132.58, 128.67, 128.36, 128.29, 123.13, 

74.50, 71.63, 67.11, 53.56, 13.77, 13.33; HRMS (ESI) calculated for [C14H19NO3 + H]+ requires 

m/z 250.1438, found 250.1428. 

 

5g: Prepared from cis-3-penten-2-ol24 (2.5 mmol) and S2 according to the general 

procedure. Purification on silica using a CombiFlash Rf system with a gradient 

(0-30%) of ethyl acetate in hexanes, followed by manual purification on silica with a 20:1 

toluene:acetone solvent system, afforded the product (350 mg, 56% yield) as a clear oil. 1H NMR 

(400 MHz, CDCl3) δ 7.44 – 7.28 (m, 5H), 5.58 (dt, J = 13.8, 6.9 Hz, 1H), 5.48 (bs, 1H), 5.41 – 

5.26 (m, 1H), 5.12 (s, 2H), 4.73 – 4.56 (m, 2H), 4.46 (dq, J = 12.6, 6.7 Hz, 1H), 1.65 (d, J = 6.6 

Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 156.21, 136.33, 132.70, 

128.63, 128.31, 126.61, 70.35, 68.68, 67.04, 21.38, 13.25; HRMS (ESI) calculated for 

[C14H19NO3 + Na]+ requires m/z 272.1258, found 272.1248. 

 

5h: Prepared from the crotyl alcohol25 (3.7 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (0-30%) of ethyl acetate 

in hexanes, followed by purification with a 20:1 toluene:acetone solvent system, afforded the 

product (543 mg, 53% yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 7.35 (d, J = 3.9 Hz, 
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5H), 5.66 (dq, J = 12.9, 6.3 Hz, 1H), 5.41 (bs, 1H), 5.30 (dd, J = 15.4, 8.7 Hz, 1H), 5.12 (s, 2H), 

4.70 (dd, J = 10.8, 7.9 Hz, 1H), 4.59 (dd, J = 10.5, 6.1 Hz, 1H), 3.47 (t, J = 7.6 Hz, 1H), 1.72 (d, 

J = 6.4 Hz, 3H), 1.67 – 1.62 (m, 1H), 0.85 (dd, J = 18.1, 6.9 Hz, 6H); 13C NMR (75 MHz, 

CDCl3) δ 156.28, 136.42, 129.87, 129.75, 128.59, 128.25, 128.19, 83.88, 70.23, 66.90, 32.67, 

18.76, 18.43, 17.88; HRMS (ESI) calculated for [C16H23NO3 + Na]+ requires m/z 300.1571, 

found 300.1563. 

 

5i: Prepared from the crotyl alcohol26 (3.3 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (0-30%) of ethyl 

acetate in hexanes, followed by purification with a 20:1 toluene:acetone solvent system, afforded 

the product (701 mg, 65% yield) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.29 (m, 

5H), 7.25 – 7.11 (m, 5H), 5.64 (dq, J = 13.3, 6.4 Hz, 1H), 5.38 (dd, J = 15.6, 8.0 Hz, 1H), 5.19 

(bs, 1H), 5.09 (s, 2H), 4.66 (dd, J = 10.8, 7.9 Hz, 1H), 4.56 (dd, J = 10.7, 6.3 Hz, 1H), 4.05 (q, J 

= 7.4 Hz, 1H), 2.84 (dd, J = 13.7, 7.5 Hz, 1H), 2.74 (dd, J = 13.7, 5.7 Hz, 1H), 1.67 (d, J = 6.5 

Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 156.26, 138.54, 136.38, 130.99, 129.67, 129.27, 128.67, 

128.34, 128.26, 128.19, 126.21, 79.38, 70.28, 66.96, 42.45, 17.86; HRMS (ESI) calculated for 

[C20H23NO3 + Na]+ requires m/z 348.1571, found 348.1555. 

 

5j: Prepared from commercially available 2-cyclohexen-1-ol (2.0 mmol) and S2 

according to the general procedure. Purification on silica using a gradient (0-30%) 

of ethyl acetate in hexanes afforded the product (361 mg, 69% yield) as a clear oil. 1H NMR (400 

MHz, CDCl3) δ 7.43 – 7.28 (m, 5H), 5.91 – 5.81 (m, 1H), 5.79 – 5.69 (m, 1H), 5.53 (bs, 1H), 

5.13 (s, 2H), 4.76 (dd, J = 7.2, 2.9 Hz, 2H), 4.12 – 4.02 (m, 1H), 2.10 – 1.89 (m, 2H), 1.89 – 1.49 
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(m, 4H); 13C NMR (101 MHz, CDCl3) δ 156.38, 136.30, 131.41, 128.65, 128.34, 128.28, 127.54, 

70.53, 70.44, 67.09, 28.76, 25.21, 19.17; HRMS (ESI) calculated for [C15H19NO3 + Na]+ requires 

m/z 284.1258, found 284.1252. 

 

5k: Prepared from the 2-cyclopenten-1-ol27 (3.0 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (0-40%) of ethyl acetate 

in hexanes, followed by purification with a 20:1 toluene:acetone solvent system, afforded the 

product (314 mg, 42% yield) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.50 – 7.28 (m, 5H), 

6.03 – 6.00 (m, 1H), 5.90 – 5.77 (m, 1H), 5.47 (bs, 1H), 5.14 (s, 2H), 4.74 (d, J = 7.0 Hz, 3H), 

2.54 – 2.40 (m, 1H), 2.33 – 2.12 (m, 2H), 1.79 (td, J = 9.0, 4.3 Hz, 1H); 13C NMR (101 MHz, 

CDCl3) δ 156.38, 136.28, 136.12, 130.77, 128.65, 128.35, 128.29, 82.95, 71.03, 67.10, 31.13, 

30.25; HRMS (ESI) calculated for [C14H17NO3 + NH4]+ requires m/z 265.1574, found 265.1550. 

 

5l: Prepared from the crotyl alcohol28 (2.84 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (0-40%) of ethyl 

acetate in hexanes, followed by purification with a 9:1 toluene:acetone solvent system, afforded 

the product (547 mg, 60% yield) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.30 (m, 

5H), 5.75 (dq, J = 13.2, 6.4 Hz, 1H), 5.44 (bs, 1H), 5.34 (dd, J = 15.7, 7.9 Hz, 1H), 5.13 (s, 2H), 

4.63 (dd, J = 7.0, 2.3 Hz, 2H), 4.35 (td, J = 8.2, 4.5 Hz, 1H), 2.79 (dd, J = 16.2, 8.4 Hz, 1H), 2.56 

(p, J = 6.9 Hz, 1H), 2.47 (dd, J = 16.2, 4.7 Hz, 1H), 1.69 (d, J = 6.1 Hz, 3H), 1.06 (d, J = 6.9 Hz, 

6H); 13C NMR (101 MHz, CDCl3) δ 212.19, 156.25, 136.41, 130.25, 129.51, 128.60, 128.23, 

74.13, 70.37, 66.95, 46.43, 41.58, 17.94, 17.87, 17.82; HRMS (ESI) calculated for [C18H25NO4 + 

H]+ requires m/z 320.1857, found 320.1853. 
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5m: Prepared from the crotyl alcohol29 (2.3 mmol) and S2 according to 

the general procedure. Purification on silica using a gradient (0-85%) of 

ethyl acetate in hexanes afforded the product (418 mg, 54% yield) as a clear oil. 1H NMR (400 

MHz, CDCl3) δ 7.47 – 7.28 (m, 5H), 5.78 (dq, J = 13.3, 6.5 Hz, 1H), 5.66 (bs, 1H), 5.41 (dd, J = 

15.5, 7.9 Hz, 1H), 5.12 (d, J = 4.3 Hz, 2H), 4.66 (q, J = 10.7, 8.4 Hz, 2H), 4.38 (td, J = 8.3, 4.5 

Hz, 1H), 3.65 (s, 3H), 3.15 (s, 3H), 2.84 (dd, J = 15.7, 8.6 Hz, 1H), 2.44 (dd, J = 15.5, 4.5 Hz, 

1H), 1.70 (d, J = 6.6 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 171.70, 156.20, 136.47, 130.39, 

129.39, 128.57, 128.22, 128.19, 74.57, 70.68, 66.84, 61.38, 38.40, 32.10, 17.84; HRMS (ESI) 

calculated for [C17H24N2O5 + H]+ requires m/z 337.1758, found 337.1754. 

 

5n: Prepared from the crotyl alcohol30 (5 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (0-40%) of ethyl 

acetate in hexanes afforded the product (795 mg, 49% yield) as a clear oil. 1H NMR (400 MHz, 

CDCl3) δ 7.46 – 7.29 (m, 5H), 5.79 (dq, J = 13.2, 6.4 Hz, 1H), 5.42 (bs, 1H), 5.40 – 5.27 (m, 

1H), 5.13 (d, J = 3.1 Hz, 2H), 4.71 (dd, J = 10.8, 7.7 Hz, 1H), 4.63 (dd, J = 10.7, 6.3 Hz, 1H), 

4.31 (td, J = 8.3, 4.9 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 2.57 (dd, J = 15.3, 8.5 Hz, 1H), 2.43 (dd, 

J = 15.1, 5.0 Hz, 1H), 1.70 (d, J = 6.5 Hz, 3H), 1.23 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 170.96, 156.25, 136.35, 130.21, 129.74, 128.62, 128.28, 128.24, 74.65, 70.20, 66.99, 

60.58, 41.31, 17.83, 14.31; HRMS (ESI) calculated for [C17H23NO5 + NH4]+ requires m/z 

339.1915, found 339.1926. 
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5o: Prepared from the crotyl alcohol31 (1.46 mmol) and S2 according to the 

general procedure. Purification on silica using a gradient (40-100%) of ethyl 

acetate in hexanes (230 mg, 49% yield) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.29 

(m, 5H), 5.77 (dq, J = 13.2, 6.5 Hz, 1H), 5.67 (bs, 1H), 5.41 (dd, J = 15.2, 7.4 Hz, 1H), 5.12 (d, J 

= 3.6 Hz, 2H), 4.71 (dd, J = 10.6, 6.7 Hz, 1H), 4.63 (dd, J = 10.6, 7.0 Hz, 1H), 4.39 (td, J = 8.0, 

4.3 Hz, 1H), 2.97 (s, 3H), 2.92 (s, 3H), 2.68 (dd, J = 15.4, 8.4 Hz, 1H), 2.35 (dd, J = 15.4, 4.3 

Hz, 1H), 1.70 (d, J = 5.6 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 170.53, 156.22, 136.50, 

130.58, 129.10, 128.59, 128.25, 128.20, 75.29, 70.92, 66.85, 39.78, 37.54, 35.57, 17.86; HRMS 

(ESI) calculated for [C17H24N2O4 + H]+ requires m/z 321.1809, found 321.1812. 

 

 

S4: Procedure adapted from literature precedence.15b A dry 100 ml round 

bottom flask equipped with a stir bar was charged with (S)-(+)-4-benzyl-3-

propionyl-2-oxazolidinone (1 equiv, 4.29 mmol, 1 g) and evacuated and back-filled with 

nitrogen. Dry dichloromethane (9 ml, 0.46M) was added via syringe, and the reaction mixture 

was cooled to 0 °C. Dibutylboron triflate (1M in CH2Cl2, 1.18 equiv, 5.06 mmol, 5 ml) was 

added via syringe, followed by dropwise addition of triethylamine (freshly distilled from CaH2, 

1.32 equiv, 5.66 mmol, 0.79 ml). The reaction mixture was cooled to -78 °C, and crotonaldehyde 

(1.11 equiv, 4.76 mmol, 0.4 ml) was added dropwise via syringe. The reaction mixture was 

allowed to stir for 20 minutes at -78 °C and was then warmed to 0 °C and stirred for an 

additional 1 hour. The reaction was quenched with approximately 16 ml of 1:3 (pH 7 phosphate 
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buffer):(MeOH). An additional 12 ml of a 2:1 mixture of (MeOH):(30% aqueous H2O2) was 

added and allowed to stir for 1 hour. This mixture was transferred to a separatory funnel, 

partitioned with additional water and extracted 3x with diethyl ether. The combined organics 

were washed with a 5% aqueous solution of sodium bicarbonate, brine, and then dried over 

MgSO4 and concentrated to oil. Purification on silica with a CombiFlash Rf automated 

chromatography system using a 0-50% EtOAc/hexanes solvent program afforded the product 

(1.17 g, 90% yield) as a clear oil. 1H NMR (500 MHz, CDCl3) δ 7.34 (dd, J = 8.0, 6.5 Hz, 2H), 

7.31 – 7.26 (m, 1H), 7.23 – 7.19 (m, 2H), 5.77 (dq, J = 13.0, 6.5 Hz, 1H), 5.52 (ddd, J = 15.4, 

6.3, 1.8 Hz, 1H), 4.70 (ddt, J = 10.4, 6.9, 3.2 Hz, 1H), 4.43 (s, 1H), 4.22 (dd, J = 9.1, 7.6 Hz, 

1H), 4.19 (dd, J = 9.1, 3.1 Hz, 1H), 3.86 (qd, J = 7.0, 3.7 Hz, 1H), 3.26 (dd, J = 13.4, 3.4 Hz, 

1H), 2.79 (dd, J = 13.4, 9.5 Hz, 1H), 2.75 (s, 1H), 1.72 (d, J = 6.7 Hz, 3H), 1.25 (d, J = 7.0 Hz, 

3H); 13C NMR (126 MHz, CDCl3) δ 176.80, 153.27, 135.18, 130.23, 129.56, 129.10, 128.46, 

127.56, 72.92, 66.31, 55.31, 42.94, 37.94, 17.92, 11.40; HRMS (ESI) calculated for [C17H21NO4 

+ Na]+ requires m/z 326.1363, found 326.1368. 

 

S5: Procedure adapted from literature precedence.32 A dry 100 ml round 

bottom flask was charged with oxazolidinone S4 (1 equiv, 2.26 mmol, 687 mg) 

and a stir bar and evacuated and back-filled with nitrogen. Dry dichloromethane (15 ml, 0.15M) 

was added via syringe, and the reaction mixture was cooled to -25 °C. Sodium methoxide 

(freshly prepared, 0.42M in MeOH, 1.1 equiv, 2.5 mmol, 5.9 ml) was added dropwise via 

syringe over the course of 10 minutes. The reaction mixture was allowed to stir for 15 minutes at 

-25 °C, and then was quenched with the addition of amberliteTM acidic resin. The resin was 

removed with filtration, rinsed with additional CH2Cl2, and the combined organics were dried 
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over MgSO4 and concentrated to oil. Purification on silica with a 3:1 hexanes:EtOAc solvent 

system afforded the product (211 mg, 59% yield) as a clear oil. 1H NMR (300 MHz, CDCl3) δ 

5.74 (dqd, J = 15.2, 6.5, 1.1 Hz, 1H), 5.48 (ddq, J = 15.3, 6.8, 1.6 Hz, 1H), 4.31 (q, J = 5.1 Hz, 

1H), 3.71 (s, 3H), 2.63 (qd, J = 7.2, 4.4 Hz, 1H), 2.47 (d, J = 4.9 Hz, 1H), 1.71 (ddd, J = 6.5, 1.6, 

0.9 Hz, 3H), 1.17 (d, J = 7.2 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 175.95, 130.32, 128.62, 

73.43, 51.93, 45.07, 17.92, 11.69; HRMS (ESI) calculated for [C8H14O3 + NH4]+ requires m/z 

176.1282, found 176.1275. 

 

5p: Prepared from crotyl alcohol S5 (1 equiv, 1.33 mmol, 211 mg) and S2 

according to the general procedure. Purification on silica with a 3:1 

hexanes:EtOAc solvent system, followed by further purification on silica with a 9:1 

toluene:acetone column, afforded the product (262 mg, 61% yield) as a clear oil. 1H NMR (500 

MHz, CDCl3) δ 7.42 – 7.30 (m, 5H), 5.75 (dq, J = 13.1, 6.4 Hz, 1H), 5.39 (dd, J = 15.3, 8.3 Hz, 

1H), 5.34 (bs, 1H), 5.13 (d, J = 2.2 Hz, 2H), 4.69 (dd, J = 10.9, 8.0 Hz, 1H), 4.61 (dd, J = 10.9, 

6.2 Hz, 1H), 4.07 (t, J = 7.3 Hz, 1H), 3.63 (s, 3H), 2.58 (p, J = 6.5 Hz, 1H), 1.71 (d, J = 6.5 Hz, 

3H), 1.15 (d, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 174.69, 156.26, 136.33, 130.90, 

128.69, 128.55, 128.38, 128.30, 79.20, 70.24, 67.07, 51.73, 45.14, 17.95, 12.46; HRMS (ESI) 

calculated for [C17H23NO5 + NH4]+ requires m/z 339.1915, found 339.1914. 
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2.4.4. Aza-Wacker cyclization of O-allyl hemiaminal substrates 

 

 

General procedure (Condition A): A 100 ml 3-necked round bottom flask equipped with a stir 

bar (3/4'' x 3/8'', egg-shaped, Teflon) and a reflux condenser was charged with pulverized sodium 

benzoate (0.2 equiv, 0.1 mmol, 14.4 mg) and powdered 3Å molecular sieves (200 mg, not 

activated33). The apparatus was evacuated and backfilled with O2 from a balloon 3x. Oxygen 

from a balloon was bubbled through 20-30 ml of THF prior to use. A stock solution of DMSO in 

THF (28.4 ul in 12 ml THF) was prepared. This DMSO/THF stock solution was used to prepare 

a Pd(TFA)2/DMSO/THF stock solution, such that a 3 ml portion would contain Pd(TFA)2 (0.05 

equiv, 0.025 mmol, 8.3 mg) and DMSO (0.2 equiv, 0.1 mmol, 7.1 ul). 3 ml of this stock was 

added to the reaction vessel via syringe. The mixture was allowed to stir for 10 minutes at room 

temperature, at which time the substrate (1 equiv, 0.5 mmol) was added in a total volume of 2 ml 

of THF via syringe. The reaction vessel was submerged in an oil bath held at 25-27 °C and 

stirred vigorously under a balloon of O2 for 24 hrs. (NOTE: Efficient gas-liquid mixing is critical 

to prevent catalyst death via aggregation of Pd black. Use of an over-sized reaction vessel and 

stir bar helps ensure adequate mixing.) The reaction mixture was then poured over a plug of 

basic alumina and washed through with ethyl acetate. The resulting clear solution was 

concentrated in vacuo and purified on silica using a CombiFlash Rf automated chromatography 

system with a 0-30% gradient of ethyl acetate in hexanes, unless otherwise noted. 
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General procedure (Condition B): A 100 ml 3-necked round bottom flask equipped with a stir 

bar (3/4'' x 3/8'', egg-shaped, Teflon) and a reflux condenser was charged with the substrate (1 

equiv, 0.5 mmol), pulverized sodium benzoate (0.2 equiv, 0.1 mmol, 14.4 mg) and powdered 3Å 

molecular sieves (200 mg, not activated33). The apparatus was evacuated and backfilled with O2 

from a balloon 3x. A 5 ml stock solution containing Pd(TFA)2 (0.05 equiv, 0.025 mmol, 8.3 mg) 

in DMSO was added via syringe. The reaction vessel was submerged in an oil bath held at 60 °C 

and stirred vigorously under a balloon of O2 for 24 hrs. (NOTE: Under these conditions, catalyst 

death via aggregation to Pd black is less problematic due to the ability of DMSO to stabilize Pd0. 

However, efficient gas-liquid mixing is still critical to prevent slow mass-transport limited 

kinetics.34 Use of an over-sized reaction vessel and stir bar helps ensure adequate mixing.) The 

reaction mixture was cooled to room temperature and then partitioned between ether and water 

(approximately 50 ml of each). The aqueous layer was re-extracted an additional 2x with ether. 

The combined organics were washed with brine, dried over MgSO4 and concentrated in vacuo. 

The resulting oil was purified on silica using a CombiFlash Rf automated chromatography 

system with a 0-30% gradient of ethyl acetate in hexanes, unless otherwise noted. 

 

6a: From 5a – Condition A: clear oil, 98 mg major (trans) diastereomer, 79% yield; 

8 mg minor (cis) diastereomer, 6% yield (12:1 dr).  Condition B: clear oil, 101 mg 

major (trans) diastereomer, 81% yield; 9 mg minor (cis) diastereomer, 7% yield (11:1 dr). From 

5g – Condition B: 73% yield (>20:1 dr). See below for NOESY-1d analysis. Major (trans) 

Diastereomer: 1H NMR (300 MHz, CDCl3) δ 7.43 – 7.28 (m, 5H), 5.74 (ddd, J = 17.0, 10.0, 6.9 

O
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Hz, 1H), 5.35 (m, 1H), 5.23 (m, 2H), 5.17 (d, J = 12.4 Hz, 1H), 5.10 (d, J = 12.4 Hz, 1H), 4.75 

(d, J = 4.6 Hz, 1H), 3.86 (m, 1H), 3.82 (m, 1H), 1.34 (d, J = 6.0 Hz, 3H); 13C NMR (75 MHz, 

CDCl3) δ 154.16, 136.47, 135.19, 128.58, 128.17, 128.07, 118.07, 80.37, 78.71, 67.19, 65.45, 

17.04; HRMS (ESI) calculated for [C14H17NO3 + Na]+ requires m/z 270.1101, found 270.1106; 

Minor Diastereomer: 1H NMR (300 MHz, CDCl3) δ 7.35 (m, 5H), 5.70 (ddd, J = 17.2, 10.3, 7.5 

Hz, 1H), 5.34 – 5.22 (m, 2H), 5.17 (d, J = 13.6 Hz, 1H), 5.11 (d, J = 12.5 Hz, 1H), 5.04 (d, J = 

12.5 Hz, 1H), 4.86 (d, J = 14.8 Hz, 1H), 4.34 – 4.20 (m, 1H), 4.14 (p, J = 5.9, 5.4 Hz, 1H), 1.22 

(d, J = 6.3 Hz, 3H).  

 

6b: From 5b: Condition A: clear oil, 106 mg, 91% yield. From cis-5b: Condition A: 

clear oil, 105 mg, 90% yield. 1H NMR (300 MHz, CDCl3) δ 7.35 (m, 5H), 5.80 (ddd, J 

= 17.1, 10.2, 6.8 Hz, 1H), 5.27 (m, 1H), 5.25 – 5.12 (m, 2H), 5.12 (d, J = 12.4 Hz, 1H), 5.04 (m, 

1H), 4.86 (d, J = 4.1 Hz, 1H), 4.40 (m, 1H), 4.12 (dd, J = 8.7, 6.6 Hz, 1H), 3.78 (dd, J = 8.8, 4.4 

Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 153.45, 136.38, 135.50, 128.51, 128.13, 127.98, 117.13, 

79.14, 72.31, 67.10, 57.95; HRMS (ESI) calculated for [C13H15NO3 + Na]+ requires m/z 

256.0945, found 256.0949. 

 

6c: Condition A: clear oil, 135 mg, 87% yield, >20:1 trans:cis alkene isomer. 1H 

NMR (300 MHz, CDCl3) δ 7.43 – 7.20 (m, 10H), 6.55 (m, 1H), 6.13 (dd, J = 15.7, 

7.3 Hz, 1H), 5.19 (d, J = 12.3 Hz, 1H), 5.09 (m, 2H), 4.94 (m, 1H), 4.55 (m, 1H), 4.19 (t, J = 7.4 

Hz, 1H), 3.87 (dd, J = 8.8, 4.5 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 153.55, 136.37, 132.80, 

128.64, 128.59, 128.16, 128.12, 127.99, 126.68, 79.58, 72.96, 67.26, 57.90; HRMS (ESI) 

calculated for [C19H19NO3 + H]+ requires m/z 310.1438, found 310.1440. 
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6d: Condition A: clear oil, 95 mg, 69% yield (a 0-20% hexanes:acetone solvent 

program was used for purification). 1H NMR (300 MHz, CDCl3) δ 7.44 – 7.15 (m, 

5H), 6.57 (d, J = 15.8 Hz, 1H), 6.11 (dd, J = 15.5, 7.5 Hz, 1H), 5.02 (s, 1H), 4.86 (s, 1H), 4.46 

(bs, 1H), 4.18 (t, J = 6.8 Hz, 1H), 3.84 (dd, J = 8.8, 4.6 Hz, 1H), 1.45 (s, 9H); 13C NMR (75 

MHz, CDCl3) δ 153.10, 136.60, 132.34, 128.68, 127.86, 127.36, 126.58, 80.50, 79.38, 72.92, 

57.84, 28.53; HRMS (ESI) calculated for [C16H21NO3 + Na]+ requires m/z 298.1414, found 

298.1410. 

 

6e: Condition A: clear oil, 113 mg, 86% yield. 1H NMR (300 MHz, CDCl3) δ 7.41 

– 7.28 (m, 5H), 5.71 (m, 1H), 5.38 (dd, J = 15.3, 7.4 Hz, 1H), 5.20 (d, J = 12.4 

Hz, 1H), 5.09 (d, J = 12.4 Hz, 1H), 5.03 (s, 1H), 4.84 (d, J = 4.2 Hz, 1H), 4.36 (m, 1H), 4.10 (dd, 

J = 8.7, 6.6 Hz, 1H), 3.73 (dd, J = 8.7, 4.7 Hz, 1H), 2.04 (p, J = 9.0, 7.9 Hz, 2H), 0.97 (t, J = 7.4 

Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 153.53, 136.53, 135.67, 128.53, 128.12, 127.99, 126.22, 

79.24, 73.01, 67.04, 57.64, 25.22, 13.31; HRMS (ESI) calculated for [C15H19NO3 + H]+ requires 

m/z 262.1438, found 262.1436. 

 

6f: Condition A: clear oil, 71 mg, 57% yield, recovered starting material (35%). 

Condition B: clear oil, 91 mg, 74% yield.  1H NMR (400 MHz, CDCl3) δ 7.35 (m, 

5H), 5.94 (m, 1H), 5.26 – 4.90 (m, 6H), 3.88 (d, J = 8.6 Hz, 1H), 3.77 (d, J = 8.7 Hz, 1H), 1.56 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 151.74, 140.04, 139.39, 136.55, 128.58, 128.13, 128.03, 

114.68, 80.95, 80.25, 79.92, 79.31, 67.02, 66.68, 61.91, 21.36, 20.55; HRMS (ESI) calculated for 

[C14H17NO3 + H]+ requires m/z 248.1282, found 248.1290. 
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6h: Condition A: clear oil, 99 mg, 72% yield (>20:1 dr), 30 mg recovered starting 

material (22%). Condition B: clear oil, 118 mg, 85% yield (>20:1 dr). 1H NMR 

(300 MHz, CDCl3) δ 7.34 (m, 5H), 5.76 (ddd, J = 17.1, 10.2, 7.0 Hz, 1H), 5.28 (m, 3H), 5.18 (d, 

J = 12.4 Hz, 1H), 5.11 (d, J = 12.4 Hz, 1H), 4.73 (d, J = 4.6 Hz, 1H), 4.14 (m, 1H), 3.54 (t, J = 

6.3 Hz, 1H), 1.87 (dq, J = 13.5, 6.7 Hz, 1H), 0.97 (dd, J = 6.7, 4.4 Hz, 6H); 13C NMR (75 MHz, 

CDCl3) δ 153.75, 136.50, 136.09, 128.59, 128.19, 128.08, 117.36, 89.04, 78.41, 67.23, 61.13, 

30.65, 19.07, 18.17; HRMS (ESI) calculated for [C16H21NO3 + Na]+ requires m/z 298.1414, 

found 298.1409. 

 

6i: Condition B: clear oil, 122 mg, 75% yield (>20:1 dr), recovered starting material 

(16%). 1H NMR (400 MHz, CDCl3) δ 7.53 – 7.05 (m, 10H), 5.68 (ddd, J = 17.1, 

10.2, 7.0 Hz, 1H), 5.24 (m, 3H), 5.16 (d, J = 12.4 Hz, 1H), 5.11 (d, J = 12.4 Hz, 1H), 4.74 (d, J = 

4.7 Hz, 1H), 4.00 (dd, J = 16.4, 10.5 Hz, 2H), 2.93 (d, J = 6.2 Hz, 2H); 13C NMR (101 MHz, 

CDCl3) δ 153.90, 137.20, 136.41, 135.09, 129.36, 128.61, 128.58, 128.20, 127.93, 126.87, 

117.88, 84.92, 78.75, 67.23, 63.16, 38.21; HRMS (ESI) calculated for [C20H21NO3 + H]+ 

requires m/z 324.1595, found 324.1611. 

 

6j: Condition B: clear oil, 102 mg, 78% yield (>20:1 dr), recovered starting material 

(21%). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.27 (m, 5H), 5.97 – 5.54 (m, 2H), 5.16 

(s, 2H), 5.04 – 4.81 (m, 2H), 4.32 (m, 2H), 2.19 (dddt, J = 16.1, 10.2, 4.8, 2.4 Hz, 1H), 2.13 – 

2.04 (m, 1H), 2.00 – 1.89 (m, 1H), 1.75 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 153.14, 136.57, 

129.62, 128.66, 128.25, 128.11, 123.66, 78.12, 75.72, 67.06, 52.65, 24.38, 19.32; HRMS (ESI) 

calculated for [C15H17NO3 + Na]+ requires m/z 282.1101, found 282.1113. 
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i-Pr
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6k: Condition B: clear oil, 72 mg, 59% yield (>20:1 dr), recovered starting material 

(19%). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.28 (m, 5H), 6.01 – 5.66 (m, 2H), 5.17 

(d, J = 1.8 Hz, 2H), 5.00 (d, J = 4.3 Hz, 1H), 4.97 – 4.70 (m, 2H), 2.63 (dd, J = 18.4, 5.9 Hz, 

1H), 2.53 (dt, J = 18.4, 1.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 153.12, 136.48, 132.52, 

128.64, 128.50, 128.25, 128.10, 80.47, 77.71, 67.20, 65.42, 38.67; HRMS (ESI) calculated for 

[C14H15NO3 + H]+ requires m/z 246.1125, found 246.1131. 

 

6l: Condition B: clear oil, 84 mg, 53% yield (>20:1 dr), recovered starting 

material (24%). 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 5.2 Hz, 5H), 5.79 

(ddd, J = 17.2, 10.2, 7.2 Hz, 1H), 5.38 – 5.20 (m, 3H), 5.16 (d, J = 12.4 Hz, 1H), 5.11 (d, J = 

12.4 Hz, 1H), 4.78 (d, J = 4.6 Hz, 1H), 4.31 – 4.23 (m, 1H), 3.99 (t, J = 6.9 Hz, 1H), 2.86 (dd, J 

= 16.7, 7.8 Hz, 1H), 2.68 (m, 1H), 2.61 (dt, J = 13.9, 6.7 Hz, 1H), 1.11 (d, J = 7.0 Hz, 6H); 13C 

NMR (126 MHz, CDCl3) δ 211.39, 153.64, 136.32, 128.64, 128.60, 128.25, 127.98, 118.07, 

79.60, 78.74, 67.31, 63.49, 42.25, 41.59, 17.98, 17.94; HRMS (ESI) calculated for [C18H23NO4 + 

H]+ requires m/z 318.1700, found 318.1707. 

 

6m: Condition B: Purified over basic alumina with a 30-100% 

EtOAc/hexanes solvent program to afford clear oil, 104 mg, 62% yield (9:1 

dr). 1H NMR (400 MHz, CDCl3) δ 7.35 (m, 5H), 5.81 (ddd, J = 17.2, 10.2, 7.1 Hz, 1H), 5.39 – 

5.20 (m, 3H), 5.17 (d, J = 12.4 Hz, 1H), 5.11 (d, J = 12.4 Hz, 1H), 4.81 (d, J = 4.6 Hz, 1H), 4.32 

(ddd, J = 7.8, 6.2, 4.8 Hz, 1H), 4.10 (t, J = 6.7 Hz, 1H), 3.68 (s, 3H), 3.19 (s, 3H), 2.88 (dd, J = 

15.9, 8.0 Hz, 1H), 2.65 (dd, J = 15.8, 4.9 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 170.65, 
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153.68, 136.31, 134.70, 128.55, 128.16, 127.94, 118.29, 79.80, 78.63, 67.23, 63.31, 61.45, 34.48, 

32.11; HRMS (ESI) calculated for [C17H22N2O5 + H]+ requires m/z 335.1602, found 335.1612. 

 

6n: Condition B: clear oil, 119 mg, 74% yield (19:1 dr), recovered starting 

material (22%). 1H NMR (400 MHz, CDCl3) δ 7.35 (m, 5H), 5.78 (ddd, J = 

17.3, 10.2, 7.3 Hz, 1H), 5.40 – 5.20 (m, 3H), 5.17 (d, J = 12.4 Hz, 1H), 5.11 (d, J = 12.4 Hz, 

1H), 4.81 (d, J = 4.6 Hz, 1H), 4.23 (q, J = 6.4 Hz, 1H), 4.16 (q, J = 7.2 Hz, 2H), 4.05 (t, J = 6.9 

Hz, 1H), 2.64 (d, J = 6.6 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 

170.18, 153.70, 136.30, 134.73, 128.62, 128.26, 128.02, 118.26, 80.13, 78.83, 67.36, 63.26, 

61.10, 37.23, 14.27; HRMS (ESI) calculated for [C17H21NO5 + H]+ requires m/z 320.1493, found 

320.1500. 

 

6o: Condition B: Purified over basic alumina with a 35-100% EtOAc/hexanes 

solvent program to afford clear oil, 120 mg, 75% yield (9:1 dr). 1H NMR (400 

MHz, CDCl3) δ 7.35 (m, 5H), 5.84 (ddd, J = 17.1, 10.2, 6.9 Hz, 1H), 5.40 – 5.20 (m, 3H), 5.17 

(d, J = 12.4 Hz, 1H), 5.11 (d, J = 12.4 Hz, 1H), 4.82 (d, J = 4.7 Hz, 1H), 4.36 (dt, J = 7.2, 5.6 Hz, 

1H), 4.12 (t, J = 6.4 Hz, 1H), 3.00 (s, 3H), 2.95 (s, 3H), 2.72 (dd, J = 15.7, 7.2 Hz, 1H), 2.55 (dd, 

J = 15.9, 5.4 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 169.48, 153.76, 136.35, 134.95, 128.59, 

128.21, 128.02, 117.85, 80.77, 78.69, 67.28, 63.31, 37.43, 35.83, 35.51; HRMS (ESI) calculated 

for [C17H22N2O4 + H]+ requires m/z 319.1653, found 319.1645. 

 

6p: Condition B: clear oil, 123 mg, 77% yield (>20:1 dr), recovered starting 

material (20%). 1H NMR (500 MHz, CDCl3) δ 7.34 (m, 5H), 5.76 (ddd, J = 
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17.1, 10.1, 7.0 Hz, 1H), 5.35 – 5.20 (m, 3H), 5.17 (d, J = 12.4 Hz, 1H), 5.11 (d, J = 12.4 Hz, 

1H), 4.78 (d, J = 4.5 Hz, 1H), 4.26 – 4.15 (m, 1H), 4.04 (dd, J = 7.1, 5.4 Hz, 1H), 3.67 (s, 3H), 

2.69 (p, J = 7.0 Hz, 1H), 1.26 (d, J = 7.0 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 173.92, 

153.61, 136.35, 135.14, 128.64, 128.26, 127.95, 117.74, 84.27, 78.60, 67.38, 61.67, 52.08, 41.87, 

12.97; HRMS (ESI) calculated for [C17H21NO5 + H]+ requires m/z 320.1493, found 320.1494. 

 

2.4.5. Allylic N-tosyl carbamate and N-allyl hemiaminal substrates 

1: Procedure adapted from literature precedence.35 An oven dried 50 ml round 

bottom flask equipped with a stir bar was evacuated and back-filled with nitrogen 

and charged with 3-penten-1-ol (1 equiv, 1.96 mmol, 0.2 ml) and 5 ml dry 

dichloromethane (0.4M). p-Toluenesulfonyl isocyanate (1.2 equiv, 2.35 mmol, 0.36 ml) was 

added via syringe. The reaction mixture was stirred at room temperature for 30 minutes, then 

transferred to a separatory funnel, diluted with additional dichloromethane and partitioned with 

water. The aqueous layer was re-extracted 2x with dichloromethane, and the combined organics 

were washed with brine, dried over MgSO4, and concentrated to oil. Purification on silica using a 

CombiFlash Rf automated chromatography system with a 0-50% ethyl acetate in hexanes solvent 

program afforded the product (494 mg, 89% yield) as a viscous clear oil. 1H NMR (500 MHz, 

CDCl3) δ 7.92 (d, J = 8.3 Hz, 2H), 7.53 (bs, 1H), 7.34 (d, J = 8.2 Hz, 2H), 5.67 (dqd, J = 15.3, 

6.6, 0.8 Hz, 1H), 5.36 (ddd, J = 15.3, 7.1, 1.7 Hz, 1H), 5.17 (p, J = 6.6 Hz, 1H), 2.45 (s, 3H), 

1.65 (dd, J = 6.5, 1.1 Hz, 3H), 1.24 (d, J = 6.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 149.91, 

145.08, 135.74, 129.78, 129.66, 129.58, 128.55, 74.95, 21.82, 20.30, 17.77; HRMS (ESI) 

calculated for [C13H17NO4S + NH4]+ requires m/z 301.1217, found 301.1207. 
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2: Substrate 1 was reacted according to the general procedure for condition B 

(section IV). Following the extraction, purification on silica using a CombiFlash Rf 

automated chromatography system with a 0-50% ethyl acetate in hexanes solvent program 

afforded the product (16 mg, 11% yield) as a clear oil and as a 3.5:1 mixture of cis and trans 

isomers. Characterization data matched literature precedent for this compound. 36  Two 

byproducts were also isolated: 56 mg of TsNH2 (accounting for 66% of the molar balance) and 

13 mg of (E)-4-methyl-N-(pent-3-en-2-yl)benzenesulfonamide (accounting for 11% of the molar 

balance). Condition A [5 mol% Pd(TFA)2, 20 mol% DMSO, 20 mol% NaOBz, 3Å M.S., 0.1M 

in THF, 25 °C, 24 hr] and condition C [5 mol% Pd(OAc)2, 0.1M in DMSO, 60 °C, 24 hr] were 

tested on 0.1 mmol scale in a custom parallel reactor that allows for orbital agitation and supplies 

1 atm of O2. After work-up, the crude materials were analyzed by 1H NMR with 

trimethylphenylsilane as an internal standard, and 0% of the desired oxazolidinone was observed.  

 

3: Prepared as described previously; characterization data matched literature 

precedent.37 1H NMR (300 MHz, CDCl3) δ 5.66 – 5.33 (m, 2H), 4.75 (dd, J = 11.1, 

6.6 Hz, 1H), 4.58 (dd, J = 11.1, 8.5 Hz, 1H), 1.70 (dd, J = 4.8, 1.4 Hz, 3H), 1.49 (s, 9H), 1.26 (d, 

J = 6.9 Hz, 3H). 

 

4: Condition A [5 mol% Pd(TFA)2, 20 mol% DMSO, 20 mol% NaOBz, 3Å M.S., 

0.1M in THF, 25 °C, 24 hr], condition B [5 mol% Pd(TFA)2, 20 mol% NaOBz, 3Å 

M.S., 0.1M in DMSO, 60 °C, 24 hr], and condition C [5 mol% Pd(OAc)2, 0.1M in DMSO, 60 

°C, 24 hr] were tested on 0.08 mmol scale in a custom parallel reactor that allows for orbital 

agitation and supplies 1 atm of O2. After work-up, the crude materials were analyzed by 1H 
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NMR with trimethylphenylsilane as an internal standard. 1H NMR spectroscopic data matched 

prior report for this compound.38 Trans isomer: 1H NMR (300 MHz, CDCl3) δ 5.87 (ddd, J = 

17.2, 10.4, 6.8 Hz, 1H), 5.36 (dd, J = 7.3, 1.1 Hz, 1H), 5.28 (dd, J = 10.3, 1.1 Hz, 1H), 5.14 (m, 

1H), 4.69 (d, J = 4.5 Hz, 1H), 4.02 (t, J = 6.8 Hz, 1H), 3.55 (m, 1H), 1.47 (s, 9H), 1.27 (d, J = 7.0 

Hz, 3H). Cis isomer: 1H NMR (300 MHz, CDCl3) δ 5.83 (ddd, J = 17.2, 10.4, 6.6 Hz, 1H), 5.42 

(dd, J = 7.1, 1.3 Hz, 1H), 5.32 (dd, J = 12.4, 1.6 Hz, 1H), 4.94 (m, 1H), 4.80 (m, 1H), 4.44 (t, J = 

6.3 Hz, 1H), 3.94 (m, 1H), 1.47 (s, 9H), 1.09 (d, J = 6.6 Hz, 3H). 

 

2.4.6. Deprotection of 6b and 6j 

7: Oxazolidine 6b (1 equiv, 0.549 mmol, 128 mg) was weighed into a 50 ml round 

bottom flask and dissolved in 5.5 ml of ethanol (0.1M). HCl (5 M, 50 equiv, 27.4 

mmol, 5.5 ml) was added, and the reaction vessel was equipped with a stir bar and reflux 

condenser and heated to 80-85 °C (reflux) for 1 hour. After cooling to room temperature, the 

reaction mixture was diluted with ethyl acetate and quenched with a saturated aqueous solution 

of sodium bicarbonate. The aqueous layer was extracted a total of 3x with ethyl acetate, and the 

combined organics were then washed with brine, dried over MgSO4 and concentrated to oil. 

Purification on silica with a CombiFlash Rf automated chromatography system using a 0-100% 

EtOAc/hexanes solvent program afforded the product (105 mg, 87% yield) as a clear oil, which 

solidified at room temperature. 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 5.79 (ddd, J 

= 16.4, 10.5, 5.3 Hz, 1H), 5.34 (d, J = 8.4 Hz, 1H), 5.25 (d, J = 17.4 Hz, 1H), 5.21 (d, J = 10.6 

Hz, 1H), 5.09 (s, 2H), 4.36 – 4.22 (m, 1H), 3.73 – 3.64 (m, 1H), 3.60 (dd, J = 11.4, 5.5 Hz, 1H), 

2.64 (s, 1H); 13C NMR (126 MHz, CDCl3) δ 156.52, 136.36, 135.20, 128.62, 128.27, 128.21, 

HO NHCbz
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116.83, 67.05, 64.89, 55.11; HRMS (ESI) calculated for [C12H15NO3 + H]+ requires m/z 

222.1125, found 222.1116. 

 

S6: Oxazolidine 6j (1 equiv, 0.235 mmol, 61 mg) was weighed into a 25 ml round 

bottom flask and dissolved in 2.35 ml of ethanol (0.1M). HCl (5 M, 50 equiv, 11.8 

mmol, 2.35 ml) was added, and the reaction vessel was equipped with a stir bar and reflux 

condenser and heated to 80-85 °C (reflux) for 1 hour. After cooling to room temperature, the 

reaction mixture was diluted with ethyl acetate and quenched with a saturated aqueous solution 

of sodium bicarbonate. The aqueous layer was extracted a total of 3x with ethyl acetate, and the 

combined organics were then washed with brine, dried over MgSO4 and concentrated to oil. 

Purification on silica with a CombiFlash Rf automated chromatography system using a 0-100% 

EtOAc/hexanes solvent program afforded the product (31 mg, 53% yield) as a white solid and 

recovered starting material (13 mg, 21% yield). 1H NMR (500 MHz, CDCl3) δ 7.42 – 7.28 (m, 

5H), 5.91 – 5.79 (m, 1H), 5.60 – 5.50 (m, 1H), 5.14 (d, J = 12.1 Hz, 1H), 5.09 (d, J = 12.3 Hz, 

1H), 5.06 – 5.02 (m, 1H), 4.33 (m, 1H), 4.05 – 3.96 (m, 1H), 2.42 – 2.35 (m, 1H), 2.18 (dtdt, J = 

16.5, 6.0, 4.0, 2.0 Hz, 1H), 2.07 (dtd, J = 15.5, 6.4, 2.9 Hz, 1H), 1.81 (ddt, J = 14.7, 6.4, 3.1 Hz, 

1H), 1.71 (dq, J = 13.9, 6.8 Hz, 1H); 13C NMR (126 MHz, CDCl3) δ 157.11, 136.39, 131.00, 

128.69, 128.34, 128.31, 125.19, 68.50, 67.19, 50.22, 26.44, 22.52; HRMS (ESI) calculated for 

[C14H17NO3 + H]+ requires m/z 248.1282, found 248.1282. 
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2.4.7. NOESY-1D analysis of 6a and 6j 

The following NOESY-1D analyses of oxazolidine 6a (major and minor diastereomers) were 

performed on a Varian 600 MHz spectrometer with mix time set to 1.26 milliseconds: 
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Oxazolidine 6j was deprotected to afford S6 (see above) and subjected to NOESY-1D analysis 

using a Bruker 500 MHz spectrometer and mix time set to 0.6 milliseconds:  
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2.4.8. Synthesis of (–)-N-Cbz-O-methyl-acosamine, COSY analysis 

 

 

10: Prepared from TBS-protected ethyl-L-lactate as reported previously. TBS-

protected ethyl-L-lactate (1 equiv, 2.15 mmol, 500 mg) was weighed into a 100 ml 

round bottom flask equipped with a stir bar. The reaction vessel was evacuated and back-filled 

with N2, and dry diethyl ether (11 ml, 0.2M) was added via syringe. The reaction mixture was 

cooled to -78 °C in a dry ice / acetone bath, and DIBAL-H (1.0M solution in hexanes, 1.2 equiv, 

2.6 mmol, 2.6 ml) was added dropwise via syringe. After stirring for 1 hour at -78 °C, the 

reaction mixture was diluted with an additional 11 ml of diethyl ether, warmed to 0 °C and 

quenched with the cautious addition of a saturated aqueous Rochelle's salt (sodium potassium 

tartrate) solution (approximately 30 ml). The mixture was allowed to warm to room temperature 

and vigorous stirring was continued for 1 hour. The mixture was transferred to a separatory 

funnel and diluted further with ether and saturated aqueous Rochelle's salt solution. The ether 

layer was partitioned, and the aqueous layer was extracted 2x with additional ether. The 

combined organics were washed with brine, dried over MgSO4, and concentrated gently to a 

clear liquid. This material was immediately purified on silica, eluting 15:1 hexanes : ethyl acetate 

and concentrated gently (15 mbar at room temperature) to afford the product aldehyde (300 mg, 
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74% yield) as a clear liquid. This aldehyde is not bench stable and should be used immediately to 

avoid decomposition. Characterization data matched prior reports: 1H NMR (300 MHz, CDCl3) δ 

9.62 (d, J = 1.3 Hz, 1H), 4.10 (qd, J = 6.9, 1.3 Hz, 1H), 1.28 (d, J = 6.9 Hz, 3H), 0.92 (s, 9H), 

0.11 (s, 3H), 0.09 (s, 3H). 

 

11: 3-Bromo-2E-propenol (1 equiv, 4.26 mmol, 584 mg) was weighed into a 

50 ml round bottom flask equipped with a stir bar, dissolved in DMF (4.3 ml, 1M) and imidazole 

(2.2 equiv, 9.38 mmol, 638 mg) was added. The reaction vessel was placed under nitrogen and 

tert-butyl(chloro)diphenylsilane (1.1 equiv, 4.69 mmol, 1.22 ml) was added via syringe. After 

stirring at room temperature for 3 h, TLC (4:1 hexanes : EtOAc) indicated complete 

consumption of the starting alcohol. The reaction mixture was transferred to a separatory funnel 

and partitioned between 50 ml hexanes and 50 ml saturated aqueous ammonium chloride 

solution. The aqueous layer was extracted 2x with additional hexanes, and the combined 

organics were washed with brine, dried over MgSO4 and concentrated to oil. The oil was purified 

on silica, eluting 19:1 hexanes : EtOAc to afford the TBDPS-protected alcohol (1.58 g, 99% 

yield) as a clear oil, which solidified at reduced temperature.  1H NMR (400 MHz, CDCl3) δ 7.65 

(dd, J = 7.9, 1.6 Hz, 4H), 7.49 – 7.34 (m, 6H), 6.34 (dt, J = 13.4, 1.7 Hz, 1H), 6.26 (dt, J = 13.4, 

4.4 Hz, 1H), 4.13 (dd, J = 4.4, 1.6 Hz, 2H), 1.06 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 136.42, 

135.62, 133.24, 129.98, 127.92, 106.32, 64.12, 26.91, 19.37; HRMS (ESI) calculated for 

[C19H23BrOSi – C(CH3)3]+ requires m/z 316.9992, found 316.9975. 

 

12: Vinyl bromide 11 (1.2 equiv, 1.59 mmol, 569 mg) was weighed into a 50 

ml round bottom flask equipped with a stir bar and evacuated / back-filled 

Br OTBDPS

Me

TBSO

OH
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with N2. TBS-protected L-lactaldehyde 10 (1 equiv, 1.33 mmol, 250 mg) was weighed into a 

separate 50 ml round bottom flask with a stir bar and purged with N2. The vinyl bromide was 

dissolved in 8 ml of dry diethyl ether (0.2M) and the aldehyde was dissolved in 3.3 ml of dry 

diethyl ether (0.4M). The vinyl bromide was cooled to -78 °C in a dry ice / acetone bath, and 

tert-butyllithium (0.90M in pentanes, 1.2 equiv, 1.59 mmol, 1.77 ml) was added dropwise via 

syringe. The mixture was allowed to stir at -78 °C for 20 min, and then warmed to -60 °C in a 

dry ice / chloroform bath and allowed to stir an additional 10 min. Meanwhile, the aldehyde was 

cooled to -78 °C in a dry ice / acetone bath. The vinyllithium solution was transferred dropwise 

to the reaction vessel containing the aldehyde via cannula at -78 °C. After stirring for 1 hour at -

78 °C, the reaction mixture was warmed to 0 °C and quenched with addition of 20 ml saturated 

aqueous ammonium chloride solution. The mixture was transferred to a separatory funnel and 

diluted with additional ether and water. The ether layer was partitioned, washed with brine and 

dried over MgSO4 and concentrated to clear oil. TLC on silica using 19:1 hexanes : EtOAc and 

an extra long plate (20 cm) showed clear separation of the anti and syn diastereomers. 

Purification with a CombiFlash Rf automated chromatography system using a 0-5% gradient / 

5% isocratic EtOAc/hexanes solvent program on an over-sized silica column afforded the desired 

anti diastereomer (367 mg, 57% yield) and the syn diastereomer (98 mg, 15% yield). [Note: the 

mixture of diastereomers could also be carried forward through the synthesis to afford the final 

sugar in comparable overall yield and with only trace impurity (presumed to be the minor 

diastereomer).] Anti diastereomer: 1H NMR (400 MHz, CDCl3) δ 7.72 – 7.64 (m, 4H), 7.48 – 

7.31 (m, 6H), 5.89 – 5.71 (m, 2H), 4.29 – 4.17 (m, 2H), 4.10 – 3.99 (m, 1H), 3.85 (qd, J = 6.2, 

3.5 Hz, 1H), 2.25 (d, J = 4.3 Hz, 1H), 1.08 (d, J = 6.2 Hz, 3H), 1.06 (s, 9H), 0.90 (s, 9H), 0.09 (s, 

6H); 13C NMR (101 MHz, CDCl3) δ 135.66, 133.82, 133.79, 131.74, 129.77, 127.90, 127.79, 
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76.14, 71.54, 63.92, 26.95, 25.96, 19.39, 18.20, 17.92, -4.26, -4.67; HRMS (ESI) calculated for 

[C28H44O3Si2 + NH4]+ requires m/z 502.3168, found 502.3175. Syn diastereomer: 1H NMR (400 

MHz, CDCl3) δ 7.74 – 7.61 (m, 4H), 7.49 – 7.30 (m, 6H), 5.85 (dt, J = 15.5, 4.0 Hz, 1H), 5.76 

(dd, J = 15.5, 5.9 Hz, 1H), 4.28 – 4.16 (m, 2H), 3.85 (q, J = 5.5, 5.0 Hz, 1H), 3.67 (p, J = 6.1 Hz, 

1H), 2.57 (d, J = 4.4 Hz, 1H), 1.14 (d, J = 6.2 Hz, 3H), 1.06 (s, 9H), 0.90 (s, 9H), 0.10 (s, 3H), 

0.09 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 135.67, 135.65, 133.79, 133.75, 131.61, 129.77, 

129.02, 127.79, 76.70, 72.14, 63.91, 26.95, 25.97, 20.15, 19.38, 18.18, -4.05, -4.61; HRMS (ESI) 

calculated for [C28H44O3Si2 + NH4]+ requires m/z 502.3168, found 502.3163. 

 

13: Prepared from allylic alcohol 12 (anti diastereomer, 1 equiv, 0.41 mmol, 

200 mg) according to the general procedure described above (section III). 

Purification on silica with a CombiFlash Rf automated chromatography 

system using a 0-15% EtOAc/hexanes solvent program afforded the product (173 mg, 65% 

yield) and recovered starting material (37 mg, 19% yield) as clear oils. 1H NMR (400 MHz, 

CDCl3) δ 7.74 – 7.62 (m, 4H), 7.47 – 7.27 (m, 11H), 5.79 (dt, J = 15.5, 3.9 Hz, 1H), 5.70 (dd, J = 

15.6, 5.6 Hz, 1H), 5.57 (t, J = 7.1 Hz, 1H), 5.18 – 5.04 (m, 2H), 4.78 – 4.58 (m, 2H), 4.29 – 4.07 

(m, 2H), 3.76 (d, J = 5.3 Hz, 2H), 1.10 (d, J = 5.6 Hz, 3H), 1.05 (s, 9H), 0.87 (s, 9H), 0.05 (s, 

3H), 0.04 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 156.28, 136.45, 135.67, 135.66, 133.78, 

133.33, 129.78, 128.63, 128.27, 128.24, 127.79, 127.14, 83.23, 71.25, 71.11, 66.94, 63.79, 26.96, 

26.00, 19.42, 19.37, 18.26, -4.48, -4.51; HRMS (ESI) calculated for [C37H53NO5Si2 + NH4]+ 

requires m/z 665.3801, found 665.3817. 
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14: Prepared according to a modified version of general procedure B (section 

IV), in which the concentration in DMSO is increased to 1M and the reaction 

is stopped after 18 hours. A 25 ml Schlenk tube was charged with substrate 11 

(1 equiv, 0.238 mmol, 154 mg), pulverized sodium benzoate (0.2 equiv, 0.0475 mmol, 6.9 mg), 

powdered 3Å molecular sieves (95 mg, not activated33) and a stir bar. A septum was used to seal 

the top of the tube and the apparatus was evacuated and back-filled with O2 from a balloon. A 

0.24 ml stock solution containing Pd(TFA)2 (0.05 equiv, 0.0119 mmol, 3.95 mg) in DMSO was 

added via syringe. The reaction vessel was submerged in an oil bath held at 60 °C and stirred 

vigorously under a balloon of O2 for 18 hrs. The reaction mixture was cooled to room 

temperature and then partitioned between ether and water (approximately 50 ml of each). The 

aqueous layer was re-extracted an additional 2x with ether. The combined organics were washed 

with brine, dried over MgSO4 and concentrated in vacuo. The resulting oil was purified on silica 

using a CombiFlash Rf automated chromatography system with a 0-15% gradient of ethyl 

acetate in hexanes to afford the silyl enol ether product  (120 mg, 78% yield) as a clear oil. 1H 

NMR (400 MHz, CDCl3) δ 7.83 – 7.57 (m, 4H), 7.50 – 7.13 (m, 11H), 6.67 – 6.37 (m, 1H), 5.21 

– 4.84 (m, 4H), 4.67 (m, 1H), 4.35 (m, 1H), 3.90 – 3.76 (m, 1H), 3.56 (t, J = 4.4 Hz, 1H), 1.12 – 

0.99 (m, 12H), 0.77 (s, 9H), 0.05 – -0.15 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 144.53, 

136.60, 135.55, 134.94, 132.57, 130.11, 129.77, 128.53, 127.99, 127.93, 127.90, 127.85, 110.57, 

88.79, 78.42, 68.10, 66.94, 54.60, 26.63, 25.83, 20.30, 19.38, 18.03, -4.39, -4.73; HRMS (ESI) 

calculated for [C37H51NO5Si2 + H]+ requires m/z 646.3379, found 646.3370. 

 

15: Silyl enol ether 14 (1 equiv, 0.19 mmol, 120 mg) was transferred to a 30 ml 

polyethylene bottle in a total volume of 1.9 ml of THF (0.1M). Pyridine (7.8 
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equiv, 1.5 mmol, 0.12 ml) was added via syringe. Hydrogen fluoride pyridine 

(70%HF•30%pyridine, 24 equiv HF, 4.6 mmol, 0.12 ml) was added via syringe (caution: follow 

standard safety precautions for handling HF solutions; a needle was not used in connection with 

the syringe). The reaction vessel was capped to prevent evaporation of solvent and allowed to stir 

at room temperature. The progress of the reaction was monitored by TLC (1:1 hexanes:EtOAc 

on silica, visualization with UV and CAM). The silyl enol ether was rapidly cleaved to yield the 

aldehyde with the secondary TBS-ether intact (Rf = 0.88). This spot slowly converts to a more 

polar spot (Rf = 0.30), which corresponds to the desired product. After 44 hours, the reaction 

mixture was diluted with ethyl acetate and washed 2x with saturated aqueous sodium bicarbonate 

solution. The organic layer was further washed with brine, dried over MgSO4, and concentrated 

to oil. Purification on silica using a CombiFlash Rf automated chromatography system with a 0-

100% gradient of ethyl acetate in hexanes afforded the product aldehyde  (45 mg, 82% yield) as 

a clear oil. 1H NMR (400 MHz, CDCl3) δ 9.78 (bs, 1H), 7.45 – 7.28 (m, 5H), 5.32 – 5.02 (m, 

3H), 4.80 (d, J = 4.4 Hz, 1H), 4.39 (q, J = 5.6 Hz, 1H), 3.97 – 3.85 (m, 1H), 3.74 (t, J = 5.3 Hz, 

1H), 2.92 – 2.71 (m, 1H), 2.13 (bs, 1H), 1.25 (d, J = 6.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 

200.36, 153.45, 136.01, 128.73, 128.48, 128.27, 86.72, 78.69, 68.11, 67.64, 52.66, 47.09, 19.62; 

HRMS (ESI) calculated for [C15H19NO5 + H]+ requires m/z 294.1336, found 294.1335. 

 

16: Aldehyde 15 (1 equiv, 0.147 mmol, 43 mg) was evaporated into a 24 ml 

glass vial  and dissolved in 1.5 ml MeOH (0.1M). Hydrochloric acid (1M 

aqueous solution, 10 equiv, 1.5 mmol, 1.5 ml) was added. The vial was capped 

and heated to 80-85°C for six hours. The reaction mixture was then cooled to room temperature, 

diluted with ethyl acetate and washed 2x with saturated aqueous sodium bicarbonate solution. 

O

Me

OH

NHCbz

OMe



 61 

The organic layer was further washed with brine, dried over MgSO4, and concentrated. TLC (1:1 

hexanes:EtOAc on silica, visualization with UV and CAM) indicated the desired product at Rf = 

0.33. Purification on silica using a CombiFlash Rf automated chromatography system with a 0-

100% gradient of ethyl acetate in hexanes afforded the product (23 mg, 53% yield) as a white 

solid (3:1 mixture of a:b anomers). 1H NMR a-anomer (500 MHz, CDCl3) δ 7.45 – 7.28 (m, 

5H), 5.13 – 5.08 (m, 2H), 4.77 (d, J = 7.3 Hz, 1H), 4.71 (d, J = 3.0 Hz, 1H), 3.94 (dddd, J = 12.0, 

9.5, 7.z3, 4.7 Hz, 1H), 3.66 (dq, J = 9.3, 6.2 Hz, 1H), 3.46 (bs, 1H), 3.33 (s, 3H), 3.08 – 3.04 (m, 

1H), 2.06 (dd, J = 12.7, 4.9 Hz, 1H), 1.61 (td, J = 12.7, 3.5 Hz, 1H), 1.29 (d, J = 6.2 Hz, 3H); 1H 

NMR b-anomer (500 MHz, CDCl3) δ 7.45 – 7.28 (m, 5H), 5.13 – 5.08 (m, 2H), 4.87 (d, J = 7.3 

Hz, 1H), 4.43 (dd, J = 9.4, 2.0 Hz, 1H), 3.69 (m, 1H), 3.49 (s, 3H), 3.46 (bs, 1H), 3.08 – 3.04 (m, 

1H), 2.15 (ddd, J = 12.5, 4.9, 2.0 Hz, 1H), 1.46 (td, J = 12.5, 9.4 Hz, 1H), 1.35 (d, J = 6.2 Hz, 

3H); 13C NMR mix of anomers (126 MHz, CDCl3) δ 158.05, 157.90, 136.09, 135.96, 128.77, 

128.74, 128.55, 128.49, 128.42, 100.66, 97.33, 77.93, 73.39, 68.38, 67.61, 67.50, 56.65, 54.65, 

53.39, 50.64, 37.04, 35.86, 17.83; HRMS (ESI) calculated for [C15H21NO5 + H]+ requires m/z 

296.1493, found 296.1488. 
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COSY analysis of aminosugar 16 assisted with the following assignment of peaks for the mixture 

of α- and β-anomers: 
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with the Development of Enantioselective  

Wacker-Type Cyclizations 
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3.1 Introduction 

Palladium(II)-catalyzed oxidative functionalization of alkenes has been the focus of intense 

interest for decades, and Wacker-type cyclizations, 1  which enable synthesis of diverse 

heterocycles, are a prominent class of these reactions.2 Substantial effort has been directed 

toward enantioselective applications, but successful examples (e.g., ≥ 90% ee) remain rare and 

often exhibit limited substrate scope.3,4 A key challenge associated with these reactions is the 

possibility of cis- or trans-nucleopalladation (NP) of the alkene, because the formation of 

diastereomeric intermediates from these pathways could have significant consequences for the 

development of enantioselective transformations (Scheme 3.1).3 Examples of both cis- and trans-

NP pathways in catalytic reactions have been documented,5,6 but only three enantioselective 

variants of these reactions have been characterized with respect to the stereochemical course of 

nucleopalladation. All three examples exhibited a preference for cis-NP.44f,k,n The possible 

impact of the stereochemical course of nucleopalladation on the enantioselectivity of a given 

asymmetric Wacker-type reaction has not been established. Here, we present a mechanistic 

investigation of the factors that affect the stereochemical course of nucleopalladation in the 

context of a recently discovered catalyst system for the enantioselective cyclization of γ-alkenyl 

tosylamides. Implementation of a novel stereochemical probe demonstrates that both the chiral 

neutral donor ligand and the anionic ligands on the palladium center are capable of controlling 

the stereochemical pathway for amidopalladation (AP), but only the trans-AP pathway exhibits 

high enantioselectivity. These data provide the first direct correlation between nucleopalladation 

stereoselectivity and the enantioselectivity of the transformation in question. Such insights 

highlight valuable considerations for the development of enantioselective reactions that involve 

nucleopalladation of an alkene. 
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Scheme 3.1.  Stereochemical pathways for alkene nucleopalladation. 

 

Recently, we showed that a PdII catalyst with a chiral pyridine-oxazoline (pyrox) ligand 

enables preparation of pyrrolidines in excellent yield and enantioselectivity (Scheme 3.2). 4p,7 

Based on several closely related precedents, we predicted that the PdII/pyrox catalyst system 

would favor a cis-amidopalladation (cis-AP) mechanism.8 –11 For example, the isotopically 

labeled substrate 3-D-4 has been used to assess the mechanism of several different PdII catalyst 

systems for the aerobic, oxidative amidation of alkenes,5d and Pd(OAc)2/pyridine 

and Pd(TFA)2/(–)-sparteine were among the catalyst systems shown to afford 

products exclusively arising from cis-AP of the alkene.12 In the enantioselective 

cyclization of γ-alkenyl tosylamides, the identity of the anionic ligand was found to have a 

significant impact on the reaction outcome. Replacing Pd(pyrox)(TFA)2 with Pd(pyrox)(OAc)2 

gave significantly diminished yield and enantioselectivity under otherwise identical conditions 

(Scheme 3.2). The disparity of these results raised the possibility that the reactions with these 

catalysts might involve different AP pathways. 
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Scheme 3.2.  Pyrox-ligated palladium catalysts for enantioselective aza-Wacker cyclizations. 

 

3.2 Results and Discussion 

Our initial attempt to probe the AP pathway for the enantioselective reaction involved the use 

of substrate 3-D-4 under the previously optimized conditions. However, a mixture of all four of 

the possible bicyclic pyrrolidines was obtained in 61% yield, favoring the trans-AP products in 

approximately 3:1 ratio relative to cis-AP products (Scheme 3.3). This result was unexpected for 

two reasons: first, the cis-AP pathway was anticipated to be dominant for these conditions, and 

second, it seemed unlikely that a highly enantioselective reaction would involve simultaneous 

operation of both cis- and trans-AP pathways. Analysis of the product mixture by chiral HPLC 

revealed poor kinetic resolution; products 3-D-5 and 5 were formed in 13% ee, and products 3-

D-6 and 2-D-6 were formed in 56% ee. The relevance of these results was not entirely clear, in 

part, because the cyclic alkene in 3-D-4 could influence the stereochemical course of the AP step 

and may not be a good model for acyclic alkenes that undergo highly enantioselective 

cyclization.4p 

Scheme 3.3.  Cyclization of substrate 3-D-4 with chiral catalyst. 
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To circumvent the complications associated with the use of 3-D-4 as a mechanistic probe, we 

prepared a novel acyclic deuterated substrate probe, 6-D-1, which is a chiral analog of substrate 

1 (Scheme 3.4).13 Analysis of the products formed by oxidative cyclization of 6-D-1 is more 

involved than the analysis of products derived from substrate 3-D-4 because both the absolute 

configuration of the product and the loss or retention of the deuterium atom must be accounted 

for (the four products A-D differ only in the absolute configuration of the stereogenic center 

and/or the presence or absence of the styrenyl deuterium atom at C6, Scheme 3.4a). Reliable 

results with 6-D-1 are possible because trans-styrenyl products are obtained with high selectivity 

over the cis isomers, and very little deuterium scrambling (≤ 5 %) occurs.14  

Scheme 3.4. a) Mechanistic pathways for the reaction of 6-D-1 and b) mathematical 
relationships used to determine the yields of products A-D. 
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Three independent analytical measurements were used to establish the yield of products A-D 

from the reaction of 6-D-1 under various conditions. First, the H/D ratio at C6 in the four 

styrenyl products was obtained by 1H NMR spectroscopy. This quantity established the 

relationship (a+d) = x(b+c), where a, b, c and d represent the percent composition of the species 

A-D, and x = H/D at C6. Second, the enantiomeric ratio of the products was obtained by chiral 

HPLC analysis. This quantity established the relationship (a+c) = y(b+d), where y = [(R)-

products/(S)-products]. Third, the two sets of enantiomeric products were separated by chiral 

HPLC, and the H/D ratio of the enantiomerically pure products was obtained by 1H NMR 

spectroscopy.15 This quantity established the a:c and b:d ratios. With these data in hand and 

accounting for full mass balance (a+b+c+d = 100), it was possible to solve a system of four 

equations and four unknowns to determine the quantities a, b, c, and d, from which the trans-

AP:cis-AP selectivity was obtained from the ratio (a+b):(c+d) (Scheme 3.4b).16  

Substrate 6-D-1 was subjected to the optimized chiral catalyst conditions, and the reaction 

proceeded in excellent yield and enantioselectivity (90% yield and 96% ee), consistent with the 

reactivity of 1 reported previously (cf. Scheme 3.1).4p 1H NMR spectroscopic analysis of the 

initial product mixture revealed a 93:7 preference for the protio products (Scheme 3.5). Because 

we had previously determined that the (S)-configuration of pyrox ligand 3 favors formation of 

the (R)-configuration of the pyrrolidine, the initial 1H NMR and chiral HPLC analysis were 

enough to conclude that product A was the major species and the trans-AP pathway was heavily 

favored over the cis pathway. The product ratio was established more definitively with 1H NMR 

analysis of the purified major enantiomer species A and C. The three measurements show that 

these reactions exhibit a very high selectivity for a trans-AP pathway (trans:cis-AP = 91:9). The 

correlation between the high enantioselectivity and high trans:cis-AP selectivity obtained from 
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substrate 6-D-1 may be contrasted to the poor enantioselectivity and poor trans:cis-AP 

selectivity observed with substrate 3-D-4 (cf. Scheme 3.3).17,18 

Scheme 3.5.  Experimental data and trans:cis-AP selectivity obtained from oxidative cyclization 
of substrate 6-D-1 with the optimized chiral catalyst conditions. 
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two enantiomeric products by chiral HPLC, analysis of the (R)-configured products revealed a 

14:86 H:D ratio, while the purified (S)-configured products displayed a 96:4 H:D ratio (Scheme 

3.6). Incorporation of the data from either of these two measurements into the system of four 

equations led to similar product ratios for species A, B, C and D, and the results show that the 

reaction strongly favored a cis-AP pathway (trans:cis-AP = 10:90), with a 9:1:51:39 ratio for 

A:B:C:D. While the overall reaction exhibited low enantioselectivity, consideration of the minor 

products A and B, which arose from trans-AP of the alkene, revealed that the trans-AP pathway 

was quite enantioselective (e.r. = 9:1). Thus, with this substrate and pyrox-PdII catalyst system, 

the trans-AP pathway proceeds with high enantioselectivity while the cis-AP pathway exhibits 

low enantioselectivity. These observations represent the first direct assessment of the 

enantioselectivity of two different NP pathways for otherwise identical reactions. 

Scheme 3.6.  Experimental data and trans:cis-AP selectivity obtained from oxidative cyclization 
of substrate 6-D-1 with a Pd(pyrox)(OAc)2 catalyst system (refer to Scheme 3.5 for 
depiction of the reaction). 
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that both PdII sources favor cis-AP of the alkene (Table 3.1, entries 3 and 4; see also Schemes 

3.8–3.14 in the supporting information). The selectivity is considerably higher with Pd(OAc)2; 

only trace quantities of the trans-AP-derived product are detected by NMR/HPLC analysis. With 

Pd(TFA)2, the trans:cis-AP selectivity is 1:6, suggesting that while the TFA ligand is 

intrinsically more compatible with the trans-AP mechanism, it still favors cis-AP. Taken 

together, the data in Table 3.1 demonstrate that the pyrox ligand plays an important role in 

enforcing the trans-AP pathway with Pd(TFA)2 as the PdII source. Previous efforts to understand 

the factors that influence trans vs. cis-AP selectivity have implicated the carboxylate ligand as a 

Brønsted base to mediate Pd–amidate formation in the cis-AP pathway.5d,19 The present findings 

reveal that only with the combined presence of a trifluoroacetate anionic ligand and the pyrox 

neutral-donor ligand is a trans-AP pathway, initiated by substitution of TFA by the substrate 

alkene, favored over the cis-AP pathway involving formation of a Pd–amidate.  

Table 3.1.  Summary of amidopalladation studies with pyrox-ligated and ligand-free catalysts. 

entry PdII (5%) ligand 
(7.5%) %yield[a] %ee[b] trans:cis-

AP[c] 

1 Pd(TFA)2 (S)-3 90 96 >9 : 1 

2 Pd(OAc)2 (S)-3 48 20 1 : 9 

3 Pd(TFA)2 None 55 0 1 : 6 

4 Pd(OAc)2 None 15 0 <1 : 9 

[a] Determined by 1H NMR analysis of the crude reaction 
mixture. [b] Determined by HPLC analysis of the purified 
products [c] See the supporting information for full 
disclosure of the raw data. 
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In summary, the design, synthesis and implementation of a novel chiral substrate probe (6-D-

1) has enabled key insights into the relationship between the NP pathway and the 

enantioselectivity of a catalytic transformation. The ability of an ancillary neutral-donor ligand to 

alter the stereochemical course of NP only when a suitable anionic ligand is present highlights 

the challenges associated with the discovery of efficient catalysts for the asymmetric Wacker-

type oxidation of alkenes. Ideally, the factors that affect the NP stereochemistry should be 

considered in conjunction with the exploration of chiral ancillary ligands in the future 

development of enantioselective reactions.  
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3.4 Experimental Details and Supporting Information 

3.4.1. General Considerations 

All commercially available compounds were purchased and used as received, unless otherwise 

noted. Solvents were dried over alumina columns prior to use; however, purification and drying 

of commercial solvents is not required for the catalytic reactions described here. 1H and 13C 

NMR spectra were recorded on Bruker or Varian 300 MHz spectrometers, or Varian 500 and 600 

MHz spectrometers, and chemical shifts are given in parts per million relative to internal 

tetramethylsilane (0.00 ppm for 1H) or CDCl3 (77.23 ppm for 13C). Chiral HPLC analysis and 

separations were carried out with a Shimadzu analytical HPLC system with a commercial 

Chiralcel column (OJ-H). Flash chromatography was performed using SiliaFlash® P60 

(Silicycle, particle size 40-63 um, 230-400 mesh) or activated basic aluminum oxide 

(Brockmann I, standard grade, particle size 58Å, ~150 mesh) from Sigma Aldrich. Some 

chromatography was carried out using a CombiFlash Rf® system with reusable high 

performance silica columns (RediSep® Rf Gold Silica, 20-40 um spherical particles). 

 

3.4.2. Experimental procedures and data for the determination of trans- vs. cis-AP 

The catalytic aerobic oxidation reactions described in this report were carried out using a custom 

reaction apparatus that enabled several reactions to be performed simultaneously under a 

constant pressure of O2 (approx 1 atm) with controlled temperature and orbital agitation. A 

control experiment demonstrated that similar results could be obtained using a standard round-

bottom flask equipped with a stir bar and a balloon of O2 (see previous publication4p). 
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General procedure for catalytic aerobic oxidation reactions:  

 

PdX2 (0.00375 mmol, 0.05 equiv) and powdered 3Å molecular sieves (20 mg, 267 mg/mmol 

substrate) were weighed into a 10 ml glass vial (note: the powdered 3Å molecular sieves were 

stored on the benchtop; activation and glovebox storage was note required to achieve the 

beneficial effect20). The vial was placed in a custom parallel reactor and the headspace was 

purged with O2 for 10 min and temperature set to be maintained at 23 °C. A 0.35 ml solution of 

ligand in toluene was added by syringe (0.0056 mmol, 0.075 equiv) and the reaction apparatus 

was set to shake vigorously for 15 min. A 0.4 ml solution of substrate in toluene was added by 

syringe (0.075 mmol, 1 equiv) and the reaction apparatus was set to shake vigorously for 24 hrs. 

The resulting reaction mixture was filtered over a plug of basic alumina, eluting with EtOAc and 

then concentrated. The material was analyzed by 1H NMR using CDCl3 spiked with an internal 

standard to determine yields. The mixture of products and residual starting material was then 

purified over basic alumina using 3:1 hexanes:EtOAc. The purified mixture of 

isotopologue/enantiomeric products was analyzed by 1H NMR, 2H NMR and chiral HPLC. 

HPLC conditions were the same as described in our previous report4p (Chiralcel OJ-H, 15% 

iPrOH, 1 ml/min, 230 nm). Enantiomers were separated using the analytical chiral HPLC set up: 

the two desired peaks were collected manually into distinct test tubes by diverting the material 

eluting from the detector. Each peak was collected over five HPLC runs in order to obtain tens of 

micrograms of material, which was analyzed in a Shigemi tube on a 600 MHz NMR and by ESI-

MS. For a depiction of potential isomerization pathways that could complicate interpretation of 
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experimental results, see Scheme 3.7. The 2H NMR analysis of the purified mixture of 

isotopologue/enantiomeric products was used as a measure of the extent of isomerization (only 

trace amounts of isomerization to 5-D-S2a was detected in each experiment presented in Table 

3.1). For presentation of the raw data collected using substrate probe 6-D-S1, see Schemes 3.8-

3.14. 

Scheme 3.7.  Potential isomerizations when using substrate probe 6-D-S1 
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Scheme 3.8.  Application of novel deuterated substrate probe 
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Scheme 3.9.  Raw experimental data: Pd(OAc)2 / pyridine catalyst system. 

 

 

The above experiment demonstrates that the new substrate probe, 6-D-S1, and the protocol for 

product analysis, are capable of reproducing the previous conclusions obtained from the use of 

cyclopentenyl substrate probe 3-D-4 (i.e., the cis-AP pathway is favored under these 

conditions).5d 
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Scheme 3.10.  Raw experimental data: Pd(TFA)2 / (S)-pyrox catalyst system. 

 

Scheme 3.11.  Raw experimental data: Pd(TFA)2 / (R)-pyrox catalyst system. 
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Scheme 3.12.  Raw experimental data: Pd(OAc)2 / (S)-pyrox catalyst system. 

 

Scheme 3.13.  Raw experimental data: Pd(TFA)2 / no ligand catalyst system. 
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Scheme 3.14.  Raw experimental data: Pd(OAc)2 / no ligand catalyst system. 
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We were intrigued by the prospect of systematically studying the effect of the pyrox ligand 

structure on the amidopalladation pathway selectivity, and so an experiment in which the 

substrate probe was subjected to conditions with a pyrox ligand lacking a substituent on the 

oxazoline fragment was attempted (Scheme 3.15). Unfortunately, significant alkene 

isomerization associated with β-hydride elimination was observed (a 5:1 mixture of alkene 

isomers was isolated in 58% yield). This degree of isomerization prevents reliable interpretation 

of the result (cf. Scheme 3.7). This finding highlights the limitations of the experimental design 

presented in this work.  

Scheme 3.15.  Attempt to study reactivity with modified pyrox ligand. 
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3.4.3. Stereoselective synthesis of deuterium labeled substrate probe 

 

 

Stereoselectively deuterated phenethanol S5 was synthesized in five steps from commercially 

available (S)-Mandelic acid using known procedures. Characterization data matched the 

literature report.13  

 

 

A 250 ml round-bottom flask was charged with a stir bar and alcohol S5 (608 mg, 4.94 mmol, 1 

equiv), and then taken up in 49 ml of dichloromethane (0.1 M). The reaction mixture was 

submerged in an ice bath. Triethylamine (2.56 ml, 18.3 mmol, 3.7 equiv) was added via syringe, 

followed by p-toluenesulfonyl chloride (1.505 g, 7.9 mmol, 1.6 equiv). The reaction mixture was 

allowed to warm to room temperature and stir for 15 h. The pale yellow solution was washed 

twice with 2M HCl, then with saturated sodium bicarbonate solution, and then with brine. The 

organic layer was dried over MgSO4 and concentrated to orange-yellow oil. Purification on silica 

with 9:1 hexanes : ethyl acetate afforded 1.198 g of tosylate S6 as a clear oil (87% yield), which 
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solidified at reduced temperature. 1H NMR: (300 MHz, CDCl3) δ 7.69 (d, J = 8.4 Hz, 2H), 7.33 – 

7.18 (m, 5H), 7.14 – 7.06 (m, 2H), 4.20 (dt, J = 7.1, 0.9 Hz, 2H), 2.94 (ddd, J = 7.2, 5.2, 2.0 Hz, 

1H), 2.43 (s, 3H); 13C NMR: (75 MHz, CDCl3) δ 144.83, 136.34, 133.15, 129.95, 129.06, 

128.75, 127.99, 127.03, 70.73, 35.19 (t, JC-D = 19.5 Hz), 21.79. 

 

 

This procedure was adapted from literature precedence.21 A 50 ml round-bottom flask was 

charged with a stir bar and tosylate S6 (1.198 g, 4.32 mmol, 1 equiv), and taken up in 11 ml of 

acetone (0.4 M). Lithium bromide (1.876 g, 21.6 mmol, 5 equiv) was added in one portion, and 

the reaction mixture was heated to reflux for 20 h. After allowing to cool to room temperature, 

the reaction mixture was partitioned between 150 ml dichloromethane and 150 ml water. The 

aqueous layer was extracted once with additional dichloromethane, and the combined organic 

layers were washed with brine, dried over MgSO4, and concentrated to a clear liquid. 

Purification on silica with hexanes afforded 700 mg of bromide S7 as a clear liquid (87% yield). 

1H NMR: (300 MHz, CDCl3) δ 7.40 – 7.09 (m, 5H), 3.56 (dt, J = 7.6, 1.1 Hz, 2H), 3.23 – 3.03 

(m, 1H); 13C NMR: (75 MHz, CDCl3) δ 139.07, 128.86, 128.82, 127.13, 39.31 (t, JC-D = 19.5 

Hz), 33.04; HRMS (ESI) calculated for C8H8DBr+ [M]+ requires m/z 184.9945, found 184.9938. 

 

 

This procedure was adapted from literature precedence.22 A 5 ml thick walled pressure tube was 

charged with a stir bar and bromide S7 (700 mg, 3.76 mmol, 1 equiv). Triphenylphosphine (987 
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mg, 3.76 mmol, 1 equiv) was added in one portion, and the vessel was sealed and heated to 120 

°C behind a blast shield for 22 h. The resulting viscous oil was dried under vacuum at 105 °C for 

several hours, affording 1.635 g of a hard, glassy solid (97% yield). 1H NMR: (300 MHz, 

CDCl3) δ  7.94 – 7.74 (m, 10H), 7.74 – 7.62 (m, 5H), 7.36 – 7.12 (m, 5H), 4.28 – 4.16 (m, 2H), 

3.06 (dt, J = 14.5, 7.9 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 138.23 (d, JC-P = 12.8 Hz), 135.24, 

133.68 (d, JC-P = 9 Hz), 130.67 (d, JC-P = 12 Hz), 128.84 (d, JC-P = 18.8 Hz), 127.17, 118.69, 

117.55, 28.12 (t, JC-D = 19.5 Hz), 24.76 (d, JC-P = 48 Hz); HRMS (ESI) calculated for C26H23DP+ 

[M-Br]+ requires m/z 368.1673, found 368.1682. 

 

 

This procedure was adapted from literature precedence.4p Wittig salt S8 was scraped to a white 

powder and added to a dry 100 ml round bottom flask with a stir bar (776 mg, 1.73 mmol, 1 

equiv) under an atmosphere of N2. Dry THF (10 ml) was added via syringe, and the reaction 

mixture was cooled to 0 °C. A solution of potassium tert-butoxide (2.0 ml of a 0.93 M solution 

in THF, 1.9 mmol, 1.1 equiv) was added dropwise via syringe. The mixture was allowed to stir at 

0 °C for 15 min, then at room temperature for 45 min. The red-orange mixture was cooled back 

down to 0 °C, and a solution of aldehyde S12 (886 mg, 2.6 mmol, 1.5 equiv) in 5 ml of dry THF 

was added dropwise via syringe (see below for synthesis of S12). The mixture was allowed to 

warm to room temperature and stir for 20 h. The pale yellow mixture was partitioned between 

100 ml diethyl ether and 100 ml water. The aqueous layer was extracted an additional two times 

with diethyl ether, and the combined organics were washed with brine, dried over MgSO4, and 

concentrated to oil (~9:1 mixture of cis:trans alkene products present). Purification on silica 
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using 19:1 ! 9:1 hexanes : ethyl acetate as the solvent system afforded 518 mg of S9 as a clear 

oil (69% yield). 1H NMR: (300 MHz, CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.33 – 7.23 (m, 4H), 

7.23 – 7.15 (m, 3H), 5.70 – 5.44 (m, 2H), 3.88 – 3.80 (m, 2H), 3.39 (d, J = 6.1 Hz, 1H), 2.44 (s, 

3H), 2.23 (q, J = 7.3 Hz, 2H), 1.87 (p, J = 7.5 Hz, 2H), 1.33 (s, 9H); 13C NMR: (75 MHz, 

CDCl3) δ 151.16, 144.23, 141.08, 137.71, 129.54, 129.43, 129.24, 128.64, 128.53, 128.00, 

126.08, 84.31, 47.03, 33.38 (t, JC-D = 19.5 Hz), 30.25, 28.09, 24.74, 21.81; HRMS (ESI) 

calculated for C24H30DNO4SNa+ [M+Na]+ requires m/z 453.1929, found 452.1942. 

 

 

This procedure was adapted from literature precedence.23 A 100 ml round bottom flask was 

charged with a stir bar, protected amine S9 (515 mg, 1.2 mmol, 1 equiv) and 20 ml of 

dichloromethane (0.06 M). Trifluoroacetic acid (0.92 ml, 12 mmol, 10 equiv) was added 

cautiously via syringe. The mixture was allowed to stir for 15 h at room temperature. The 

mixture was quenched with saturated sodium bicarbonate solution and partitioned between 50 ml 

of dichloromethane and 50 ml saturated sodium bicarbonate solution. The organic layer was 

washed with an additional volume of saturated sodium bicarbonate solution, then brine, and then 

dried over MgSO4 and concentrated to oil. Purification on silica with 4:1 hexanes : ethyl acetate 

afforded 364 mg of 6-D-S1 as a clear oil (92% yield). 1H NMR: (300 MHz, CDCl3) δ 7.73 (d, J 

= 8.2 Hz, 2H), 7.33 – 7.23 (m, 4H), 7.23 – 7.10 (m, 3H), 5.59 (dd, J = 10.6, 7.7 Hz, 1H), 5.41 

(dddd, J = 10.8, 8.8, 6.9, 1.5 Hz, 1H), 4.30 (t, J = 6.3 Hz, 1H), 3.32 (d, J = 6.9 Hz, 1H), 2.97 (q, J 

= 6.8 Hz, 2H), 2.42 (s, 3H), 2.14 (q, J = 6.9 Hz, 2H), 1.57 (p, J = 7.2 Hz, 2H); 13C NMR: (75 

MHz, CDCl3) δ 143.56, 140.93, 137.18, 129.90, 129.52, 129.29, 128.66, 128.45, 127.28, 126.14, 
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43.05, 33.28 (t, JC-D = 19.5 Hz), 29.72, 24.52, 21.72; HRMS (ESI) calculated for 

C19H22DNO2SNa+ [M+Na]+ requires m/z 353.1405, found 353.1391. 

 

3.4.4. Synthesis of protio intermediates and analogues 

 

 

Procedure adapted from literature precedence.23 Triphenylphosphine (1.967 g, 7.5 mmol, 1.5 

equiv) and S1024 (1.899 g, 7 mmol, 1.4 equiv) were weighed into a 250 ml round bottom flask 

equipped with a stir bar and placed under an atmosphere of N2. Dry THF (29 ml, 0.17 M) was 

added via syringe, followed by 4-penten-1-ol (0.52 ml, 5 mmol, 1 equiv). The reaction mixture 

was cooled to 0 °C in an ice bath, and diisopropyl azodicarboxylate (1.23 ml, 6.25 mmol, 1.25 

equiv) was added dropwise via syringe. The mixture was allowed to warm to room temperature 

and stirred for 20 h. The reaction mixture was concentrated to oil and purified on silica with 10:1 

! 8:1 hexanes : ethyl acetate to afford 1.634 g of S11 as a clear oil that solidified at reduced 

temperature (96% yield). 1H NMR: (300 MHz, CDCl3) δ 7.77 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 

8.0 Hz, 2H), 5.84 (ddt, J = 16.8, 10.2, 6.6 Hz, 1H), 5.07 (dq, J = 17.1, 1.6 Hz, 1H), 5.00 (ddd, J = 

10.2, 3.1, 1.2 Hz, 1H), 3.86 – 3.78 (m, 2H), 2.44 (s, 3H), 2.13 (q, J = 7.2 Hz, 3H), 1.86 (p, J = 

7.5 Hz, 2H), 1.33 (s, 8H); 13C NMR: (75 MHz, CDCl3) δ 151.12, 144.20, 137.64, 129.39, 

127.94, 115.38, 84.26, 46.93, 31.04, 29.38, 28.05, 21.75; HRMS (ESI) calculated for 

C17H25NO4SNa+ [M+Na]+ requires m/z 362.1397, found 362.1390. 
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Starting alkene S11 (1.162 g, 3.42 mmol, 1 equiv) was dissolved in 34 ml of dichloromethane in 

a 250 ml 3-neck flask equipped with a stir bar. The solution was cooled to -78 °C in a dry ice / 

acetone bath. An ozone generator was used to bubble ozone through the reaction mixture. After 

10 min, the solution took on a characteristic lavender color. The ozone generator was turned off 

and O2 was bubbled through the reaction mixture until the color disappeared (about 5 minutes). 

Triphenylphosphine (1.35 g, 5.13 mmol, 1.5 equiv) was added slowly and the reaction mixture 

was allowed to slowly warm to room temperature overnight, 15 h. The reaction mixture was 

concentrated to oil and purified on silica with 3:1 hexanes : ethyl acetate, affording 1.109 g of 

aldehyde S12 as a clear oil. 1H NMR: (300 MHz, CDCl3) δ 9.82 (t, J = 1.2 Hz, 1H), 7.77 (d, J = 

8.4 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 3.98 – 3.80 (m, 2H), 2.58 (td, J = 7.2, 1.1 Hz, 2H), 2.09 (p, 

J = 7.3 Hz, 2H), 1.34 (s, 10H); 13C NMR: (75 MHz, CDCl3) δ 201.43, 177.92, 151.16, 144.47, 

137.44, 129.50, 127.99, 84.68, 46.48, 40.95, 31.08, 28.08, 25.27, 22.79, 21.82; HRMS (ESI) 

calculated for C16H23NO5SNa+ [M+Na]+ requires m/z 364.1190, found 364.1183. 

 

 

 

This procedure was reproduced from literature precedence.22 A 5 ml thick walled pressure tube 

was charged with a stir bar and (2-bromoethyl)benzene (1.371 g, 7.41 mmol, 1 equiv). 
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Triphenylphosphine (1.943 mg, 7.41 mmol, 1 equiv) was added in one portion, and the vessel 

was sealed and heated to 120 °C behind a blast shield for 22 h. The resulting viscous oil was 

dried under vacuum at 105 °C for several hours, affording 3.286 g of a hard, glassy solid (99% 

yield). Characterization data matched literature precedence. 1H NMR: (300 MHz, CDCl3) δ 7.96 

– 7.83 (m, 6H), 7.83 – 7.74 (m, 3H), 7.74 – 7.62 (m, 6H), 7.50 – 7.38 (m, 1H), 7.34 – 7.12 (m, 

4H), 4.27 (ddd, J = 12.6, 8.3, 7.2 Hz, 2H), 3.08 (dt, J = 13.1, 7.8 Hz, 2H); 13C NMR (75 MHz, 

CDCl3) δ 138.33 (d, JC-P = 12.8 Hz), 135.24 (d, JC-P = 3 Hz), 133.94 (d, JC-P = 9.75 Hz), 130.66 

(d, JC-P = 12.8 Hz), 128.9 (d, JC-P = 17.3 Hz), 127.20, 118.83, 117.69, 28.54, 28.50, 24.89 (d, JC-P 

= 48 Hz); HRMS (ESI) calculated for C26H24P+ [M-Br]+ requires m/z 367.1611, found 367.1606. 

 

 

This procedure was adapted from literature precedence.4p Wittig salt S13 was scraped to a white 

powder and added to a dry 100 ml round bottom flask with a stir bar (502 mg, 1.12 mmol, 1 

equiv) under an atmosphere of N2. Dry THF (8 ml) was added via syringe, and the reaction 

mixture was cooled to 0 °C. A solution of potassium tert-butoxide (1.28 ml of a 0.96 M solution 

in THF, 1.23 mmol, 1.1 equiv) was added dropwise via syringe. The mixture was allowed to stir 

at 0 °C for 15 min, then at room temperature for 45 min. The red-orange mixture was cooled 

back down to 0 °C, and a solution of aldehyde S12 (575 mg, 1.68 mmol, 1.5 equiv) in 3 ml of 

dry THF was added dropwise via syringe. The mixture was allowed to warm to room 

temperature and stir for 20 h. The pale yellow mixture was partitioned between 100 ml diethyl 

ether and 100 ml water. The aqueous layer was extracted an additional two times with diethyl 

ether, and the combined organics were washed with brine, dried over MgSO4, and concentrated 
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to oil (~9:1 mixture of cis:trans alkene products present). Purification on silica using 19:1 ! 9:1 

hexanes : ethyl acetate as the solvent system afforded 301 mg of S14 as a clear oil (63% yield). 

1H NMR: (300 MHz, CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.34 – 7.24 (m, 4H), 7.22 – 7.16 (m, 

3H), 5.69 – 5.47 (m, 2H), 3.89 – 3.80 (m, 2H), 3.41 (d, J = 6.7 Hz, 2H), 2.43 (s, 3H), 2.23 (q, J = 

7.0 Hz, 2H), 1.87 (p, J = 7.5 Hz, 2H), 1.33 (s, 9H); 13C NMR: (75 MHz, CDCl3) δ 151.16, 

144.23, 141.12, 137.73, 129.53, 129.43, 129.28, 128.63, 128.53, 128.00, 126.07, 84.30, 47.04, 

33.70, 30.25, 28.09, 24.74, 21.80; HRMS (ESI) calculated for C24H35N2O4S+ [M+NH4]+ requires 

m/z 447.2313, found 447.2311. 

 

 

Substrate S15 and pyrrolidine S16 could be synthesized as previously described. 

Characterization data matched previous reports.4p  

 

3.4.5. Characterization of stereochemical purity of the deuterated substrate probe 

 

This procedure was adapted from literature precedence.25 A 25 ml round bottom flask was 

charged with a stir bar and S14 (61 mg, 0.142 mmol, 1 equiv) and dissolved in 1 ml of 

dichloromethane. The reaction vessel was submerged in an ice bath and 3-chloroperbenzoic acid 

(40 wt%) (122 mg, 0.283 mmol, 2 equiv) was added in one portion. The heterogeneous reaction 

mixture was allowed to warm to room temperature and stirred for 18 h. The dichloromethane 

Ph

NHTs 5% Pd(TFA)2
7.5% S20

3Å M.S., Toluene
rt, 24 h, 1 stm O2

N
Me

N

O

Ph

Ts
N Ph

S20
S15 S16

Ph

N
Boc

Ts

Ph

N
Boc

Ts

O

S14 S17

CH2Cl2
0°C -> rt, o/n

m-CPBA

63%



 94 

was removed and the reaction mixture was dissolved in ethyl acetate and washed with 1M 

sodium bisulfite solution, saturated sodium bicarbonate solution, and then brine. The organic 

layer was dried over MgSO4 and concentrated to an oil, which was purified on silica with 3:1 

hexanes : ethyl acetate to afford 40 mg of epoxide S17 as a clear oil (63% yield). HPLC analysis 

(Chiralcel, OJ-H, 10% iPrOH, 1 ml, min, 230 nm) achieved separation of enantiomers. 1H NMR: 

(300 MHz, CDCl3) δ 7.85 – 7.70 (m, 1H), 7.43 – 7.17 (m, 4H), 4.04 – 3.80 (m, 2H), 3.20 (td, J = 

6.3, 4.1 Hz, 1H), 3.12 – 2.99 (m, 1H), 2.93 (dd, J = 14.7, 6.4 Hz, 1H), 2.81 (dd, J = 14.7, 6.2 Hz, 

1H), 2.44 (s, 3H), 1.99 (dddd, J = 17.2, 10.8, 6.9, 4.0 Hz, 1H), 1.88 – 1.59 (m, 1H), 1.34 (s, 4H); 

13C NMR: (75 MHz, CDCl3) δ 151.14, 144.31, 137.96, 137.61, 129.45, 128.99, 128.83, 127.99, 

126.74, 84.45, 57.54, 56.95, 46.95, 34.47, 28.07, 27.64, 25.54, 21.79; HRMS (ESI) calculated for 

C24H35N2O5S+ [M+NH4]+ requires m/z 463.2262, found 463.2258. 

 

 

This procedure was adapted from literature precedence.25 A 25 ml round bottom flask was 

charged with a stir bar and S9 (52 mg, 0.12 mmol, 1 equiv) and dissolved in 1 ml of 

dichloromethane. The reaction vessel was submerged in an ice bath and 3-chloroperbenzoic acid 

(40 wt%) (104 mg, 0.24 mmol, 2 equiv) was added in one portion. The heterogeneous reaction 

mixture was allowed to warm to room temperature and stirred for 18 h. The dichloromethane 

was removed and the reaction mixture was dissolved in ethyl acetate and washed with 1M 

sodium bisulfite solution, saturated sodium bicarbonate solution, and then brine. The organic 

layer was dried over MgSO4 and concentrated to an oil, which was purified on silica with 3:1 
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hexanes : ethyl acetate to afford 47 mg of epoxide S18 as a clear oil (87% yield). HPLC analysis 

(Chiralcel, OJ-H, 10% iPrOH, 1 ml, min, 230 nm) achieved separation of enantiomers. 1H NMR: 

(300 MHz, CDCl3) δ 7.78 (d, J = 8.4 Hz, 2H), 7.40 – 7.17 (m, 7H), 4.07 – 3.76 (m, 2H), 3.19 

(dd, J = 6.2, 4.1 Hz, 1H), 3.05 (dt, J = 7.4, 4.6 Hz, 1H), 2.91 (d, J = 6.4 Hz, 0.5H), 2.80 (d, J = 

6.0 Hz, 0.5H), 2.44 (s, 3H), 2.11 – 1.87 (m, 2H), 1.86 – 1.60 (m, 2H), 1.34 (s, 9H); 13C NMR: 

(75 MHz, CDCl3) δ 151.15, 144.32, 137.93, 137.63, 129.46, 129.00, 128.84, 128.00, 126.75, 

84.45, 57.48, 56.93, 46.96, 34.15 (t, JC-D = 19.5 Hz), 28.08, 27.65, 25.56, 21.80; HRMS (ESI) 

calculated for C24H34DN2O5S+ [M+NH4]+ requires m/z 464.2324, found 464.2325. 

 

Supposing the deuterium label in S9 is not perfectly stereopure, four stereoisomeric products are 

possible from the epoxidation: 

 

 

Epoxide enantiomers S18a+c and S18b+d were separated using the analytical chiral HPLC set 

up. One of the two enantiomers was collected manually into a test tube by diverting the material 

eluting from the detector. Material was collected over five HPLC runs in order to obtain tens of 

micrograms of material, which was analyzed in a Shigemi tube on a 600 MHz NMR. Below, this 

resulting spectrum is presented, zoomed in on the methylene proton(s) of interest and compared 

to spectra taken of protio compound S17 and the mixture of S18 products prior to separation of 
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enantiomers. Note: the absolute configuration of the epoxide was not determined, so the 

configuration of the purified enantiomer that was analyzed is ambiguous. The results indicate 

that the substrate probe has a high degree of stereochemical purity (>20:1 desired 

stereochemistry, Scheme 3.16). 

Scheme 3.16.  Characterization of stereochemical purity of probe 6-D-S1. 

 

 

3.4.6. Synthesis of pyridine-oxazoline ligand 

 

 

This procedure was adapted from literature precedence.4p A dry 250 ml round bottom flask was 

charged with a stir bar and 6-methylpicolinic acid (700 mg, 5.1 mmol, 1 equiv) and put under an 

atmosphere of N2. Dry dichloromethane (50 ml, 0.1M) was added and the reaction vessel was 

submerged in a brine ice bath. 4-Methylmorpholine (0.84 ml, 7.65 mmol, 1.5 equiv) was added 
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slowly by syringe and the mixture was stirred for 15 min. Isobutylchloroformate (0.77 ml, 5.87 

mmol, 1.15 equiv) was added dropwise by syringe and stirred for 30 min. A solution of (S)-

phenylglycinol (840 mg, 6.13 mmol, 1.2 equiv) in 10 ml of dichloromethane and with additional 

4-methylmorpholine (0.64 ml, 5.87 mmol, 1.15 equiv) was added dropwise and stirred at reduced 

temperature for 1 h and then allowed to warm to room temperature and stir overnight (18 h). The 

reaction mixture was diluted with dichloromethane and washed twice with saturated ammonium 

chloride solution, then water, then brine. The organic layer was dried over MgSO4 and 

concentrated to yellow-pink oil. The oil was purified on silica with a 25% ethyl acetate / 40% 

hexanes / 5% methanol / 30% dichloromethane solvent system to afford 1.253 g of amide S19 as 

a clear oil (96% yield). Characterization data matched previous report. 1H NMR: (300 MHz, 

CDCl3) δ 8.74 (d, J = 5.7 Hz, 1H), 8.01 (d, J = 7.7 Hz, 1H), 7.73 (t, J = 7.7 Hz, 1H), 7.51 – 7.17 

(m, 6H), 5.26 (ddd, J = 7.4, 6.1, 4.3 Hz, 1H), 4.13 – 3.93 (m, 2H), 2.80 (dd, J = 7.1, 5.3 Hz, 1H), 

2.58 (s, 3H); 13C NMR: (75 MHz, CDCl3) δ 165.24, 157.52, 149.03, 139.22, 137.69, 129.11, 

128.07, 127.08, 126.31, 119.66, 67.04, 56.50, 24.49; HRMS (ESI) calculated for C15H17N2O2
+ 

[M+H]+ requires m/z 257.1285, found 257.1280. 

 

 

This procedure was adapted from literature precedence.4p A dry 50 ml 2-neck round bottom flask 

equipped with a stir bar and reflux condenser was placed under N2. 4-Dimethylaminopyridine 

(15 mg, 0.12 mmol, 0.1 equiv) and p-toluenesulfonylchloride (350 mg, 1.84 mmol, 1.5 equiv) 
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mmol, 1 equiv) was added in a solution of 12 ml of dry 1,2-dichloroethane (0.1 M) to the 
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reaction vessel by syringe. Triethylamine (0.98 ml, 7.04 mmol, 4 equiv) was added to the 

reaction mixture by syringe. The reaction mixture was stirred at room temperature for 3 h and 

then heated to reflux for 17 h. The deep red solution was cooled to room temperature, diluted 

with dichloromethane and washed twice with saturated sodium bicarbonate, then water, then 

brine. The organic layer was dried over MgSO4 and concentrated to red oil. Purification on a 

CombiFlash Rf purification system using a high performance basic alumina column (Teledyne-

Isco RediSep) and 5!35% ethyl acetate in hexanes gradient afforded 147 mg of S20 as a pale 

red oil (50% yield). Note: this reaction proceeds with nearly complete conversion to product, but 

purification results in problematic decomposition. Use of activated basic alumina and dry-

loading the crude mixture (pre-adsorb onto small amount of alumina for purification) are 

recommended for purification of this ligand. Characterization data matched the previous report. 

1H NMR: (300 MHz, CDCl3) δ 7.99 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.47 – 7.15 (m, 

6H), 5.44 (dd, J = 10.3, 8.5 Hz, 1H), 4.96 – 4.82 (m, 1H), 4.39 (t, J = 8.5 Hz, 1H), 2.66 (s, 3H); 

13C NMR: (75 MHz, CDCl3) δ 164.21, 159.02, 146.30, 142.10, 136.99, 128.94, 127.88, 127.04, 

125.74, 121.66, 75.56, 70.49, 24.87; HRMS (ESI) calculated for C15H15N2O+ [M+H]+ requires 

m/z 239.1179, found 239.1175. 
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3.4.7. Use of cyclopentenyl deuterated substrate probe 

For the synthesis and characterization of the cyclopentenyl substrate probe, please see our 

previous publication. The catalytic reaction of the cyclopentenyl substrate probe was carried out 

as described in section II. The products and starting material were isolated using silica 

chromatography (hexanes/ethyl acetate solvent system). The product mixture was analyzed on a 

600 MHz NMR spectrometer to obtain a ratio of the four products (see below). 

 

 

61% yield (1H NMR yield, 0.075 mmol scale), 27% remaining starting material. 
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Racemic sample of predominantly S21 with minor amount of iso-S21 

Chiralcel OJ-H, 10% iPrOH, 1 ml/min, 230 nm 

 

Product mixture from Scheme 3.3:  

13% ee of partially deuterated S21, 56% ee of partially deuterated iso-S21 

Chiralcel OJ-H, 10% iPrOH, 1 ml/min, 230 nm 
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4.1 Introduction 

The construction of aryl C–N bonds is of fundamental importance in the synthesis of 

biologically active organic molecules. Cross coupling reactions between aryl halides and 

nitrogen nucleophiles in the presence of palladium catalysts (Buchwald-Hartwig coupling) 

provide an effective means for generating aryl C–N bonds.1,2 In the interest of streamlining the 

synthesis of complex molecules, significant effort has been placed on the development of 

palladium catalyzed methods for the generation of aryl C–N bonds by the direct, oxidative 

functionalization of aryl C–H bonds.3,4 We have targeted palladium catalyzed intramolecular aryl 

C–H aminations for the synthesis of nitrogen-containing heterocyclic pharmacophores. A 

challenge with these reactions is the ability to couple the palladium mediated oxidative 

transformation of the substrate with molecular oxygen as the clean terminal oxidant.  

Prior studies in the development of palladium-catalyzed intramolecular aryl C–H aminations5 

have uncovered methods for the synthesis of indazoles from aryl hydrazones (Scheme 4.1a),6 

lactams from α-aryl-N-methoxyamides (Scheme 4.1b),7 indolines from β-arylethylamines (e.g., 

Scheme 4.1c),8,9 indoles from α-aryl oxime acetates (Scheme 4.1d),10 and carbazoles from 2-

aminobiphenyls (e.g., Scheme 4.1e).11,12 Notably, the only example in which molecular oxygen 

was used as the terminal oxidant is for carbazole synthesis, and a limited substrate scope was 

demonstrated under these conditions (alternative catalyst systems that employ hypervalent 

iodine12b or oxone12c as the terminal oxidant have also been reported for carbazole synthesis).  
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Scheme 4.1.  Prior examples of intramolecular palladium catalyzed aryl C–H aminations. 

 

Here, we report the discovery of a palladium-catalyzed aerobic amination of aryl C–H bonds 

for the synthesis of indole-2-carboxylate derivatives. We envisioned that indole-2-carboxylates, 

which are useful building blocks in the synthesis of indole-containing bioactive molecules,13 

could be derived from the intramolecular aryl C–H amination of 2-acetamido-3-aryl-acrylates. 

These substrates are particularly attractive because they are readily accessible from 

benzaldehyde derivatives and N-acetyl glycine via the Erlenmeyer-Plöchl synthesis (Scheme 

4.2).14 The Erlenmeyer-Plöchl synthesis has been used extensively in the synthesis of unnatural 

amino acids and is amenable to large-scale processes.15 However, prior reports employing 2-

acetamido-3-aryl-acrylate substrates under oxidative coupling conditions have yielded oxazoles 

from alkene functionalization rather than indoles from aryl C–H amination (e.g., Scheme 4.2, left 

pathway).16 We hypothesized that sufficiently mild and selective conditions could be found for 
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the desired aryl C–H amination by taking advantage of palladium(II) catalysts and molecular 

oxygen as the oxidant (Scheme 4.2, right pathway).  

Scheme 4.2.  An aerobic aryl C–H amination reaction for the synthesis of indole-2-carboxylates 
from readily accessible 2-acetamido-3-aryl-acrylates. 

 

4.2 Results and Discussion 

We initiated our study by testing 2-acetamido-3-phenyl-ethylacrylate (substrate 1a) under the 

aerobic oxidation conditions reported by Buchwald for carbazole synthesis (Table 4.1, entry 1). 

This catalyst system employs dimethylsulfoxide as the solvent, which has been shown to lead to 

stable, catalytically competent nanoclusters of palladium in aerobic oxidation reactions.17 As a 

result, carbazole synthesis could be carried out at high temperatures (120 °C). Under these same 

conditions, substrate 1a reacts to give a mixture of indole product 1b and deacetylated indole 

product 1c in 45% yield. Control experiments revealed that Brønsted base or acid additives were 

detrimental to the reaction (not shown), suggesting that hydrolysis of the acetyl group would 

need to be minimized in order to improve the efficiency of the catalytic C–H amination. Thus, 

lowering of the temperature and introduction of dry toluene co-solvent was found to improve the 

yield of indole product 1b (Table 4.1, entries 2-7). Lowering the loading of palladium catalyst 

from 10 mol% to 7 mol% was tolerated, but the yield of indole began to drop at 5 mol% of 

catalyst (Table 4.1, entries 8-9). As expected, introduction of diacetoxyiodobenzene 
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decomposition of the substrate without formation of the desired indole product (Table 4.1, entry 

11). 

Table 4.1.  Investigation of dimethylsulfoxide-based palladium catalyst systems for 
intramolecular aerobic C–H amination of 2-acetamido-3-phenyl-ethylacrylate. 

 
a 1H NMR yields relative to phenyltrimethylsilane added at the end 
of the reaction time. b without 3Å M.S. c with 2 equiv PhI(OAc)2. 

With catalyst conditions for the aerobic intramolecular aryl C–H amination of substrate 1a in 

hand, we began our efforts toward establishing the scope of the reaction (Table 4.2a). Parent 

substrate 1a and methylated substrate 2a cyclized efficiently using a bench scale setup (round 

bottomed flask, balloon of O2). Unfortunately, the catalytic reaction was found to be remarkably 

sensitive to electronic perturbations on the aromatic ring. Inductive withdrawing groups meta to 

the site of C–H functionalization (substrates 3a and 5a) were poorly tolerated, and a donating 

methoxy-group para to the site of C–H functionalization was also poorly tolerated (substrate 4a). 

The reason for the sensitivity of this transformation under these conditions is not presently 

understood, though it is consistent with observations made by Buchwald and coworkers when 
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lower temperatures were tested for carbazole synthesis.11 Completely ineffective substrates are 

shown in Table 4.2b. 

Table 4.2.  a) Preliminary investigation of the scope of intramolecular aerobic C–H amination of 
2-acetamido-3-aryl-ethylacrylates. b) Ineffective substrates. 

 
a Isolated yield. b 1H NMR yield relative to phenyltrimethylsilane 
added at the end of the reaction time.  

To conclude, an aerobic palladium-catalyzed aryl C–H amination strategy for the synthesis of 

indole-2-carboxylates from 2-acetamido-3-aryl-acrylates was developed, but the transformation 

was found to be exceptionally sensitive to deviations from the parent substrate. Alternative 

approaches to aerobic palladium-catalyzed aryl C-H amination reactions will be discussed in 

chapters 5 and 6.  
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4.3 Experimental Details and Supporting Information 

4.3.1. General considerations 

All commercially available compounds were purchased and used as received, unless otherwise 

noted. Toluene was dried over an alumina column prior to use. Dimethylsulfoxide (DMSO) was 

purchased from Aldrich and stored over molecular sieves. 1H and 13C NMR spectra were 

recorded on Bruker 300 MHz, 400 MHz or 500 MHz spectrometers and chemical shifts are given 

in parts per million relative to internal tetramethylsilane (0.00 ppm for 1H) or CDCl3 (77.16 ppm 

for 13C). Flash chromatography was carried out with SiliaFlash® P60 (Silicycle, particle size 40-

63 um, 230-400 mesh) or by using a CombiFlash Rf® automated chromatography system with 

reusable high performance silica columns (RediSep® Rf Gold Silica, 20-40 µm spherical 

particles). 

4.3.2. Preparation of 2-acetamido-3-aryl-ethylacrylate substrates 

General procedure adapted from literature precedent:14,16a 

 

Aldehyde (1 equiv), N-acetyl glycine (1 equiv), and sodium acetate (1 equiv) were combined in a 

round-bottomed flask equipped with a stir bar. Acetic anhydride (5.3 equiv, 2 M) was added and 

a reflux condenser was equipped. The reaction mixture was heated to reflux for 2 hours and then 

cooled to room temperature and allowed to stand over night. The solids were broken up with a 

spatula, washed with water and collected and dried over a Buchner funnel. The solids were 

transferred to a large round-bottomed flask, suspended in ethanol and concentrated on a rotovap 

to remove residual water. The solid residue was then suspended in ethanol (0.5 M) and 

triethylamine (2 equiv) was added via syringe. A reflux condenser and stir bar were equipped, 
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and the reaction mixture was heated to reflux for 3 hours. The reaction mixture was allowed to 

cool to room temperature and was concentrated to oil on a rotovap. Purification on silica with a 

hexanes / ethyl acetate solvent system afforded the product as a solid, which could be 

recrystallized from a minimal amount of hot ethyl acetate and hexanes to afford pale yellow or 

white needles. 

 

 

1a: Started with 42.7 mmol of benzaldehyde; obtained 4.1 g of 1a (41% over two steps). 1H 

NMR (400 MHz, CDCl3) δ 7.70 – 7.29 (m, 6H), 7.03 (s, 1H), 4.31 (q, J = 7.1 Hz, 2H), 2.13 (s, 

3H), 1.36 (t, J = 7.1 Hz, 3H). 

 

 

2a: Started with 8.32 mmol of p-tolualdehyde; obtained 895 mg of 2a (44% over two steps). 1H 

NMR (400 MHz, CDCl3) δ 7.55 (m, 1H), 7.37 (d, J = 8.9 Hz, 2H), 7.22 – 7.14 (m, 2H), 6.94 (s, 

1H), 4.30 (q, J = 7.1 Hz, 2H), 2.36 (s, 3H), 2.15 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H). 

 

 

3a: Started with 7.34 mmol of p-anisaldehyde; obtained 757 mg of 3a (39% over two steps). 1H 

NMR (400 MHz, CDCl3) δ 7.64 (m, 1H), 7.49 – 7.37 (m, 2H), 6.98 – 6.81 (m, 3H), 4.29 (q, J = 

7.1 Hz, 2H), 3.83 (s, 3H), 2.17 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H). 
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4a: Started with 7.34 mmol of 3-methoxybenzaldehyde; obtained 754 mg of 4a (39% over two 

steps).  1H NMR (400 MHz, CDCl3) δ 7.41 – 7.28 (m, 2H), 7.12 – 6.82 (m, 3H), 4.31 (q, J = 7.1 

Hz, 2H), 3.80 (s, 3H), 2.14 (s, 3H), 1.36 (t, J = 7.1 Hz, 3H). 

 

 

5a: Started with 5.74 mmol of 4-(trifluoromethyl)benzaldehyde; obtained 1.187 g of 5a (69% 

over two steps).  1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.6 Hz, 

2H), 7.39 (s, 1H), 7.17 (s, 1H), 4.34 (q, J = 7.1 Hz, 2H), 2.14 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 

 

4.3.3. Preparation of indole-2-carboxylates 

General procedure for screening results obtained in a custom shaker apparatus: 

 

A heavy wall 13x100 mm culture tube was charged with 2-acetamido-3-aryl-ethylacrylate 

substrate (0.1 mmol) and 20 mg 3Å molecular sieves (note: the molecular sieves were stored on 

the benchtop). The culture tube was loaded onto a custom 48-well parallel reactor that allowed 

for heating under a reflux condenser and 1 atm of O2 with orbital shaking. The reaction vessel 

was purged with O2 after being loaded onto the shaker apparatus. A stock solution of Pd(OAc)2 

in DMSO-d6 (from freshly cracked ampules) was prepared such that the desired amount of 
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Pd(OAc)2 and DMSO could be added via syringe. Toluene was added via syringe. The 

concentration of substrate was 0.1 M in the final volume. The reaction mixtures were heated to 

the desired temperature and allowed to shake vigorously for 24 hours. The reaction mixtures 

were allowed to cool to room temperature, removed from the parallel reactor and then diluted 

with additional DMSO-d6 spiked with phenyltrimethylsilane. The mixtures were analyzed by 1H 

NMR spectroscopy. 

 

General procedure for yields obtained with a standard bench-top set up: 

 

A 100 ml Schlenk tube was charged with a stir bar and 80 mg of 3Å molecular sieves and flame 

dried. As the vessel cooled partially, 2-acetamido-3-aryl-ethylacrylate substrate (0.4 mmol) was 

added in one portion, and the reaction vessel was evacuated and back-filled with O2 from a 

balloon three times. Toluene (2 ml) was added via syringe. Pd(OAc)2 (0.07 equiv, 0.028 mmol, 

6.3 mg) was added in a solution of DMSO (2 ml) via syringe. The reaction vessel was 

submerged in an oil-bath pre-heated to 80 °C and the mixture was allowed to stir vigorously for 

24 hours. The reaction vessel was cooled to room temperature and partitioned between ether and 

water in a separatory funnel. The aqueous layer was re-extracted with ether two times, and the 

combined organics were washed with brine, dried over MgSO4, concentrated to oil and analyzed 

by 1H NMR spectroscopy. Purification on silica using a hexanes : ethyl acetate solvent system 

afforded the isolated product. 
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1b: Isolated 81 mg (88%) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 8.18 – 8.10 (m, 1H), 7.63 

(dt, J = 8.0, 1.0 Hz, 1H), 7.45 (ddd, J = 8.6, 7.2, 1.3 Hz, 1H), 7.38 – 7.31 (m, 1H), 7.32 – 7.27 

(m, 1H), 4.41 (q, J = 7.1 Hz, 2H), 2.62 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). 

 

 

2b: Isolated 89 mg (90%) as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 0.8 Hz, 1H), 

7.50 (d, J = 8.0 Hz, 1H), 7.30 (d, J = 0.9 Hz, 1H), 7.12 (dd, J = 8.1, 0.7 Hz, 1H), 4.39 (q, J = 7.1 

Hz, 2H), 2.60 (s, 3H), 2.49 (s, 3H), 1.41 (t, J = 7.1 Hz, 3H). 
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5.1 Introduction 

Buchwald-Hartwig cross coupling has enjoyed widespread utility in the synthesis of aryl C–N 

bonds from aryl halides and amines.1 A major factor in the development of highly efficient 

palladium catalyst systems has been the identification of bulky phosphine ligands that promote 

oxidative addition of mono-ligated Pd0 species into aryl–halide bonds and reductive elimination 

of aniline derivatives from L1PdII(Ar)(amido) species (Scheme 5.1a).2 The desired aerobic, 

oxidative variations of these amination reactions pose unique challenges (Scheme 5.1b).3  

Scheme 5.1.  Mechanistic manifolds for PdII/Pd0-catalyzed construction of aryl C–N bonds. 

 

In an oxidative process, the palladium catalyst must effect an aryl C–H activation event in 

order to generate the requisite Pd–aryl species. This process typically involves an electrophilic 

PdII species and a cyclometalation-deprotonation mechanism.4 The electron rich, basic amine 

nucleophiles that are readily employed in Buchwald-Hartwig couplings are not expected to be 

compatible with electrophilic PdII mediated C–H activation, as these amines bind strongly to the 
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metal and inhibit reactivity.5 The electron poor, acidic nitrogen nucleophiles that are expected to 

be compatible with the C–H activation process will exhibit reduced efficiency in the reductive 

elimination step, where a more nucleophilic amido ligand facilitates bond formation.6 For this 

reason, we speculate that the dearth in oxidative aryl C–H amination reactions that proceed via 

PdII/Pd0 catalysis7 can be attributed to the difficulty of the reductive elimination step (for a 

discussion of oxidative aryl C–H amination processes that proceed via high valent PdIV or PdIII 

catalysis in the presence of strong terminal oxidant additives, see chapter 6).  

An additional challenge in the desired aerobic process is that the reductive elimination step 

yields a Pd0 intermediate that must be stabilized from aggregation to inactive Pd-black prior to 

reoxidation by molecular oxygen.3 Pyridine- and sulfoxide-based neutral donor ligands are 

typically used to stabilize Pd0 and retain the electrophilic reactivity of PdII. Unlike strongly 

donating phosphine ligands, pyridine- and sulfoxide-based neutral donor ligands are stable under 

aerobic oxidation conditions.  

Although the C–H activation and reoxidation events impose important restrictions on the 

design of catalytic aryl C–H amination reactions, it is noteworthy that reductive elimination from 

an LnPdII(Ar)(amido) species is an analogous process in the established Buchwald-Hartwig 

coupling reactions and the oxidative reactions under development. We propose here that certain 

design principles used for the development of highly effective phosphine ligands in cross 

coupling reactions could inspire the design of oxidatively stable (pyridine-based) ligands that 

promote analogous reductive elimination steps (Scheme 5.2). In particular, bulky biaryl 

phosphines developed by Buchwald and coworkers have been adopted as practical and effective 

ligands for the Pd-catalyzed amination of aryl halides (as well as a variety of other traditional 

cross coupling reactions).8 These ligands have been proposed to promote reductive elimination 
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from L1PdII(Ar)(amido) species due to (1) a stabilizing arene-Pd interaction that enforces a cis 

relationship between the aryl and amido ligands,9 and (2) steric bulk associated with the biaryl 

ring and the two alkyl groups on phosphorus.10 The steric bulk of these ligands pushes the aryl 

and amido ligands closer together, which lowers the transition state energy of C–N bond 

formation and leads to a relief in steric strain upon reduction of the palladium coordination 

number. An exploration of aerobic aryl C–H amination reactivity in the presence of new 8-aryl 

quinoline ligands that mimic the architecture of biaryl phosphines is presented below. 

Scheme 5.2.  Design of oxidatively stable 8-aryl-quinoline ligands that mimic the architecture of 
biaryl phosphine ligands. 

 

5.2 Results and Discussion 

We initiated our studies by synthesizing an electronically diverse array of 8-aryl-quinoline 

ligand derivatives (Scheme 5.3). To our knowledge, only SQuin (named for its analogy to the 

popular Buchwald ligand, SPhos) is a previously known molecule, and none of these structures 

have been utilized as ligands in metal catalyzed processes.11 The SQuin ligand series could be 

synthesized with Suzuki reactions between the corresponding 8-bromoquinoline and 2,6-

dimethoxyphenylboronic acid. The Ar3FQuin ligand series, which features an electron deficient 

orthoganol aryl ring, was synthesized with Suzuki reactions between the corresponding 8-

quinolineboronic acid derivatives and 1-bromo-2,4,6-trifluorobenzene. All of the 8-aryl-

quinoline ligands are obtained in good yields and as tractable solids. The 4-methoxy and 2-fluoro 

substituents on the quinoline ring were chosen to assess a range of neutral donating ability of the 
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quinoline nitrogen in the catalytic reactions to be tested. This is a critical variable with respect to 

stabilization of the Pd0 intermediate or activation of the PdII species for electrophilic C–H 

activation and reductive elimination.12 The electron rich and electron deficient arene rings were 

chosen to assess the preferred nature of the interaction of the orthogonal arene with the 

palladium center in the catalytic reactions to be tested.  

Scheme 5.3.  Palette of electronically diverse 8-aryl-quinoline ligands. 

 

Benzenesulfonyl-protected 2-aminobiphenyl substrate was subjected to a ligand screen under 

mild conditions (1 mol% Pd(OAc)2 / in benzene / 60 °C / 1 atm O2) for carbazole synthesis 

(Figure 5.1). This substrate was selected based on its established reactivity in the sole example of 

aerobic aryl C–N bond formation (with 5 mol% Pd(OAc)2 / in dimethylsulfoxide / 120 °C / 1 atm 

O2),7a as well as for the ease of analysis of the product/starting material reaction mixture. Control 

experiments using no ligand additive, quinoline, 4-methoxypyridine, and 2-fluoropyridine were 

included to distinguish the potential benefit of the 8-aryl-quinoline architecture in catalysis. 4,5-

Diazafluorenone was also included due to its precedent in enabling aerobic allylic acetoxylation 

reactions13 and its intriguing coordination chemistry that is currently under study in our group. 

The initial screening effort demonstrated that the SQuin and 4-methoxy-SQuin ligands were 

beneficial to the aerobic aryl C–N bond formation in the synthesis of the benzenesulfonyl-
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protected carbazole. Palladium black was not formed under these reactions conditions, so we 

hypothesized that an increase in temperature might be tolerated. We further speculated the  

 

!

 

Figure 5.1.  Ligand screen for carbazole synthesis (solvent = benzene; temperature = 60 °C). 
Yield of product was determined by 1H NMR spectroscopic analysis of the reaction 
mixture using phenyltrimethylsilane as the internal standard. 
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atm O2) for carbazole synthesis (Figure 5.2). The SQuin and 4-methoxy-SQuin ligands had a 

larger promoting effect under these conditions, and Pd black was noted at the end of the reaction. 

The presence of inactive Pd black in these catalytic aerobic oxidation reactions is indicative of 

productive substrate oxidation steps (i.e., C–H activation and reductive elimination) followed by 

catalyst death associated with inefficient reoxidation of Pd0 by molecular oxygen.  

 

 

 

Figure 5.2.  Ligand screen for carbazole synthesis (solvent = dioxane; temperature = 80 °C). 
Yield of product was determined by 1H NMR spectroscopic analysis of the reaction 
mixture using phenyltrimethylsilane as the internal standard. 
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development, implementation of aerobic oxidation reactions in flow reactors enables highly 

efficient gas-liquid mixing at elevated O2 pressure.15 When the reaction was carried out at 

approximately 3 atm of O2 (using 33 atm of 9% O2 diluted in N2 to avoid explosion hazards) on a 

custom shaker apparatus, no palladium black was observed and 36% yield of carbazole was 

obtained (Scheme 5.4a). This level of efficiency could be maintained with an increase in 

Pd/ligand loading to 2 mol%, which gave 70% yield of carbazole (not shown). However, 

changing the protecting group from benzenesulfonyl to acetyl was quite detrimental to the 

reaction, leading to carbazole product with only seven turnovers of the catalyst. Furthermore, our 

attempts to apply the 8-aryl-quinoline ligands in the synthesis of indoles from N-protected 2-

amino-3-phenyl-ethylacrylate substrates (cf. Chapter 4) were met with no success (Scheme 5.4b).  

Scheme 5.4.  a) Carbazole synthesis with 4-OMe-SQuin ligated PdII catalyst at elevated oxygen 
pressure. b) Attempted extension to substrates for indole synthesis failed. 

 

Finally, our attempts to apply these ligands in diverse other reactions, including indole 

arylation,16 benzene to biphenyl homocoupling,17 and allylic amination,18 were met with limited 

success (not shown). 
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C–H amination reaction for the synthesis of carbazoles from benzenesulfonyl-protected 2-

aminobiphenyl, but this reactivity did not extend to other substrates for aryl C–H amination. A 

significant challenge in the discovery of new ligands that promote catalytic reactions is the 

ability to screen multiple ligands against varied reaction conditions (i.e., metal precursor, 

solvent, temperature, etc.). Further screening efforts will be necessary in order to determine 

whether 8-aryl-quinoline ligands might find utility in oxidative coupling reactions. 

  



! 129 

5.3 Experimental Details and Supporting Information 

5.3.1. General considerations 

All commercially available compounds were purchased and used as received, unless otherwise 

noted. Tetrakis(triphenylphosphine)palladium(0) was purchased from Aldrich and stored in a 

glovebox freezer. 1H and 13C NMR spectra were recorded on Bruker 400 MHz or 500 MHz 

spectrometers and chemical shifts are given in parts per million relative to internal 

tetramethylsilane (0.00 ppm for 1H) or CDCl3 (77.16 ppm for 13C). Flash chromatography was 

carried out with SiliaFlash® P60 (Silicycle, particle size 40-63 um, 230-400 mesh) or by using a 

CombiFlash Rf® automated chromatography system with reusable high performance silica 

columns (RediSep® Rf Gold Silica, 20-40 µm spherical particles). 

 

5.3.2. General procedures for reaction screening 

Reactions carried out at 1 atm of O2 in a custom shaker apparatus: 

A heavy wall 13x100 mm culture tube was charged with substrate (0.05 mmol) and other solid 

additives, such as sodium acetate, as desired. Separate stock solutions of Pd(OAc)2 and ligand 

were prepared such that the correct quantity of each (1-5 mol%) could be delivered and the total 

volume would reach 0.5 ml (0.1 M). The culture tube was loaded onto a custom 48-well parallel 

reactor that allowed for heating under a reflux condenser and 1 atm of O2 with orbital shaking. 

The reaction vessel was purged with O2 after being loaded onto the shaker apparatus. The 

reaction mixtures were heated to the desired temperature and allowed to shake vigorously. At the 

desired time point, the reaction mixtures were allowed to cool to room temperature, removed 

from the parallel reactor and concentrated to oil. The mixtures were analyzed by 1H NMR 

spectroscopy using CDCl3 spiked with phenyltrimethylsilane as the internal standard. 
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Reactions carried out at elevated O2 pressure in a custom shaker apparatus (CAT-24): 

A heavy wall 10x75 mm culture tube was charged with substrate (0.05 mmol) and other solid 

additives, such as sodium acetate, as desired. Separate stock solutions of Pd(OAc)2 and ligand 

were prepared such that the correct quantity of each (1-5 mol%) could be delivered and the total 

volume would reach 0.5 ml (0.1 M). The culture tube was loaded into a 24-well Parr bomb 

equipped with cold fingers on the roof of the reactor and sealed. The bomb was secured on a 

shaker apparatus that allowed for heating and orbital agitation. The bomb was pressurized with 

9% O2 diluted in N2 such that the desired partial pressure of O2 was established (note: the use of 

diluted O2 is a critical safety precaution for high pressure aerobic oxidation reactions). The 

bomb was heated to the desired temperature with shaking. At the desired time point, the bomb 

was allowed to cool to room temperature, vented carefully, and reaction tubes were removed 

from the bomb. The reaction mixtures were concentrated to oil and analyzed by 1H NMR 

spectroscopy using CDCl3 spiked with phenyltrimethylsilane as the internal standard. 

 

5.3.3. Benzenesulfonyl-protected 2-aminobiphenyl and carbazole  

 

N-Benzenesulfonyl-2-aminobiphenyl: A 250 ml round-bottomed flask was charged with 2-

aminobiphenyl (1.5 g, 8.86 mmol, 1 equiv) and dissolved in 88 ml of dichloromethane (0.1 M). 

Pyridine (3.58 ml, 44.3 mmol, 5 equiv) and benzenesulfonyl chloride (1.71 ml, 13.3 mmol, 1.5 

equiv) were added via syringe. The reaction mixture was allowed to stir under air for 16 hours. 

The reaction mixture was diluted with dichloromethane, washed 3x with water, dried over 

MgSO4 and concetrated. Purification on silica with hexanes : ethyl acetate (4:1) afforded the 
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product (2.51 g, 93%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.73 (dd, J = 8.3, 1.2 

Hz, 1H), 7.61 – 7.51 (m, 3H), 7.45 – 7.29 (m, 6H), 7.16 (td, J = 7.5, 1.2 Hz, 1H), 7.09 (dd, J = 

7.6, 1.7 Hz, 1H), 6.81 (dd, J = 7.7, 1.8 Hz, 2H), 6.58 (s, 1H). 

 

 

N-Benzenesulfonyl-carbazole: The carbazole was obtained from the palladium catalyzed 

aerobic oxidation reactions and was isolated as a white solid with purification on silica using a 

hexanes : ethyl acetate solvent system (5:1). 1H NMR (400 MHz, CDCl3) δ 8.34 (dt, J = 8.5, 0.8 

Hz, 2H), 7.91 (dt, J = 7.7, 1.0 Hz, 2H), 7.82 (dd, J = 8.4, 1.3 Hz, 2H), 7.50 (ddd, J = 8.6, 7.4, 1.3 

Hz, 2H), 7.47 – 7.42 (m, 1H), 7.37 (td, J = 7.5, 1.0 Hz, 2H), 7.32 (t, J = 7.9 Hz, 2H). 

 

5.3.4. Synthesis of 8-aryl-quinoline ligands 

 

SQuin: A 100 ml Schlenk tube was charged with a stir bar, 2,6-dimethoxyphenylboronic acid 

(983 mg, 5.4 mmol, 1.5 equiv), tetrakis(triphenylphosphine)palladium(0) (208 mg, 0.18 mmol, 

0.05 equiv), and potassium carbonate (1.49 g, 10.8 mmol, 3 equiv). The reaction vessel was 

evacuated and back-filled with N2 three times. 8-Bromoquinoline (750 mg, 3.6 mmol,1 equiv) 

was added in a solution of 7 ml of 1,2-dimethoxyethane via syringe. Ethanol (2 ml) and water (3 

ml) were added via syringe. The reaction vessel was heated to 90 °C and stirred for 22 hours. 
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The reaction vessel was allowed to cool to room temperature and was diluted with chloroform 

and washed with water in a separatory funnel. The organic layer was dried over MgSO4 and 

concentrated to solid. Purification over silica with a hexanes : ethyl acetate solvent system (10-

60% ethyl acetate gradient) afforded the product (904 mg, 95%) as a white crystalline solid. 1H 

NMR (400 MHz, CDCl3) δ 8.87 (dd, J = 4.2, 1.8 Hz, 1H), 8.16 (dd, J = 8.3, 1.8 Hz, 1H), 7.82 

(dd, J = 6.9, 2.7 Hz, 1H), 7.68 – 7.53 (m, 2H), 7.43 – 7.29 (m, 2H), 6.73 (d, J = 8.4 Hz, 2H), 3.65 

(s, 6H). 

 

 

4-OMe-8-bromoquinoline: A 200 ml pear-shaped flask was charged with a stir bar and 

Meldrum's acid (5.77 g, 40 mmol, 1.6 equiv). Trimethylorthoformate (76 ml, 695 mmol, 27.8 

equiv, 0.33 M) was added and a reflux condenser was equipped. The reaction mixture was heated 

to reflux for 4 hours, and then 2-bromoaniline (2.83 ml, 25 mmol, 1 equiv) was added via 

syringe and reflux was continued for 20 hours. The reaction mixture was cooled to room 

temperature and concentrated to dark oil. The oil was triturated in ether and the green solids were 

collected over a Buchner funnel and rinsed with ether. The crude solid (4.994 g, 61%) was 

carried on to the next reaction in a 200 ml pear-shaped round-bottomed flask equipped with a stir 

bar. Diphenyl ether (35 ml, 0.43 M) was added and a reflux condenser was equipped. The 

reaction vessel was heated to 259 °C (reflux) in a sand bath for 4 hours with stirring. The 

reaction vessel was allowed to cool to room temperature, and diethyl ether was added to 
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precipitate the product. The majority of the liquids were decanted and then the solids were 

collected over a Buchner funnel. The product (2.13 g, 73 weight % in PhOPh, 62%) was carried 

on to the next reaction in a 500 ml 3-neck round-bottomed flask equipped with a stir bar. 

Potassium carbonate (1.97 g, 14.3 mmol, 1.5 equiv) was added followed by dimethylsulfoxide 

(150 ml, 0.06 M). A reflux condenser was equipped and the reaction vessel was heated to 70 °C 

for 1 hour under nitrogen. The reaction vessel was cooled to 35 °C and methyl iodide (1.2 ml, 19 

mmol, 2 equiv) was added via syringe and allowed to stir for 2 hours. The reaction mixture was 

allowed to cool to room temperature and then poured into 1 L of water. The aqueous mixture was 

extracted 2x with ether and 2x with dichloromethane. The combined organics were concentrated 

partially, washed with brine, dried over MgSO4 and then concentrated to oil. Purification on 

silica using a hexanes : ethyl acetate solvent system (20-100% ethyl acetate gradient) gave the 

product (1.677 g, 74%) as a yellow solid. The yield was 28% over 3 steps from 8-

bromoquinoline. 1H NMR (500 MHz, CDCl3) δ 8.89 (d, J = 5.1 Hz, 1H), 8.20 (dd, J = 8.3, 1.3 

Hz, 1H), 8.04 (dd, J = 7.4, 1.4 Hz, 1H), 7.35 (dd, J = 8.4, 7.4 Hz, 1H), 6.81 (d, J = 5.2 Hz, 1H), 

4.07 (s, 3H). 

 

 

4-OMe-SQuin: A 50 ml Schlenk tube was charged with a stir bar, 4-methoxy-8-bromoquinoline 

(500 mg, 2.1 mmol, 1 equiv), 2,6-dimethoxyphenylboronic acid (573 mg, 3.15 mmol, 1.5 equiv), 

tetrakis(triphenylphosphine)palladium(0) (121 mg, 0.105 mmol, 0.05 equiv), and potassium 

carbonate (871 mg, 6.3 mmol, 3 equiv). The reaction vessel was evacuated and back-filled with 
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nitrogen. 1,2-Dimethoxyethane (4.1 ml), ethanol (1.2 ml) and water (1.8 ml) were added via 

syringe and the reaction mixture was heated to 90 °C with stirring for 22 hours. The reaction 

vessel was allowed to cool to room temperature and was diluted with chloroform and washed 

with water in a separatory funnel. The organic layer was dried over MgSO4 and concentrated to 

solid. Purification over silica with a hexanes : ethyl acetate solvent system (10-70% ethyl acetate 

gradient) afforded the product (498 mg, 80%) as a white crystalline solid. 1H NMR (400 MHz, 

CDCl3) δ 8.71 (d, J = 5.1 Hz, 1H), 8.23 (dd, J = 7.8, 2.1 Hz, 1H), 7.64 – 7.49 (m, 2H), 7.35 (t, J 

= 8.4 Hz, 1H), 6.78 – 6.64 (m, 3H), 4.04 (s, 3H), 3.65 (s, 6H). 

 

 

2F-SQuin: The procedure for fluorination of 8-bromoquinoline was adapted from literature 

precedence.19 A 250 ml round-bottomed flask was charged with a stir bar and 8-bromoquinoline 

(416 mg, 2 mmol, 1 equiv). Acetonitrile (80 ml, 0.025 M) was added, followed by 

silver(II)difluoride (875 mg, 6 mmol, 3 equiv) in one portion. The reaction mixture was stirred at 

room temperature under nitrogen for 3 hours, and then was partitioned between ether and 

saturated aqueous sodium bicarbonate. The ether layer was washed with brine, dried over 

MgSO4, and concentrated. Purification on silica with a hexanes : ethyl acetate solvent system 

(9:1) afforded the product (187 mg, 41%) as a white crystalline solid. Characterization data 

matched the literature precedent, and the material was carried forward. A 25 ml Schlenk tube 

was charged with a stir bar, 2-fluoro-8-bromoquinoline (187 mg, 0.827 mmol, 1 equiv), 2,6-

3 equiv AgF2

MeCN, rt
3 h Br

N F
Br

N
N
OMeMeO
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dimethoxyphenylboronic acid (226 mg, 1.24 mmol, 1.5 equiv), tetrakis(triphenylphosphine) 

palladium(0) (48 mg, 0.041 mmol, 0.05 equiv), and potassium carbonate (343 mg, 2.48 mmol, 3 

equiv). The reaction vessel was evacuated and back-filled with nitrogen. 1,2-Dimethoxyethane 

(1.75 ml), ethanol (0.5 ml) and water (0.75 ml) were added via syringe and the reaction mixture 

was heated to 90 °C with stirring for 22 hours. The reaction vessel was allowed to cool to room 

temperature and was diluted with chloroform and washed with water in a separatory funnel. The 

organic layer was dried over MgSO4 and concentrated to solid. Purification over silica with a 

hexanes : ethyl acetate solvent system (5-25% ethyl acetate gradient) afforded the product (211 

mg, 90%) as a white crystalline solid. 1H NMR (400 MHz, CDCl3) δ 8.25 (t, J = 8.5 Hz, 1H), 

7.83 (dd, J = 8.1, 1.6 Hz, 1H), 7.66 (dd, J = 7.0, 1.4 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 

8.4 Hz, 1H), 7.02 (dd, J = 8.7, 3.1 Hz, 1H), 6.72 (d, J = 8.4 Hz, 2H), 3.67 (s, 6H). 

 

 

Ar3FQuin: A 100 ml round-bottomed flask was charged with a stir bar and 8-bromoquinoline (2 

g, 9.61 mmol, 1 equiv). The reaction vessel was evacuated and back-filled with nitrogen, and dry 

THF (38 ml, 0.25 M) was added via syringe. The reaction vessel was cooled to -78 °C and 

phenyllithium (1.2 M in di-n-butyl ether, 8.41 ml, 10.1 mmol, 1.05 equiv) was added dropwise 

over 5 minutes via syringe. The reaction mixture was stirred for 1 hour at -78 °C, and then 

trimethylborate (4.29 ml, 38.4 mmol, 4 equiv) was added slowly via syringe. The reaction 

mixture was allowed to stir for 15 minutes at -78 °C, and then for 3.5 hours at room temperature. 
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Approximately 45 ml of 3M HCl were added, and then the aqueous layer was transferred to a 

separatory funnel and washed with approximately 90 ml of ether. The aqueous layer was 

collected in an Erlenmeyer and neutralized with approximately 45 ml of 10% NaOH. The crude 

precipitate was allowed to stand over night, and then the solids were collected over a Buchner 

funnel, taken up in hot acetone and precipitated with hexanes. An off-white powder (1.33 g, 

80%) was obtained and carried on to the Suzuki reaction. A 100 ml Schlenk tube was charged 

with a stir bar, 8-quinolineboronic acid (400 mg, 2.31 mmol, 1 equiv), 

tetrakis(triphenylphosphine)palladium(0) (107 mg, 0.924 mmol, 0.04 equiv), and potassium 

carbonate (1.6 g, 11.6 mmol, 5 equiv). The reaction vessel was evacuated and back-filled with 

nitrogen. Toluene (7.5 ml, 0.3 M), ethanol (5 ml, 0.45 M) and 1-bromo-2,4,6-trifluorobenzene 

(0.41 ml, 3.47 mmol, 1.5 equiv) were added via syringe. The reaction vessel was heated to reflux 

(80-90 °C) for 22 hours. The reaction mixture was cooled to room temperature, filtered over 

celite (eluting ethyl acetate), and concentrated to oil. Purification over silica using a hexanes : 

ethyl acetate solvent system (0-20% ethyl acetate in hexanes) gave the product (420 mg, 70%) as 

a solid. 1H NMR (400 MHz, CDCl3) δ 8.92 (dd, J = 4.2, 1.7 Hz, 1H), 8.22 (dd, J = 8.3, 1.8 Hz, 

1H), 7.93 (dd, J = 8.1, 1.5 Hz, 1H), 7.75 – 7.68 (m, 1H), 7.64 (dd, J = 8.1, 7.1 Hz, 1H), 7.44 (dd, 

J = 8.3, 4.2 Hz, 1H), 6.82 (dd, J = 8.9, 7.2 Hz, 2H). 
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4-OMe-Ar3FQuin: A 100 ml round-bottomed flask was charged with a stir bar and 4-methoxy-

8-bromoquinoline (686 mg, 2.88 mmol, 1 equiv). The reaction vessel was evacuated and back-

filled with nitrogen, and dry THF (11.5 ml, 0.25 M) was added via syringe. The reaction vessel 

was cooled to -78 °C and phenyllithium (1.2 M in di-n-butyl ether, 2.53 ml, 3.03 mmol, 1.05 

equiv) was added dropwise over 5 minutes via syringe. The reaction mixture was stirred for 1 

hour at -78 °C, and then trimethylborate (1.28 ml, 11.5 mmol, 4 equiv) was added slowly via 

syringe. The reaction mixture was allowed to stir for 15 minutes at -78 °C, and then for 3.5 hours 

at room temperature. Approximately 15 ml of 3M HCl were added, and then the aqueous layer 

was transferred to a separatory funnel and washed with approximately 30 ml of ether. The 

aqueous layer was collected in an Erlenmeyer and neutralized with approximately 15 ml of 10% 

NaOH. The crude precipitate was allowed to stand over night, and then the solids were collected 

over a Buchner funnel, taken up in hot acetone and precipitated with hexanes. A pink powder 

was obtained and carried on to the Suzuki reaction. A 100 ml Schlenk tube was charged with a 

stir bar, 4-methoxy-8-quinolineboronic acid (378 mg, 1.86 mmol, 1 equiv), 

tetrakis(triphenylphosphine)palladium(0) (86 mg, 0.074 mmol, 0.04 equiv), and potassium 

carbonate (1.29 g, 9.3 mmol, 5 equiv). The reaction vessel was evacuated and back-filled with 

nitrogen. Toluene (6 ml, 0.3 M), ethanol (4 ml, 0.45 M) and 1-bromo-2,4,6-trifluorobenzene 

(0.33 ml, 2.79 mmol, 1.5 equiv) were added via syringe. The reaction vessel was heated to reflux 

(80-90 °C) for 22 hours. The reaction mixture was cooled to room temperature, filtered over 
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celite (eluting ethyl acetate), and concentrated to oil. Purification over silica using a hexanes : 

ethyl acetate solvent system (0-25% ethyl acetate in hexanes) gave the product (270 mg, 50%) as 

a solid. 1H NMR (400 MHz, CDCl3) δ 8.75 (d, J = 5.2 Hz, 1H), 8.33 (dd, J = 8.3, 1.5 Hz, 1H), 

7.68 (dd, J = 7.0, 1.7 Hz, 1H), 7.58 (dd, J = 8.4, 7.1 Hz, 1H), 6.90 – 6.60 (m, 3H), 4.07 (s, 3H). 

 

 

2F-Ar3FQuin: The procedure was based on related literature precedence.19 A 100 ml round-

bottomed flask was charged with a stir bar and Ar3FQuin (52 mg, 0.2 mmol, 1 equiv). 

Acetonitrile (8 ml, 0.025 M) was added, followed by silver(II)difluoride (88 mg, 0.6 mmol, 3 

equiv) in one portion. The reaction mixture was stirred at room temperature under nitrogen for 1 

hour, and then was partitioned between ether and saturated aqueous sodium bicarbonate. The 

ether layer was washed with brine, dried over MgSO4, and concentrated. Purification on silica 

with a hexanes : ethyl acetate solvent system afforded the product (19 mg, 34%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 8.31 (t, J = 8.4 Hz, 1H), 7.94 (dd, J = 8.2, 1.5 Hz, 1H), 7.74 (dd, J 

= 6.9, 1.4 Hz, 1H), 7.63 (t, J = 7.7 Hz, 1H), 7.11 (dd, J = 8.8, 3.0 Hz, 1H), 6.90 – 6.74 (m, 2H). 
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Chapter 6 

 

 

Powerful Peroxide Oxidants Derived from Molecular Oxygen 

for Palladium-Catalyzed Aryl C–H Amination Reactions 
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6.1 Introduction 

The discovery of palladium catalyzed oxidative methods for the construction of aryl C–N 

bonds from aryl C–H bonds and amines is an important goal for reaction development, as such 

transformations could replace widely utilized Buchwald-Hartwig cross coupling reactions in the 

streamlined synthesis of complex target molecules.1 Palladium catalyzed methods for aryl C–H 

amination predominantly require the stoichiometric addition of a strong oxidant, such as 

diacetoxyiodobenzene,2 oxone,3 or [F+] sources.4,5,6,7 A salient feature of the mechanism of these 

reactions is oxidation of a PdII species to a high-valent PdIII or PdIV species,8 which facilitates 

reductive elimination of the C–N bond and circumvents the intermediacy of an unstable Pd0 

species (Scheme 6.1a) (for a discussion of the factors that effect reductive elimination of C–N 

bonds from PdII species, see chapter 5).  

Scheme 6.1.  The oxidant problem in PdII/PdIV catalysis of aryl C–H amination reactions. 
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functionalization in terms of step economy are partially counterbalanced by reduced atom 

economy. To address this deficiency, we are interested in developing aryl C–H amination 

methods that employ molecular oxygen as the oxidant. Molecular oxygen contains substantial 

oxidizing power, as is evident from the standard reduction potential of molecular oxygen to 

water (Scheme 6.1b).9 However, aerobic palladium oxidation catalysis does not typically take 

advantage of the majority of this oxidizing power, because the oxidative organic transformations 

of interest are two electron processes, and the standard reduction potential of O2 to H2O2 is 

relatively low (Scheme 6.1c). The two-electron oxidizing power of O2 is sufficient for catalytic 

processes that take advantage of a PdII/Pd0 cycle, in which PdII mediates the two-electron 

oxidative transformation of a substrate while O2 reoxidizes the ensuing Pd0 species to PdII.10 This 

process yields hydrogen peroxide as the byproduct,11 which does not typically build up over the 

course of the reaction, as it has been observed to undergo rapid disproportionation under the 

reaction conditions 12  or to participate in unproductive decomposition pathways. 13  Thus, a 

significant portion of the oxidizing power of O2 is not harnessed in PdII/Pd0 catalysis, as the two-

electron reduction of H2O2 to water releases the majority of the potential (Scheme 6.1d).9 With 

regards to our goal of developing aryl C–H amination reactions, the ability to couple the 

oxidative transformation to the two-electron reduction of hydrogen peroxide rather than 

molecular oxygen would provide access to high-valent PdIV or PdIII intermediates that can 

perform the desired reductive elimination of C–N bonds.14,15,16  

Here, we report the discovery of aerobic catalyst conditions that make use of a sacrificial 

reductant for the in situ generation of a peroxide species that serves as the active oxidant in an 

aryl C–H amination reaction. These findings have important implications for the development of 
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efficient palladium catalyzed C–H functionalization methods that harness the substantial 

oxidizing power of molecular oxygen.17 

6.2 Results and Discussion 

As part of our ongoing efforts to discover mild conditions for aryl C–H amination reactions, 

we evaluated the ability of a variety of neutral donor ligands to promote the transformation of 2-

aminobiphenyl derivatives into carbazoles with molecular oxygen as the sole oxidant (cf. 

Chapter 5). This model transformation was selected as a starting point based on the ease of 

analysis of the product as well as its precedence as the sole substrate that undergoes aerobic aryl 

C–H amination, albeit only at high temperature (120 °C) and with limited scope.6a,b During the 

course of our screening efforts, we were somewhat surprised to observe 44 turnovers with a 

Pd(OAc)2 / 4,5-diazafluorenone (DAF) / in dioxane / 80 °C / 1 atm O2 catalyst system (Scheme 

6.2a). Inspection of the crude 1H NMR spectrum of the reaction mixture revealed the presence of 

a number of byproducts, and it was determined that an aging bottle of dioxane had been used in 

this experiment. Significant quantities of 1,4-dioxan-2-hydroperoxide and associated oxidative 

fragmentation products were present during the reaction (Scheme 6.2b).  

Scheme 6.2.  a) Discovery of a positive effect of peroxide species in carbazole synthesis. b) 
Dioxane decomposition by autoxidation. 
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Unsure of the implications of this finding, we repeated the experiment using a fresh bottle of 

dioxane and found that there is no reaction under these conditions (Table 6.1, entry 1). Changing 

the solvent to toluene and adding tert-butylhydroperoxide (TBHP) gave a comparable yield to 

what was obtained with the decomposed dioxane (entry 2), suggesting that 1,4-dioxan-2-

hydroperoxide is capable of promoting the reaction. Addition of a more activated peroxide 

oxidant, tert-butylperoxybenzoate (TBPB), provided substantially higher yields of carbazole 

(entry 3). These results resemble findings in past work by Alper18 and Sigman19 on Wacker 

oxidations of alkenes in tetrahydrofuran (THF), where it was noted that productive catalysis 

occurred with concomitant oxidative decomposition of THF, and TBHP could be used directly as 

the oxidant. 

The results discussed above appear to explain the surprising reactivity that was discovered 

from the experiment conducted with contaminated dioxane solvent; however, another 

unexpected result was obtained when control experiments to assess the potential impact of non-

peroxide contaminants on the reaction were performed. Glycolic acid, glyoxylic acid, and oxalic 

acid were each tested as additives (Table 6.1, entries 4-9), and glycolic acid was found to 

promote the reaction to 80% yield of carbazole when two equivalents were used (entry 6). We 

noted that the production of carbazole in good yield correlated with the consumption of glycolic 

acid and observation of oxidative decomposition products of dioxane.20 Specifically, 1,4-dioxan-

2-hydroperoxide and 1,4-dioxan-2-one could be isolated, and a mixture of unidentified formate 

species was observable in the 1H NMR spectrum of the crude reaction mixture (see the 

supporting information for details). When glycolic acid was included and the reaction carried out 

in toluene as the solvent, no carbazole product was observed (entry 7). We hypothesized that the 

activated primary alcohol of glycolic acid was being oxidized under the reaction conditions and 
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was triggering the decomposition of dioxane (see mechanistic discussion below), and so we 

tested other additives with oxidizable functional groups. We found that N-acetyl glycine, which 

has a similarly activated primary amine functional group, also promoted the reaction, though less 

  

Table 6.1.  Investigation of additive effects on carbazole synthesis with a Pd(OAc)2 / DAF / 1 
atm O2 catalyst system. 

 
a 1,4-Dioxan-2-hydroperoxide and 1,4-dioxan-2-one could be 
isolated from the reaction mixtures. Unidentified formate species 
were also observed in the crude 1H NMR spectra. b A comparable 
yield was obtained under these conditions in the absence of 4,5-
diazafluorenone (DAF). c Co-solvent quantities (4:1 dioxane: 
alcohol) were also ineffective. 
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effectively than glycolic acid (entry 10). Methyl glycolate provided trace reactivity (entry 11), 

while ethylene glycol and propanol were completely ineffective (entries 12-13). Last, we were 

interested in assessing the importance of 4,5-diazafluorenone (DAF) as the neutral donor ligand. 

A screen of common bipyridyl ligand derivatives in the presence of glycolic acid revealed that 

DAF plays a crucial role in promoting reactivity (Figure 6.1).21 Alternative diazafluorene 

derivatives and 6,6'-dimethylbipyridine also promoted the reaction, but not as effectively as DAF 

 

 

Figure 6.1.  Ligand screen for carbazole synthesis in the presence of glycolic acid and dioxane 
solvent. Yield of product was determined by 1H NMR spectroscopic analysis of the 
reaction mixture using phenyltrimethylsilane as the internal standard. 
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Simple pyridine, bipyridine, and phenanthroline derivatives did not promote the reaction, and a 

control experiment in which no ligand was added gave only trace carbazole product. 

A plausible reaction mechanism that accounts for the results presented above is presented in 

Schemes 6.3, 6.4 and 6.5. First, glycolic acid is oxidized to glyoxylic acid by the 

Pd(OAc)2/DAF/O2 catalyst system in a traditional PdII/Pd0 cycle, which produces an equivalent 

of hydrogen peroxide (Scheme 6.3a).10 The glyoxylic acid then serves as an excellent 

electrophile for nucleophilic attack by the hydrogen peroxide, effectively trapping and activating 

the peroxide. Significant quantities of hydrogen peroxide are unlikely to be trapped in the early 

stages of the reaction, though it is conceivable that the presence of an activated peroxide species 

initiates the autoxidation of dioxane (Scheme 6.3b). Homolysis of the activated peroxide O–O 

bond in the presence of dioxane as the solvent will abstract a hydrogen atom from dioxane. The 

Scheme 6.3.  a) Generation of activated peroxide by reduction of O2 and in situ trapping. b) 
Autoxidation of dioxane initiated by activated trapped peroxide. 
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resulting carbon-centered radical is rapidly trapped by molecular oxygen, yielding a peroxo-

based radical that propagates the oxidation of dioxane to give 1,4-dioxan-2-hydroperoxide. 

Our results suggested that 1,4-dioxan-2-hydroperoxide and TBHP are capable of promoting 

the aryl C–H amination reaction, but we also found that more activated TBPB gives a higher 

yield that is comparable to what is obtained when glycolic acid is used in dioxane (cf. Table 6.1). 

The 1,4-dioxan-2-hydroperoxide species that is generated from the autoxidation of dioxane is 

likely to build up to appreciable quantities over the course of the reaction, and a variety of further 

trapping processes become available to provide species with more activated O–O bonds (Scheme 

6.4a). Any one of these peroxide species could contribute to the catalytic aryl C–H amination 

reaction. These oxidizing species are also likely to be partially consumed in oxidative 

decomposition pathways for dioxane (Scheme 6.4b) and glycolic acid (Scheme 6.5c). At the end 

of the reaction, a significant quantity of 1,4-dioxan-2-one is detected (52% by 1H NMR 

spectroscopic analysis, relative to aminobiphenyl starting material). Glycolic acid is consumed 

during the reaction, but glyoxylic acid and oxalic acid are not detected as products. Further 

experiments will be necessary to better determine the fate of glycolic acid oxidation products – 

presently, we presume that the powerful oxidizing conditions generated as the reaction 

progresses are capable of rapidly degrading glyoxylic and oxalic acid to low molecular weight 

formate species and/or carbon dioxide.  
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Scheme 6.4.  Mechanistic pathways for a) further peroxide activation b) decomposition of 
dioxane and c) decomposition of glycolic acid. 

 

The mechanistic discussion presented above provides a rationale for the generation of strong 
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Scheme 6.5.  Proposed mechanism for substrate oxidation via PdIV/PdII catalysis with an in situ 
generated peroxide as the oxidant. 
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oxidation reactions that are carried out in ethereal solvents are analyzed for possible 

simultaneous autoxidation processes that could have significant impact on the mechanism of the 

transformation under study.  
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6.3 Experimental Details and Supporting Information 

6.3.1. General considerations 

All commercially available compounds were purchased and used as received, unless otherwise 

noted. 1,4-Dioxane was purchased from Aldrich and in 100 ml sure-seal bottles. 1H and 13C 

NMR spectra were recorded on Bruker 400 MHz or 500 MHz spectrometers and chemical shifts 

are given in parts per million relative to internal tetramethylsilane (0.00 ppm for 1H) or CDCl3 

(77.16 ppm for 13C). Flash chromatography was carried out with SiliaFlash® P60 (Silicycle, 

particle size 40-63 um, 230-400 mesh) or by using a CombiFlash Rf® automated 

chromatography system with reusable high performance silica columns (RediSep® Rf Gold 

Silica, 20-40 µm spherical particles). 

 

6.3.2. General procedure for reaction set up 

Reactions carried out at 1 atm of O2 in a custom shaker apparatus: 

A heavy wall 13x100 mm culture tube was charged with substrate (0.05 mmol) and other solid 

additives, such as glycolic acid, as desired. Separate stock solutions of Pd(OAc)2 and ligand were 

prepared such that the correct quantity of each (1 mol%) could be delivered and the total volume 

would reach 0.5 ml (0.1 M). The culture tube was loaded onto a custom 48-well parallel reactor 

that allowed for heating under a reflux condenser and 1 atm of O2 with orbital shaking. The 

reaction vessel was purged with O2 after being loaded onto the shaker apparatus. The reaction 

mixtures were heated to the desired temperature and allowed to shake vigorously. At the desired 

time point, the reaction mixtures were allowed to cool to room temperature, removed from the 

parallel reactor and concentrated to oil. The mixtures were analyzed by 1H NMR spectroscopy 

using CDCl3 spiked with phenyltrimethylsilane as the internal standard. 
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6.3.3. Benzenesulfonyl-protected 2-aminobiphenyl and carbazole  

 

N-Benzenesulfonyl-2-aminobiphenyl: A 250 ml round-bottomed flask was charged with 2-

aminobiphenyl (1.5 g, 8.86 mmol, 1 equiv) and dissolved in 88 ml of dichloromethane (0.1 M). 

Pyridine (3.58 ml, 44.3 mmol, 5 equiv) and benzenesulfonyl chloride (1.71 ml, 13.3 mmol, 1.5 

equiv) were added via syringe. The reaction mixture was allowed to stir under air for 16 hours. 

The reaction mixture was diluted with dichloromethane, washed 3x with water, dried over 

MgSO4 and concetrated. Purification on silica with hexanes : ethyl acetate (4:1) afforded the 

product (2.51 g, 93%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.73 (dd, J = 8.3, 1.2 

Hz, 1H), 7.61 – 7.51 (m, 3H), 7.45 – 7.29 (m, 6H), 7.16 (td, J = 7.5, 1.2 Hz, 1H), 7.09 (dd, J = 

7.6, 1.7 Hz, 1H), 6.81 (dd, J = 7.7, 1.8 Hz, 2H), 6.58 (s, 1H). 

 

 

N-Benzenesulfonyl-carbazole: The carbazole was obtained from the palladium catalyzed 

aerobic oxidation reactions and was isolated as a white solid with purification on silica using a 

hexanes : ethyl acetate solvent system (5:1). 1H NMR (400 MHz, CDCl3) δ 8.34 (dt, J = 8.5, 0.8 

Hz, 2H), 7.91 (dt, J = 7.7, 1.0 Hz, 2H), 7.82 (dd, J = 8.4, 1.3 Hz, 2H), 7.50 (ddd, J = 8.6, 7.4, 1.3 

Hz, 2H), 7.47 – 7.42 (m, 1H), 7.37 (td, J = 7.5, 1.0 Hz, 2H), 7.32 (t, J = 7.9 Hz, 2H). 
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6.3.4. Typical crude 1H NMR spectrum and isolation of autoxidation byproducts 

Crude 1H NMR after the reaction was carried out according to the general procedure above: 

 

Crude 1H NMR spectrum with comparison to product and starting material spectra: 
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Isolated 1,4-dioxan-2-hydroperoxide and 1,4-dioxan-2-one: 

 

Crude 1H NMR spectrum with comparison to 1,4-dioxan-2-hydroperoxide and 1,4-dioxan-2-one: 
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NMR Spectra for Chapter 2 
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NMR Spectra for Chapter 3 
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NMR Spectra for Chapter 5 
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