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Abstract 

Nitrogen-containing compounds, specifically those containing a 1,2-oxyamino 

moiety, are of vital importance to modern pharmaceuticals, natural products, and 

agrochemicals. 1,2-Difunctionalization of alkenes offers an efficient approach to 

assemble these scaffolds in a single step from readily available starting materials. In this 

dissertation, a novel copper-catalyzed amino oxygenation strategy of alkenes has been 

established using O-benzoylhydroxylamines as an electron-rich amine precursor and 

oxidant. First, copper-catalyzed amino lactonization was achieved starting with 

carboxylic acid-tethered alkenes. This intramolecular transformation is also applicable to 

alcohols, amides, 1,3-diones, oximes, and thioic acids as nucleophilic trapping partners. 

These reactions proceed in a facile manner to produce good yields and tolerance of a 

wide range of functional groups with excellent chemo- and regioselectivity. Mechanistic 

studies explicitly distinguish between a novel, electrophilic amination-initiation event 

and previously observed nucleophilic oxygenation-initiation events. Furthermore, the 

procedure can be adapted to carry out the reaction from the free amine as an O-

benzoylhydroxylamine precursor. Finally, the intermolecular, three-component amino 

oxygenation reaction of alkenes was successfully developed using untethered carboxylic 

acids and O-benzoylhydroxylamines. The analogous three-component amino 
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oxygenation reaction of dienes was also found to proceed effectively in a chemo-, regio-, 

and site-selective fashion. 
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1. Introduction 

1.1 Approach for Synthesizing 1,2-Oxyamino Scaffold 

1.1.1 Importance of Nitrogen-Containing Compounds and the 1,2-
Oxyamino Moiety 

Nitrogen-containing compounds are one of the most ubiquitous classes in 

modern organic chemistry due to their prevalence in pharmaceuticals, natural products, 

agrochemicals, catalysts, and ligands. Modern pharmaceuticals are particularly 

intertwined with nitrogen-containing compounds; of the top 150 drugs in 2016 by 

number of prescriptions, 81% contain at least one nitrogen atom and 46% contain at least 

one non-conjugated/aromatic nitrogen.1-2 Consequently, it is no surprise that drug 

discovery reaction demands mirror this trend, as C–N bond formation accounts for 37% 

of drug discovery reactions.3 This is impressive given the precedence of commonplace 

reactions such as Suzuki couplings, esterification, and hydrolysis. With such a high 

demand for pharmaceutical development for improvements on side effects and off-

target activity, it is vital that synthetic chemists continue to push the boundaries, 

develop new reactions, and increase the accessible chemical space. 

Among common nitrogen-containing compounds in modern pharmaceuticals 

and agrochemicals, the 1,2-oxyamino moiety also holds a privileged position (Figure 1). 

From mainstream drugs such as Advair, ProAir®, Xarelto®, Lopressor, and Prezista®, to 

untested, experimental drugs such as Ifenprodil and Sutezolid, the 1,2-oxyamino moiety 
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is involved in a broad range of applications and treatments from asthma/COPD to anti-

tuberculosis. Of particular note is the prevalence of the 2-amino-1-arylethanol scaffold 

(shaded) in the oxyamino subclass. Already boasting pharmaceuticals such as the 

aforementioned Advair and ProAir®, this subclass has given rise to a large number of 

bioactive  molecules with a broad variety of pharmaceutical activities. 

 

Figure 1. Relevant 1,2-Oxyamino Scaffolds. 
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1.1.2 Alkene Difunctionalization as 1,2-Oxyamino Approach 

With the precedence and potential of the 1,2-oxyamino scaffold in 

pharmaceuticals, agrochemicals, and ligand development we considered a 

straightforward and logical route for synthesis of such scaffolds. One of the most 

forthright approaches to accomplish this is the 1,2-difunctionalization of alkenes (Figure 

2).  

 

Figure 2. Advantages and Challenges of the Alkene Difunctionalization Approach. 

The advantages of the approach are highlighted by the ability to achieve the 

product in a single-step. While there are many other viable approaches to the 1,2-

oxyamino scaffold that rely on a sequence of steps to realize the product, alkene 

difunctionalization provides a single-step approach that circumvents any potential 
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incompatibility of the desired compound with secondary (or tertiary) reactions in a 

sequence.  

Secondly, alkenes are readily accessible feedstock chemicals. There exist many 

methods to access them, such as starting from carbonyls (Wittig reaction and 

derivatives), alcohols (elimination reactions), or other alkenes (olefin metathesis). With 

such a broad number of options to produce alkenes, it is a desirable starting point for a 

reaction.  

Finally, it offers a potentially modular approach with the ability to choose 

individual starting materials from each class (alkene, oxygen source, and nitrogen 

source) and achieve complex scaffolds bearing any combination of the components.  

However, there exist a number of challenges to the 1,2-alkene difunctionalization 

approach. First, the regio- and chemoselectivity of the transformation can be 

problematic, due to the traditionally nucleophilic nature of both oxygen and nitrogen 

(Scheme 1). To accomplish the alkene difunctionalization, one must achieve cooperative 

reactivity between the oxygen source, the nitrogen source, and the alkene, while also 

maintaining selective addition to the alkene. Overcoming any potential diamination, 

dioxygenation, or nitrogen-oxygen reactivity (exclusion of the alkene) can be a 

challenge. Controlling the regioselectivity of the addition without relying on contrived 
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conditions can also be a challenge, as a clear trend must be established for the initial 

addition to the alkene. 

Scheme 1. Challenges of Undesired Reactivity in 1,2-Alkene Difunctionalization. 

 

Secondly, a method must seek to achieve variety in both the oxygen and nitrogen 

sources utilized within the transformation. In order to achieve the cooperative reactivity 

mentioned above, the diversity of one of the heteroatom sources is often compromised 

for the sake of the reaction, leading to a rigid component that cannot be varied to the 

operator’s liking.  

Finally, it is a challenge to establish a transformation that shows robust, 

consistent, and straightforward reactivity. All new methods are only as good as their 

application and ability to be performed by any competent user anywhere in the world 

under non-perfect conditions. When planning a method, chemists should seek to 
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establish transformations that are of use to the general chemistry community, not just 

those within the original lab or institution. 

1.2 Previous Methods for Direct 1,2-Oxyamination of Alkenes 

With the aforementioned advantages and challenges of achieving direct 1,2-

oxyamination of alkenes, there have been a large number of individuals who have 

worked on this problem and addressed a number of the issues presented in a variety of 

unique and ingenious ways.4-5 For this section, the terms oxyamination and amino 

oxygenation will be used interchangeably, though they are contextually distinctive. As a 

point of clarification, this section will not discuss multi-step routes to 1,2-oxyamination 

or 1,2-oxyamination of indoles/oxazoles. 

1.2.1 Osmium-Catalyzed Alkene Oxyamination 

1.2.1.1 Intermolecular Sharpless Asymmetric Amino Hydroxylation (AA)6-7 

First among the approaches to this 1,2-oxyamination of alkenes is the use of 

osmium. It was known since the foundational work in the early 1900s that osmium 

tetroxide could react with alkenes to produce cis-dihydroxylation.8 However, the 

Sharpless lab pioneered a variation of this chemistry to incorporate an amino group and 

a hydroxyl group to generate a 1,2-oxyamino compound (Scheme 2).9-10 For this reaction, 

they generated the mono-imido osmium(VIII) species through treatment of OsO4 with 

stoichiometric amine and sublimated the solid. Treating alkenes with a slight excess of 
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the imido osmium species generates the cyclic osmium(VI) intermediate, which is 

released by LAH to generate the 1,2-aminoalcohol. In their initial work, they explored 

variety of substrates, including 1,1-disubstituted and 1,2-disubstituted. The reaction 

showed good yields and regiochemical predictability for terminal alkenes, however, all 

the 1,2-disubstituted alkenes tested were symmetrical. They also noticed a decreased 

yield when using the Z isomer of 5-decene over the E case. Furthermore, they wanted to 

verify that this reaction was occurring through a syn addition. They tested deuterated 

(E)-1-decene and cyclized the product with carbonyldiimidazole (CDI). The resulting 

compound showed >95:5 diastereoselectivity, indicating a syn addition. 

Scheme 2. Initial Imido Osmium Alkene Aminohydroxylation (Sharpless, 1975). 
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While this protocol was useful, it presented a severe drawback in requiring 

stoichiometric osmium. Soon thereafter, the Sharpless lab developed a catalytic osmium 

reaction using Chloramine-T trihydrate (TsNClNa∙H2O) as an amine source (Scheme 

3).11-12 This method is proposed to occur through the same imido osmium species as the 

initial stoichiometric reaction, and exhibits improved reactivity as well. For this method, 

they found that the chloride ion released from the Chloramine-T proved harmful to the 

reaction. In cases where this was true, they found that they could eliminate this ion with 

stoichiometric silver nitrate. However, they later found that the silver salts could be 

replaced by exactly 5 mol % of benzyltriethylammonium chloride for similar substrates. 

Furthermore, they did attempt some asymmetric alkenes, but even with α,β-unsaturated 

systems, the regioselectivity was quite poor. Finally, they reported a protocol for 

synthesis of non-commercially available Chloramine reagents, starting from the 

corresponding sulfonamide. This procedure was later adapted for large-scale synthesis.13 

They subsequently expanded the possible nitrogen sources to carbamates through the 

use of N-chloro-N-metallocarbamates.14-16 
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Scheme 3. Catalytic Osmium Variant with Chloramine-T (Sharpless, 1976). 

 

Twenty years later and inspired by their efforts toward an asymmetric 

dihydroxylation (AD),17 the Sharpless group developed an asymmetric 

aminohydroxylation (AA) using the catalytic osmium and Chloramine-T reaction with 

chiral ligands (DHQ)2PHAL and (DHDQ)2PHAL (Scheme 4).18 The scope of this reaction 

was somewhat similar to the previous examples, but focused on α,β-unsaturated esters 

and stilbenes. The enantioselectivity of this transformation was moderate (33–82% 

before recrystallization), though the product enantiomer could be switched based on the 

enantiomer of chiral ligand chosen. While these results were not stellar, the authors were 

quick to point out the manner in which this initial aminohydroxylation compared to 

their initial dihydroxylation report. They also developed two varieties of the procedure 

by varying the solvent to t-BuOH/H2O, which showed improvement on some substrates. 
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Scheme 4. Initial Asymmetric Aminohydroxylation of Alkenes (Sharpless, 1996). 

 

Several months later, the Sharpless group published a follow-up procedure using 

a smaller nitrogen group (Chloramine-M) to achieve higher enantioselectivity and yields 

(Scheme 5). Citing several sets of unpublished data and presumably paralleling their 

investigations on the dihydroxylation,19 the authors proposed that their catalytic cycle 

actually contained two cycles, one productive (Cycle A) and one unproductive (Cycle B), 

dictated by the size of the nitrogen source. Starting from the imido osmium intermediate 

(I), enantioselective [3+2] oxyamino addition20-27 to the alkene is controlled by the chiral 

ligand to generate the pentacoordinate osmium(IV) intermediate (III). It is important to 

note that the ligand actually assists in promoting the desired chemoselectivity from the 
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possible dihydroxylation byproduct (II). Intermediate III is then oxidized to an 

azaglycolate osmium(VIII) by the addition of the chloramine reagent and loss of the 

chiral ligand (IV). At this juncture, the reaction can proceed two different ways. Staying 

in Cycle A, hydrolysis can free the 1,2-oxyamino product and regenerate the 

tetracoordinate imido osmium catalyst (I). However, the authors propose a second 

possibility (Cycle B) by reaction of another alkene with the imido osmium functionality 

in the azaglycolate intermediate (IV). This generates osmium(VI) intermediate V in an 

addition that was not controlled by the chiral ligand and thus generates racemic 

product. Hydrolysis releases one of the 1,2-oxyamino products and regenerates 

intermediate III, which can continue in the productive Cycle A. What the authors noted 

is that factors promoting hydrolytic release of intermediate IV will, accordingly, 

promote a more enantioselective outcome. They found that the smaller methyl group 

(compared the previous tosyl group) was able to generate a faster reaction, but only in 

the presence of the chiral ligand. Their theory is shown in the products generated, as 

there are slight improvements in yield and immense improvements in the 

enantioselectivity across all substrates. 
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Scheme 5. Modification Using Chloramine-M and Proposed Catalytic Cycle 

(Sharpless, 1996). 

 

From these initial successes, the Sharpless group and others have disclosed a 

number of additional nitrogen sources over the next five years (Scheme 6). There have 

been several different carbamate sources,28-30 amides,31-32 and aniline triazines33 could 

participate in the asymmetric reaction, while adenines34 and tert-butyl sulfonamides35 
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were viable nitrogen partners in the racemic aminohydroxylation reaction. One issue 

that plagues a number of these strategies (both asymmetric and racemic) is the 

regioselectivity. In the case of primary amides, while the enantioselectivity displayed 

good to excellent levels, the regioselectivity of many substrates varied from 2:1 to 23:1. 

Furthermore, the racemic tert-butyl sulfonamide method showed good yields for a 

number of substrates, but displayed around 2:1 regioselectivity for almost all substrates. 

Scheme 6. Further Nitrogen Sources for Aminohydroxylation (Sharpless 1996–2000). 

 

During the same time period, the Sharpless lab and others also disclosed a 

number of additional alkene classes outside of the cinnamates and stilbene classes they 

worked with previously (Scheme 7). They found that unsaturated phosphonates 

participated in the aminohydroxylation in an asymmetric fashion, though many of the 
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product yields were quite low.36-37 They also demonstrated the use of Baylis-Hilman 

olefins38 and unsaturated carboxylic acids.39 The carboxylic acid case is unique, in that it 

proceeds exceptional chemoselectivity in the absence of the ligand, a feature not seen in 

many of the previous cases. It is believed that in these cases, the reaction proceeds 

through Cycle B (Scheme 5) and is thus not promoted by the chiral ligand. This is 

substantiated by the lack of enantioselectivity seen in such cases. Consequently, the 

Sharpless group was able to leverage enantiomerically pure carboxylic acid products as 

ligands in an effort to facilitate enantioselectivity for substrates that showed a preference 

for proceeding through Cycle B.40 

Scheme 7. Alternate Alkene Sources for Aminohydroxylation (Sharpless 1999–2001). 

 

As Sharpless was concluding his studies on the scope of this transformation, a 

number of other groups reported additional substrates with the aminohydroxylation 
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reaction (Scheme 8). The Muñiz group reported the use of amides as a chiral auxiliary in 

an effort to improve the asymmetric induction of the reaction.41-42 Unfortunately, the 

reaction only displayed the desired outcome for a few substrates and in several cases, 

they found a mixture of all four diastereomers. A number of groups explored 

incorporating heteroaromatic substrates on the alkene.43-45 While several substrate types 

were fairly successful (such as furans and thiophenes) many of the substrates either did 

not work (such as pyrrols and pyridines) or gave less than optimal results. The Landais 

group investigated using allylic silanes and found them to be quite effective both in 

yield and diastereoselectivity.46-47 Additionally, two different groups have studied the 

use of allylic and homoallylic aryl ethers (both terminal and internal) as alkene partners 

and found fair yields, but good enantioselectivities and diastereoselectivities in most 

cases.48-50 Finally, the Pinheiro group investigated the special hydrocarbon alkenes 

pinenes and camphene and found them effective, but with limited substitutions.51 
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Scheme 8. Additional Alkene Classes Studied. 

 

In addition to the above advances on the original aminohydroxylation, further 

studies have found the potential for switching of regioselectivity through ligand 

alteration,52 as well as silica-gel or organic polymer supported ligand system for high 

levels of enantioselectivity53-54 and a ligand alteration study for controlling the 

regioselectivity.55 

1.2.1.2 Further Osmium Work 

In 2001, over 25 years after the first aminohydroxylation by Sharpless, the 

Donohoe group attempted to quell the issues with regioselectivity in the current method 

by tethering the nitrogen source to the alkene (Scheme 9).56 While the manner in which 

this approach could control the regioselectivity is straightforward, this method requires 

oxidation of the amide functionality to the N-halo sodium salt, potentially 

compromising the functional group compatibility. In their initial publication, they 
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demonstrated the process using Hunig’s base (i-PrNEt2) in place of the chiral ligand and 

were successful in generating the syn product on a limited substrate scope. Of note, they 

also tested a tethered E diene, which showed a slight reduction in product yield over the 

other E substrates. It should be noted that this procedure was also adapted for sulfamate 

esters in place of the carbamates reported by Donohoe, but this procedure suffered from 

a lack of reactivity for many substrates.57 

Scheme 9. Tethered Amine Source for Regioselectivity Control (Donohoe, 2001). 
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From this result, the Donohoe group investigated starting with enantiomerically 

pure alkene scaffolds to achieve enantioselectivity in the established syn addition 

(Scheme 10). They first examined starting with allylic cyclic carbamates and observed 

fair yields with syn products (Scheme 10A).58 However, their five-membered case failed 

to produce any product and their seven-membered case only produced a 3:1 ratio of syn 

to anti. From here, they re-examined their acyclic alkene system (Scheme 10B). While the 

yields were fairly good, the ratio of syn to anti was only marginal for many of the 

substrates compared to their cyclic case. 

Scheme 10. Use of Enantiopure Starting Materials to Achieve Enantioselectivity by 

Syn Addition (Donohoe, 2002–2004). 

 

With their method established, they examined the nitrogen source to determine 

the optimal source. While they had been generating an N-chloroamide in situ with tert-
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butyl hypochlorite, they found that this species did not appear to have a long lifetime in 

the reaction (note that Sharpless used large excess of Chloramine-T in his intermolecular 

reaction). Accordingly, they examined using different electron-withdrawing groups in 

place of the chlorine functionality (Scheme 11). They found that both mesitylsulfonyloxy 

(A)59 and O-pentafluorobenzoyl (B)60 fulfilled their desired characteristics and proceeded 

without the requirement of base or oxidant. They provided a comparison of the 

reactions with each of their protocols, showing often dramatic improvements from 

altering the electron-withdrawing group. In the case of the pentafluorobenzoyl group, 

only 1 mol % osmium was required for the reaction. Furthermore, they also showed that 

this was compatible with amides and not just carbamates (not shown).61 

Scheme 11. Use of N-Sulfoxy and N-Benzoyl Leaving Groups in Tethered 

Aminohydroxylation to Avoid Use of Base and Oxidant (Donohoe, 2006–2007). 
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On a related note, the McLeod group used the N-sulfoxy leaving group strategy 

to remove the base and oxidant from the traditional intermolecular Sharpless 

aminohydroxylation (Scheme 12).62 They showed a number of substrates that had been 

previously avoided by the Sharpless method (even within previously explored classes) 

and achieved generally good yields. However, many of the substrates exhibited very 

poor selectivity, often giving 1:1 regioselectivity. Additionally, attempts at 

enantioselective induction proved futile, as the only observed product was loss of the 

sulfoxy group from the amide.  

Scheme 12. Use of N-Sulfoxy Leaving Groups in Intermolecular Aminohydroxylation 

(McLeod, 2012). 

 

Moving forward, the Donohoe group developed an interesting strategy using 

alcohol or carboxylic acid-tethered alkenes to direct the osmium aminohydroxylation 

(Scheme 13).63-64 Use of this strategy with trans-cinnamic acid as a sacrificial alkene and 

two different N-oxides proved to be quite effective for the synthesis of pyrrolidine 
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scaffolds with good enantioselectivity, given the purity of the starting material and 

effectiveness of the syn addition. While it should be noted that the tether length is of 

vital importance; when the alcohol and sulfonamide groups were switched a directed 

dihydroxylation was observed. 

Scheme 13. Use of Alcohol or Carboxylic Acid Tethers to Direct Osmium-Catalyzed 

Aminohydroxylation (Donhoe, 2006–2008). 

 

 There have been a number of applications for the Sharpless AA, as well as for the 

tethered version developed by the Donohoe. However, I will exclude listing these 

examples for consideration of space and length. 
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1.2.2 Palladium-Catalyzed Alkene Oxyamination 

Initial work in the area of palladium-catalyzed alkene oxyamination was 

achieved by the Bäckvall lab starting in 1975 using a procedure of stoichiometric 1,2-

aminopalladium species formation, followed by stoichiometric oxidation and reductive 

elimination (Scheme 14).65-67 This initial work provided good selectivity for the threo vs 

erythro diastereomers with symmetric alkenes, but suffered from very poor 

regioselectivity with internal alkyl/inactivated alkenes, such as 1-butene. Furthermore, 

this procedure produced only a narrow range of amine substrates and only showed 

acetic acid as the oxygen species. 

Scheme 14. Palladium-Promoted Alkene Oxyamination (Bäckvall, 1975–1982). 

 

While Bäckvall’s original oxyamination condition requires stoichiometric Pd 

catalyst, the approach (Scheme 15) laid the groundwork for forthcoming Pd-catalyzed 

alkene oxyamination procedures. The general procedure begins with palladium(II) 
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coordination to the alkene, followed by aminopalladation in either a cis or trans fashion 

to generate a 1,2-aminopalladium species (I), being careful to avoid β-hydride 

elimination. Oxidation of this palladium(II) species generates palladium(IV), which 

undergoes reductive elimination in either a retentive or inversive manner to generate the 

product (III) and regenerate palladium(II). This system accounts for the two relative 

products generated (threo and erythro), regardless of whether the reaction undergoes a 

cis or trans aminopalladation. With this in mind, it is difficult to ascertain the exact 

pathway, simply from the type of product generated. 

Scheme 15. General Catalytic System for 1,2 Alkene Oxyamination. 

 

In 2005, Sorensen disclosed a catalytic alkene oxyamination reaction using 

palladium(II) acetate with sulfonamide-tethered alkenes (Scheme 16). From his testing of 

E and Z alkenes, he found a net anti addition of the nitrogen and oxygen substituents 

and proposed a trans aminopalladation with retentive reductive elimination to explain 

the diastereoselectivity. In regards to the substrate scope, this method showed poor 5-exo 
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vs 6-endo (and 6-exo vs 7-endo) selectivity and only examined a fairly narrow scope of 

alkene substrate backbones. 

Scheme 16. Palladium-Catalyzed Alkene Oxyamination (Sorensen, 2005). 

 

In the same year, the Szolcsányi group reported formation of a bicyclic 

piperidine product via intramolecular aminopalladation, followed by an intramolecular 

reductive elimination (Scheme 17A).68 However, they only reported one substrate (for 

the optimized conditions) and did not undertake any mechanistic studies. A year later, 

the Stahl lab produced a similar transformation using a three-component, intermolecular 

approach (Scheme 17B).69 While this approach was able to overcome the requirement of 

tethering the amine to the alkene, the alkene scope was limited to a narrow range of 

alkoxy terminal alkenes and acetate oxygen trapping. Mechanistic studies with a select 

internal alkene (Z-cinnamyl methyl ether) showed that the reaction was initiated 
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through cis-aminopalladation, with an inversive reductive elimination to generate 

erythro products.70 Soon thereafter, the Sanford lab demonstrated that alkene-tethered 

alcohols were viable oxygen trapping partners, expanding the scope from the previously 

use acetate group (Scheme 17C).71 The scope was strictly limited to substitutions at the 

allylic position and used phthalimide as the sole amine source to generate 5-endo 

products, with generally good diastereoselectivity.  Similar to the Stahl paper, internal 

alkene mechanistic studies showed the initiation step being cis-aminopalladation, with 

retentive reductive elimination producing the anti-diastereomer products. As part of a 

study on palladium vs copper catalyst-divergent methods, the Shi group disclosed an 

amino oxygenation using carbamates with acetate as the terminal trap (Scheme 17D).72 

While the scope showed good tolerance of a variety of substitutions on the backbone 

and alkene, no mechanistic studies were conducted to examine the method of 

aminopalladation or reductive elimination. Recently, the Muñiz lab demonstrated an 

interesting intermolecular alkene oxyamination reaction while investigating an alkene 

diamination reaction using saccharin and sulfonamides (Scheme 17E).73 They found, in 

the presence of excess saccharin (Sacc) and using a specialized palladium(II) catalyst, 

that they were able to achieve aminopalladation with the nitrogen of saccharin, followed 

by reductive elimination of with the amide oxygen to generate a unique scaffold. Similar 

to the Stahl paper, the scope was limited to a narrow range of alkoxy terminal alkenes. 
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Scheme 17. Further Palladium-Catalyzed Alkene Oxyamination 
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In 2014, the Liu group demonstrated using carbamates as the amine source with 

aqueous H2O2 as the oxygen trapping agent (Scheme 18).74 The use of H2O2 as the oxygen 

source and oxidant allowed for exclusion of a more harsh external oxidant. The substrate 

scope showed excellent diastereoselectivity in 5-exo products and was tolerant of 

substitution at the α-position of the alkene. However, the reaction was not tolerant of 

substitution at the β-position of the alkene and the diastereoselectivity was diminished 

in 6-exo products. Interestingly, they were able to demonstrate that changing the solvent 

from dioxane to acetic acid resulted in a switch from cis-aminopalladation to trans-

aminopalladation. Furthermore, they also showed through isotopic labeling of H2O18 in 

the H2O2 solution that the hydroxyl group generated in the product was a mixture of 

both water and hydrogen peroxide. The hydrogen peroxide would provide a retentive 

reductive elimination, while the water gives an inversive reductive elimination. 



 

 

28 

Scheme 18. Palladium-Catalyzed Alkene Amino Hydroxylation (Liu, 2014). 

 

Shortly thereafter, the Liu group released a follow-up paper detailing further use 

of H2O2 as a green oxidant, this time with formation of piperidine scaffolds similar to the 

Sorensen group’s original publication (Scheme 19).75 The scope largely improves upon 

the Sorensen work with generally excellent diastereoselectivity, though the scope is 

deficient of internal alkenes. Despite this shortcoming, their analysis of deuterium-

labeled substrates argued for a trans-aminopalladation, with retentive reductive 

elimination. 
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Scheme 19. Formation of Piperidine Scaffolds with H2O2 as an Oxidant (Liu, 2015). 

 

1.2.3 Rhodium-Catalyzed Alkene Oxyamination 

Despite the utility of using rhodium within nitrene and carbene complexes, there 

exist few examples of rhodium-catalyzed alkene oxyamination. The first example of 

such a transformation comes via an amidoglycosylation of a dihydropyran derivative 

using extraneous alcohol (Scheme 20).76 Unfortunately, the paper was quite limited in 

the investigation of the reaction scope, as only two types of dihydropyran scaffolds were 

tested with four different alcohols. The reaction is proposed to proceed through a 

nitrene-mediated aziridine formation, but no mechanistic experiments were performed. 

Scheme 20. Rhodium-Catalyzed Amidoglycosylation (Rojas, 2002). 

 

In 2014, the Dauban group published a report detailing a rhodium-catalyzed 

intermolecular alkene amino oxygenation using sulfonamides and a large excess of 
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carboxylic acids (Scheme 21).77 The reaction exhibited a fairly broad scope, as both 

internal and external alkenes were shown to participate. Furthermore, the scope was not 

strictly limited to aryl alkenes, with even alkyl alkenes being viable partners. The 

reaction was also effective with dienes, as well as highly reactive functional groups like 

trimethylsilane and primary alkyl bromides. The authors determined that the product 

could be smoothly generated from the corresponding aziridine, but only in the presence 

of all reaction components. Accordingly, they proposed that the Rh2esp2 complex forms 

a nitrene (I) from a combination of the H2NTces and PhI(OAc)2. This nitrene then 

combines with the alkene to form an aziridine (II). They then proposed that combination 

with a second equivalent of the nitrene species (I) might act as a Lewis acid to promote 

opening of the aziridine (III), which would be trapped by the acetic acid to generate the 

product and re-generate the nitrene (I). 
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Scheme 21. Rhodium-Catalyzed Alkene Amino Oxygenation (Dauban, 2014). 

 

Recently, another rhodium-catalyzed method was published using alkene-

tethered N-alkoxysulfonamides (Scheme 22).78 This paper offered the unique aspect of 

using a rhodium(III) complex, while both of the previous examples relied on 
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rhodium(II). This reaction proved to tolerate a range of substitutions on the 5-exo 

product backbone, but substitutions on the alkene (α-methyl notwithstanding), 

produced no desired product. However, when 6-exo products were tested, it was found 

that substitution at the α-position of the alkene produced a substantial increase in 

product yield. While some mechanistic work was done, the exact mechanism for this 

transformation remains quite murky. 

Scheme 22. Rhodium(III)-Catalyzed Alkene Amino Oxygenation Using Alkene-

Tethered N-Alkoxysulfonamides (Cossy, 2018). 

 

1.2.4 Copper-Catalyzed Alkene Oxyamination 

An initial report for the copper catalyzed alkene oxyamination was published by 

the Göttlich lab in 2002 using O-benzoylhydroxylamine-tethered alkenes and Lewis acid 

additive BF3·OEt2 (Scheme 23).79 After trying a number of potential nitrogen-centered 

radical precursors, they settled on O-benzoylhydroxylamines. While they showed a very 
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limited scope of substitutions on a 5-exo-generating backbone, they did note the lack of 

6-endo formation within their system. Furthermore, they proposed a mechanism for this 

transformation, starting with formation of a nitrogen-centered radical through single-

electron transfer with the copper(I) catalyst (I). This nitrogen radical then undergoes 

radical addition (II) to generate a 5-exo cyclization product with β-position radical. This 

radical can then be terminated through a single-electron addition from the copper(II) 

benzoate species to generate the product and re-form the active copper(I) catalyst. 

Scheme 23. Copper-Catalyzed Alkene Oxyamination Using O-

Benzoylhydroxylamine-Tethered Alkenes (Göttlich, 2002). 

 



 

 

34 

Recently, the Feng and Loh groups have demonstrated the ability to use a similar 

strategy for addition of the benzoyl and amine groups across activated (α,β-unsaturated) 

alkenes in an intermolecular fashion (Scheme 24).80 This approach shows a decent scope 

of both aryl and alkyl ketones and a good tolerance for different amines. It also 

demonstrates β-substituted alkenes as tolerated, though the yields were severely 

diminished when using α-substituted alkenes. 

Scheme 24. Copper-Catalyzed Oxyamination of Activated Alkenes Using O-

Benzoylhydroxylamines (Feng, Loh, 2016). 

 

In 2007, the Yoon lab disclosed a novel strategy for alkene oxyamination using 

copper catalysts in concert with sulfonamide oxaziridines (“Davis’ oxaziridine,” Scheme 

25).81-82 This clever approach leveraged the labile nature of the N–O bond in the 

oxaziridine to initiate addition to the alkene by the more electronegative oxygen atom, 

followed by trapping with the sulfonamide nitrogen to generate a range of oxazolidine 

products. The scope of the transformation for alkenes was fairly broad, inasmuch as 

styrenyl alkenes were used (a limited number of alkyl alkenes were also presented). In a 

second publication, a scope of dienes was also presented. This diene scope was rather 

broad, showing both aryl and alkyl dienes with good to excellent alkene site selectivity. 
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(Note that the intrinsic nature of the oxaziridine addition makes 1,4-addition quite 

unlikely and thus simplifies the possible outcomes.)  

Scheme 25. Copper-Catalyzed Alkene Oxyamination Using Oxaziridines (Yoon, 2007). 

 

Soon thereafter, the Yoon lab released an enantioselective version of this 

transformation (Scheme 26A).83 The reaction was shown only with styrenyl alkenes and 

exhibited fair yields, but poor to good enantioselectivities (note that better 

enantioselectivities were found with the cis diastereomer than the trans diastereomer). 

Furthermore, they also examined the potential mechanism for the proposal by testing a 

cyclopropyl radical clock (Scheme 26B).84 Starting with a diastereomerically pure diene, 
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they observed a scrambling of diastereomers, indicating a ring-opening. They noted that 

radical cyclopropyl ring openings are stereorandom, while cationic ring openings are 

stereospecific, implying a radical intermediate. Accordingly, they proposed a 

mechanism starting with copper(II) (they noted that copper(I) produced no reaction). 

which coordinates to the sulfonamide of the oxaziridine (I). Homolytic cleavage of the 

N–O bond and oxygen addition to the alkene generates carbon radical intermediate II, 

which closes via homolytic cleavage of the N–Cu bond to generate the product and 

copper(II). 
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Scheme 26. Enantioselective Alkene Oxyamination and Mechanistic Proposal (Yoon). 

 

The year after Yoon’s initial report, the Chemler lab published an 

enantioselective copper-catalyzed alkene oxyamination method using sulfonamide-

tethered alkenes with terminal TEMPO trapping (Scheme 27).85 This method showed 

decent tolerance of modifications to the alkene backbone and α-position of the alkene, 

though substrates with β-substitution on the alkene were not shown. 



 

 

38 

Scheme 27. Copper-Catalyzed Alkene Oxyamination Using Sulfonamide-Tethered 

Alkenes and TEMPO (Chemler, 2008). 

 

Several years later in 2013, they released a follow-up paper showing a method 

for producing the opposite enantiomer to their earlier work and providing a more 

definite proposal for the mechanism of their transformation (Scheme 28).86 Their 

mechanism begins with coordination of the copper(II) species to the chiral ligand (I), 

then with coordination to the sulfonamide (II). They then propose the rate-limiting step 

(base on KIE experiments) as a cis-aminocupration controlled by the chiral ligand (III). 

This copper(II) species then undergoes homolytic cleavage to generate a terminal carbon 

radical and copper(I) species (IV). They propose that both species are acted upon by 

TEMPO, with the carbon radical being quenched to generate the product, while the 

copper(I) species is oxidized to copper(II) to regenerate the active catalyst. 
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Scheme 28. Copper-Catalyzed Oxyamination Showing Opposite Enantioselectivity 

and Proposed Mechanism (Chemler, 2013). 

 

The Chemler lab has also reported three additional alkene oxyamination 

methods (Scheme 29). The first method uses N-arylanilines as a nitrogen source in place 

of the previous sulfonamide and terminates with a reductive elimination from the 

acetate ligands on copper (Scheme 29A).87 Unfortunately, this reaction was more of a 
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proof-of-concept and showed only three substrates while using three equivalents of 

copper(II) acetate. The second method used excess stoichiometric amounts of copper like 

the first, but used reduced amino acid scaffolds and sulfonamides to generate 

morpholine skeletons (Scheme 29B).88 They proposed that this reaction proceeds through 

a similar mechanism as the previous work, but with an oxycupration event in place of 

the aminocupration reported previously. The third method was analogous to their lab’s 

original work, using N-sulfonyl-O-butenyl hydroxylamines as nitrogen nucleophiles 

with the TEMPO trapping seen in the previous case (Scheme 29C).89  



 

 

41 

Scheme 29. Additional Copper-Catalyzed Cyclizations from the Chemler Lab. 

 

In 2010, the Blakey lab published a oxyamination strategy using similar 

sulfonamide-tethered alkenes to Chemler’s work (Scheme 30), but using an oxidation 

strategy similar that seen in the palladium(II/IV) chemistry (see section 1.2.2).90 While 

the product regiochemistry (5-exo vs 6-endo) is not always the best and very substrate 

dependent, the reaction mechanism is much more interesting. The reaction starts with 

copper(I), which then coordinates to the sulfonamide and is oxidized to copper(III) by 

PhI(OAc)2 (I). A free acetate group then attacks the alkene carbon that can most easily 
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stabilize a positive charge to generate a Cu(III) species (II) that readily undergoes 

reductive elimination to yield the product and regenerate copper(I). 

Scheme 30. Alkene Oxyamination with Sulfonamide-Tethered Alkenes Using a 

Copper(I/III) Oxidative Pathway (Blakey, 2010). 

 

In 2011, The Dodd lab combined copper-catalyzed aziridination with ester 

trapping to effect a formal alkene oxyamination  in 5-exo or 6-exo fashion (Scheme 31A).91 

Despite using a chiral ligand ((S)-t-Bu-BOX), the reaction was not enantioselective. The 

authors stated that this ligand was necessary, but only showed ineffective, very 

dissimilar nitrogen ligands to support this premise. Their scope was mostly limited to 

different aryl groups and showed almost exclusively unsubstituted ester backbones. 

Three years later, the Hajra lab copied this procedure and slightly amended it to internal 

alkenes, observing a reversal of regiochemistry to observed 5-endo and 6-endo products 
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(Scheme 31B).92 Their scope was also limited to changing the aryl group, as all substrates 

were unsubstituted. With regards to the mechanism of these transformations, it can be 

imagined that copper(I) reacts with the nitrene (either generated in situ or preformed) to 

form a copper nitrene species. This copper nitrene can then effect the aziridination and 

regenerate copper(I). Finally, the ester trap regiochemistry can be easily explained by 

stability of the partial positive charge formed upon a nucleophilic attack on the 

aziridine. In both cases the carbonyl attacks at the carbon stabilized by the aryl group. 

Note that the Hajra lab reported silica gel (or excess copper) as being necessary to form 

the final lactone product for electron-deficient substrates. 
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Scheme 31. Alkene Oxyamination With Aziridine Formation and Tert-butyl Esters. 

 

Another unique approach to alkene amino oxygenation is the use of alkene-

tethered imidamide as a nitrogen source with acetate trapping through reductive 

elimination (Scheme 32).93 The scope is confined exclusively to aryl groups at the R1 

position, but does show some variation at the amine in the backbone and at the α-

position on the alkene. However, no internal alkenes are shown. Furthermore, the Chiba 
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group also demonstrated that this reaction is amenable to a one-pot approach starting 

with nitriles.94 Attack of the nitrile with an aryl Grignard, followed by addition of copper 

and TEMPO, furnished a variety of dihydropyrroles with range of substitutions on the 

backbone and alkene. 

Scheme 32. Copper-Catalyzed Dihydroimidazole Formation (Chiba, 2012). 

 

In 2014, the Wang group at Lanzhou University disclosed a copper-catalyzed 

oxyamination using oximes as an oxygen cyclization group, followed by trapping with 

TMS azide (Scheme 33).95 This work showed moderate substrate tolerance, as 

substitutions at the α-position of the alkene produced a slight decrease in yield, while 
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substitutions at the β-position of the alkene showed a β-hydride elimination product 

following oxygen cyclization. The mechanism of this transformation remains 

unconfirmed, but mechanistic studies point toward the possibility of a base-catalyzed 

cyclization, followed by copper-catalyzed azide trap. 

Scheme 33. Copper-Catalyzed Oxyamination Using Oximes (Wang, 2014). 

 

Using TMS azide as an initiator, rather than the terminal trap just mentioned, the 

Buchwald lab extended their previous trifluoromethyl lactonization96-97 to other groups, 

such as azides (Scheme 34).98 The scope of this transformation is almost entirely confined 

to 5-exo and 6-exo substrates lacking backbone substitution and containing either aryl or 

alkyne groups at the α-position of the alkene. The yields are fair to good, with 

enantioselectivities ranging from 72 to 92% ee. As mentioned, the proposed mechanism 

begins with generation of an azide radical (I) from the combination of copper(I), 

PhI(OAc)2, and TMS azide. This azide radical adds to the alkene, generating an internal 

carbon radical stabilized by the α-aryl group (II). The lactone ring is then closed through 

an enantioselective C–O bond formation even with the chiral ligand bound to copper(II) 

directing the event. 
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Scheme 34. Copper-Catalyzed Enantioselective Azido-Lactonization (Buchwald, 2015). 

 

Another strategy employed by several groups, has been using NFSI (N-

fluorobenzenesulfonamide) as a nitrogen-initiation agent, followed by trapping with 

various oxygen nucleophiles (Scheme 35). First, the Zhang lab at Northeast Normal 
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University (CHN) demonstrated the use of N-hydroxyphthalamides as oxygen trapping 

agents (Scheme 35A).99 This method showed good tolerance of substitutions on styrene, 

but lower yields with substitution at the β-position on the alkene. Furthermore, the 

Perez group showed a similar strategy, using a large excess of alcohols to effect a similar 

transformation, but with improved tolerance for substitution at the β-position of the 

alkene (Scheme 35B).100 Interestingly, they noted that the reaction would not proceed 

without catalytic Mo(CO)6, an oxidant not needed in the first case, but potentially offset 

by the excess NFSI of the first case. Finally, a second Zhang group (at China 

Pharmaceutical University) released an NFSI-initiated reaction involving an 

intramolecular trap using carboxylic acids, alcohols, and amides (Scheme 35C).101 The 

yields for this reaction were fairly good, but the alcohols and amides showed almost 

exclusively yields below 50%. Though a reaction mechanism was proposed for each of 

the three cases, there has been little mechanistic investigation and each group proposed 

slightly differing mechanisms. 
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Scheme 35. Copper-Catalyzed, NFSI-Initiated Alkene Amino Oxygenation. 

 

The Han lab, which has extensively studied alkene difunctionalization with 

metal-free cyclization of oximes and hydrazones, produced protocols for copper-

catalyzed versions to expand the scope of trapping partners (Scheme 36).102-103 Both 

protocols feature a similar alkene scope, though the hydrazone method does feature one 

6-exo example. The oxime method showcases a very broad scope of both alkyl and aryl 

amines, with the formation of both secondary and tertiary amines. The hydrazone 
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method also shows a broad scope for the trapping reagent, as a wide range of alkyl and 

aryl carboxylic acids participated in the reaction. For the mechanism, they propose a 

single electron transfer (SET) from copper(I), with DTBP abstracting a proton to generate 

either a nitrogen or oxygen-centered radical (I). The 5-exo ring closing results in a 

terminal carbon radical (II), which then coordinates with the copper(II) species bearing 

the respective nucleophile (III). Reductive elimination then generates the product and 

regenerates copper(I). 
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Scheme 36. Copper-Catalyzed Radical Alkene Oxyamination Using Oximes and 

Hydrazones with Amines and Carboxylic Acids (Han, 2016/2018). 

 

Finally, a recent publication has reported an aerobic copper-catalyzed one-pot 

iodo-lactonization/amination (Scheme 37).104 The scope of the transformation is fairly 

broad, with a large number of aliphatic 5-exo products shown. The reaction appeared to 
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tolerate substitution at both the α- and β-positions on the alkene and tolerated a large 

number of amines (though only one primary amine was tested). They showed that an 

oxygen atmosphere was important to the reaction and proposed the formation of an 

iodolactone (which they isolated), before simple SN2 attack displacement of the iodine. 

Accordingly, this is only a formal oxyamination, but is relevant to the discussion of this 

topic, nonetheless. 

Scheme 37. Copper-Catalyzed Iodo-Lactonization with Amination (Li, 2018). 

 

1.2.5 Platinum-Catalyzed Alkene Oxyamination 

The sole example of platinum-catalyzed alkene oxyamination comes from the 

Muñiz lab using urea-tethered alkenes (Scheme 38).105 The substrate scope is very rigid, 

showing minimal substitution along the formed piperidine ring and a single example of 

substitution at the α-position on the alkene. Given that copper was also added in 
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catalytic amounts, the mechanism is of interest. They propose a platinum(II)-assisted 6-

exo ring formation to generate platinum(I) intermediate I, which is oxidized to 

platinum(IV) intermediate II by copper(II). Intermediate II then undergoes reductive 

elimination to form the product and platinum(II), which the copper is oxidized back to 

copper(II) by atmospheric oxygen. Interestingly, the authors tested the reaction with 

platinum(IV) to determine if perhaps this was the active species in the reaction, but 

found a slower reaction rate when using platinum(IV) as the active catalyst. 

Interestingly, no other oxidants were mentioned outside of copper(II). 

Scheme 38. Platinum-Catalyzed Amino Oxygenation Using Urea (Muniz, 2009). 
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1.2.6 Iron-Catalyzed Alkene Oxyamination 

Shortly after releasing their copper-catalyzed oxyamination procedure using 

oxaziridines, the Yoon lab published a procedure using Iron catalysts to achieve 

opposite regiochemistry as the copper case (Scheme 39).106 Their initial investigation was 

not enantioselective,107 but their second protocol used a chiral BOX ligand to effect 

enantioselectivity. The scope of this transformation was limited to terminal aryl alkenes, 

though it was tolerant of various electronics within that framework. The reaction was 

tolerant of substitution at the α-position of the alkene and also tolerated both aryl and 

alkyl dienes. Interestingly, the mechanism for this switch in regiochemistry remains 

unclear. 
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Scheme 39. Iron-Catalyzed Alkene Oxyamination Using Oxaziridines (Yoon, 2012). 

 

In 2013, the Xu group disclosed an iron-catalyzed oxyamination procedure 

utilizing alkene-tethered N-aryloxyamides to produce oxazolidinones (Scheme 40A).108 

They found that using iron(II) catalyst Fe(CN)6K4 was unique in the ability to produce 

both high yield and high diastereoselectivity. This intramolecular procedure produced a 

good substrate scope within the tethered confines, as most yields were over 70% with 

excellent diastereoselectivity. They also showed examples of enantioselectivity in several 

substrates, but in a proof-of-concept manner. The next year, they published an 
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intermolecular version of this chemistry using a variety of N-aryloxyoamides, several 

different ligands, and two different iron catalysts (Scheme 40B).109 One of the curiosities 

with this procedure was the unpredictability of the products, as some alkenes produced 

the expected oxazolidinone, while others produced the ring-opened product. The alkene 

scope of this procedure was generally quite excellent, but the number of optimized 

conditions required for each substrate generate questions as to the out-of-the-box 

applicability of this procedure to any new substrate. 
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Scheme 40. Iron-Catalyzed Alkene Oxyamination Using N-Aryloxycarbamates (Xu, 

2013/2014). 

 

In order to further probe a potential mechanism, the Xu lab examined several 

aspects of their transformation (Scheme 41). First, they substituted a methyl group on 

the nitrogen in their N-aryloxyamide and observed full starting material recovery, 

leading them to propose the secondary amide as necessary in the reaction. Secondly, 
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they performed a cyclopropyl radical clock test and found a mixture of ring-opening 

and unopened product. With these experiments in mind, they proposed that the iron(II) 

catalyst forms an iron-nitrene species (I), which then adds to the alkene to form 

intermediate III. From this carbon radical intermediate, they propose a single electron 

transfer event by the iron center to generate carbocation intermediate III, which can be 

attacked either by the carbonyl (to form the oxazolidinone) or by the pendant aryloxy 

group to form the uncyclized oxyamino product. 



 

 

59 

Scheme 41. Mechanism Probes and Proposed Mechanism for the Iron-Catalyzed 

Alkene Oxyamination. 

 

In 2016, the Morandi lab examined using iron phthalocyanine catalysts to affect 

an amino oxygenation of alkenes resulting in free alcohol and amine (Scheme 42).110 For 

the nitrogen source, they chose a PivONH3OTf salt and used the hydroxy solvent as the 

oxygen trapping agent. The procedure worked fairly well, though most of the products 

had to be Boc protected before isolation, somewhat eliminating what was a key selling 

point of this approach. The reaction is tolerant of some β-substitutions, α-substitutions, 
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and a number of different substitutions on the phenyl rings. However, the reaction 

failed to work effectively in the absence of a styrenyl alkene system.  

Scheme 42. Iron-Catalyzed Synthesis of 2-Amino-1-Phenylethanols from Alkenes 

(Morandi, 2016). 

 

In terms of the mechanism, they did not observe ring opening products with a 

radical clock substrate (Scheme 43A) and they were able to observe marginal 

diastereomeric specificity originating from anti addition to each alkene geometry 

(Scheme 43B). Furthermore, they found that when a hypothetical aziridine intermediate 

was exposed to the reaction conditions, the expected product could be obtained in good 

yield (Scheme 43C). However, when they reacted the alkene with the standard 

conditions in the absence of water, they were unable to observe either the desired 
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product or an aziridine product, suggesting that water (or an alcohol) plays a role in the 

initial nitrogen addition step. 

Scheme 43. Mechanistic Probes in the Synthesis of 2-Amino-1-Phenylethanols. 

 

Very recently, another iron-catalyzed procedure was reported using alkene-

tethered N-Benzoylureas to split the N–O bond across the alkene (Scheme 35).111 The 

reaction shows a fairly impressive scope of 5-exo cyclized products (6-exo was not 

shown). The benzoyl group appears to be limited to benzoic acids, while the uninvolved 

urea nitrogen can tolerate several groups. In regards to the alkene backbone, 

substitutions were shown at all potential positions, giving good yields with good to 

great diastereoselectivity. The authors demonstrated that the high temperature was 

necessary to overcome any aziridination and even proposed the aziridine as a potential 
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mechanistic intermediate. Like the Xu group, they also proposed an iron-nitrene as a 

possible intermediate in the mechanism, but were unable to observe a carbon radical via 

TEMPO radical trapping. 

Scheme 44. Iron-Catalyzed Alkene Oxyamination with N-Benzoylureas (Prestat, 2018). 

 



 

 

63 

1.2.7 Gold-Catalyzed Alkene Oxyamination 

Despite the use of gold catalysts in previous alkene functionalization reactions, 

there exists only one example of a gold-catalyzed reaction in the oxyamination literature. 

The Nevado group published an alkene amino oxygenation using sulfonamide-tethered 

alkenes, with water or alcohol as the co-solvent and oxygen nucleophile (Scheme 45).112 

Their method produced fair to good yields for a several different backbone types as well 

as alkene substitutions, but often displayed a mixture of both the 6-endo and 5-exo  

products. When they examined the diastereoselectivity of the reaction using both E and 

Z deuterium-labeled substrates, they found that each geometric isomer mapped to a 

separate (and exclusive) diastereomer. From this result and others, they proposed a 

mechanism for the generation of both 6-endo and 5-exo products. Starting with 

coordination of the gold(I) to the alkene (I), a reversible trans-aminoauration generates 

either 6-endo or 5-exo intermediate II. Oxidation of the gold center from gold(I) to 

gold(III) generates intermediate III. Following ligand exchange with the water or alcohol 

to generate intermediate IV, reductive elimination furnishes the final product and re-

generates gold(I). Note that the authors also noted the possibility that intermediate III in 

the 5-exo case could undergo an aziridine-forming reductive elimination from the 

currently existing nitrogen. This aziridine could then be attacked by the oxygen 

nucleophile to generate the 6-endo product. 
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Scheme 45. Gold-Catalyzed Alkene Amino Oxygenation (Nevado, 2011). 
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1.2.8 Metal-Free Alkene Oxyamination 

1.2.8.1 Hypervalent Iodine-Mediated Alkene Oxyamination 

An initial example of metal-free alkene oxyamination came from the SanMartin 

group in 2003 using PMP-protected amides to effect amidohydroxylation (Scheme 46).113-

114 While truly an amidohydroxylation, the resulting amide had to be reduced to the 

amine due to product instability. This method did not display an extensive substrate 

scope, but they proposed that the PIFA hypervalent iodide reagent would create a 

cationic intermediate stabilized by the amide substitution. They found that the PMP 

group was vital in promoting alkene attack, as N-methoxy led to an ipso attack. 

Aziridinium formation led to nucleophilic attack by the trifluoroacetate to generate the 

trifluoroacetate product, which was cleaved by a basic workup to generate the product. 

Scheme 46. Hypervalent Iodine-Mediated Alkene Amidohydroxylation (SanMartin, 

2003/2004). 
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In 2008, the Michael lab produced a hypervalent iodide protocol using alkenes 

with a urea tether to effect both the nitrogen and oxygen functionalities of the 

transformation (Scheme 47).115  The authors note that the choice of N-tosyl was 

important to the formation of the amino oxygenation product over the diamination 

product or a 7-exo byproduct. The reaction featured a good scope of substitutions along 

the substrate backbone, as well as substitutions at the α and β-positions on the alkene to 

assemble some notable multi-cyclic heterocycles. The diastereoselectivity was generally 

good, with one example of excellent diastereoselectivity. Mechanistically, the reaction is 

hypothesized to be initiated by combination of PhIO and TMSOTf to generate the 

reactive iodide reagent (I), which combines with the alkene to create the iodonium 

intermediate II. Following intramolecular nucleophilic attack of the iodonium by the 

amide to generate tertiary iodide intermediate III, a second intramolecular attack is 

conducted by the carbonyl to generate the product. It is worth noting that an identical 

strategy was utilized several years later by the Wirth group using chiral hypervalent 

iodine reagents to generate an enantioselective method.116 However, while it was touted 

as “highly stereoselective,” this approach only delivered an %ee value greater than 79% 

for one substrate and had generally low yields. 
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Scheme 47. Urea-Tethered Amino Oxygenation with Hypervalent Iodide (Michael, 

2008). 

 

Shortly after their initial publication, the Michael lab released another 

publication detailing a similar strategy, but with an external oxygen nucleophile for the 

aminotrifluoroacetoxylation and hydroxylation of alkenes (Scheme 48).117 This strategy 

was very effective in anti addition for a variety of substrates and alkene substitutions 

generally in a 6-endo fashion, even showcasing a 7-endo substrate. For the mechanism of 

the 6-endo formation, they hypothesized that an aziridinum intermediate was likely 
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formed, either through attack of an iodonium (as in the previous case), or through a 

more direct oxidation of the sulfonamide. 

Scheme 48. Aminotrifluoroacetoxylation and hydroxylation of alkenes (Michael, 

2010). 

 

In a paper submitted the same day as the Michael lab’s above, the Wardrop lab 

disclosed a similar procedure for the oxyamidation of alkenes using alkene-tethered 

Weinreb amides (Scheme 49).118 The authors propose that this transformation occurs 

through an aziridinium ion intermediate, similar to the conclusion of the Michael group. 

The authors found a series of both exo and endo products, but there appears to be an 

explanation based on the proposed mechanism. In the cases with 1,2-disubsituted 

(internal) alkenes, the 5-exo product is preferred in a trans configuration, while 1,1-

disubstituted alkenes preferred the 6-endo product. In the case of trisubstituted alkenes 

with both α and β-substitution, a mixture of the 5-exo and 6-endo products were 
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obtained. The method was also transferrable for the formation of bicyclic substrates, 

which generally followed the same product projection trends as the previous substrates. 

Scheme 49. Lactam Formation with Alkene-Tethered Amides (Wardrop, 2010). 

 

1.2.8.2 Use of TEMPONa as a Reductant 

In 2013, the Studer lab published an azido oxygenation version of their previous 

trifluoromethyl oxygenation of alkenes,119 using an azide analog of Tognii’s reagent 

(Zhdankin reagent) (Scheme 50).120 The authors propose that the combination of the 

TEMPONa and azide reagent generates both an azido radical and TEMPO. The azido 

radical then simply adds across the alkene, with TEMPO terminating the reaction. In 

terms of reaction scope, the reactivity is centered on styrene derivatives, though the 

reaction is tolerant of some alkyl olefins. The reaction is also compatible with 
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substitution at the α or β-positions of the alkene. The yields are generally quite good, but 

the diastereoselectivity varies from good (4.3:1) to great (>98:2) based on the substrate. 

Scheme 50. Azido Oxygenation of Alkenes Using Zhdankin Reagent and TEMPONa 

(Studer, 2013). 

 

In a second paper by the Studer lab, reduction of NFSI by TEMPONa was used 

to create an NFSI nitrogen radical for addition to the alkene, with trapping by TEMPO 

(Scheme 51).121 This work built on previous examples from their lab using TEMPONa as 

a reductant for radical chemistry119, 122 (alkene azido oxygenation shown in 1.2.8.1) this 

time using NFSI. The reaction worked fine with terminal alkenes of both the aromatic 

and aliphatic nature and the reaction showed good yield and diastereoselectivity for 

internal alkenes of both E and Z geometry. Interestingly, when the tested 1,1-

disubstituted alkenes, they found that the TMP adduct was undergoing elimination to 

give an olefin product in good yields. As mentioned previously, this transformation is 
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proposed to occur first through SET reduction of the NFSI by TEMPONa to NaF, 

TEMPO, and the nitrogen-centered radical (I). The nitrogen-centered radical then adds 

to the alkene to give carbon-centered radical intermediate II, which re-joins with TEMPO 

to give the desired product. 

Scheme 51. Alkene Amino Oxygenation Using NFSI and TEMPONa (Studer, 2015). 
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1.2.8.3 Oxime, N-Alkylhydrazone, and Hydroxamic Acid Radical-Initiated Cyclization 

for Oxyamination 

Building on their previous work with alkene dioxygenation,123 the Alexanian lab 

published an alkene oxyamination protocol using hydroxamic acids and diisopropyl 

azodicarboxylate (DIAD) to achieve a variety of 1,2-oxazinan-3-one skeletons (Scheme 

52).124 The reaction exhibits good yields for the alkyl backbone substrates shown, both 

terminal and internal. For the internal substrates, very little diastereoselectivity was 

shown in substrates containing internal acyclic alkenes. However, switching to pendant 

internal cyclic alkenes (cyclohexene) exhibited excellent diastereoselectivity in a trans 

configuration. 

Scheme 52. Alkene Oxyamination Using Hydroxamic Acids and DIAD (Alexanian, 

2011). 

 

The Han lab (previously mentioned for their copper-catalyzed strategies) initially 

found that an oxime radical could be easily generated in the presence of diethyl 
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azodicarboxylate (DEAD) or TEMPO and add to an alkene (Scheme 53).125 They also 

identified both DEAD and TEMPO as good radical traps for the terminal carbon radical 

generated after the oxime addition. Furthermore, they found that the ring size created a 

dichotomy of products. In their initial test, they found a 5-exo product with the oxime 

oxygen initiating the cyclization. However, when an extra carbon was added to the 

tether, the imine nitrogen in the oxime initiated another 5-exo addition. When they 

evaluated the energy profile of this reaction, they found that the activation energy of the 

6-exo cyclization from the oxygen was 3.8 kcal/mol higher than the 5-exo cyclization from 

the nitrogen, while the 6-endo product was 2.1 kcal/mol higher than the 5-exo product. In 

terms of the substrate scope, the limited number of oxyamination examples showed 

good yields with generally excellent diastereoselectivity with cyclic internal alkenes. 
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Scheme 53. Divergent Alkene Oxyamination Strategy Using Unsaturated Oximes with 

TEMPO or DEAD (Han, 2012). 

 

Soon thereafter, the Han group transferred their strategy from oximes to 

hydrazones, first with N-aryl hydrazones, then with N-trihaloacetyl hydrazones 

(Scheme 54).126-127 First, they noted that N-aryl hydrazones were effective in achieving the 

5-exo product seen previously in good yields. Secondly, they determined that using an 

N-trifluoroacetyl or trichloroacetyl group allowed them to achieve both the 5-exo and 6-

exo products. 
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Scheme 54. Divergent Alkene Oxyamination Using Unsaturated Hydrazones (Han, 

2013/2014). 

 

1.2.8.3 Miscellaneous Metal-Free Alkene Oxyamination Reactions 

A unique strategy was published by the Zhu lab using TBHP (tert-butyl 

hydrogen peroxide) to initiate an amine addition to the alkene with trapping by water 

(Scheme 55).128 This procedure was first shown with alkene dioxygenation, where the 

proposed mechanism involved generation of a carboylate radical. In this case, it is likely 

an amino radical generated on the benzotriazole derivative, which adds to the alkene. 

The scope of this transformation is strictly limited to styrene derivatives, but does work 

with both α and β-substituted alkenes. They also showed several different types of 

amines, though the scope was extremely narrow around a central indole scaffold. 
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Scheme 55. Amino Oxygenation of Alkenes Using TBHP and Benzotriazoles (Zhu, 

2013). 

 

Another unique metal-free approach comes from a collaboration between the 

Tomkinson lab and GSK using malanoyl peroxides as an oxygen source (Scheme 56).129 

This approach was first used for dioxygenation of alkenes,130-131 so they extended it to 

sulfonamide-tethered alkenes to achieve an anti, 5-endo addition. The scope of this 

transformation appears to be fairly limited by the 5-endo cyclization, as only styrenyl 

internal alkenes without any backbone elements were used. However, the 

diastereoselectivity was fairly good and complementary diastereoselectivity was 

observed when comparing E and Z alkenes. Mechanistically, this transformation is 

proposed to begin through attack of the peroxide by the alkene to generate a cationic 

intermediate (II), which is attacked by the carboxylate carbonyl. This transient 

dioxonium intermediate (III) is then attacked of the sulfonamide, generating the anti 
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addition configuration of the product (IV), which is then cleaved by the NaOH cleavage 

step. 

Scheme 56. Alkene Oxyamination Using Malanoyl Peroxides (Tomkinson, 2018). 

 

1.2.8.4 In Situ Aziridine/Epoxide Formation with Oxygen/Nitrogen Nucleophilic 

Attack for Formal Oxyamination 

In 2005, the Johnston lab released a formal anti amino oxygenation of alkenes that 

relied on in situ formation of a Brønsted acid-promoted aziridine formation (Scheme 

57).132 They first optimized the aziridination for Michael acceptors, then applied the 

method to a system with a tethered oxygen nucleophile to accomplish the anti addition. 

Overall, the scope is limited by the acetamide/carbamate scaffold, but this paper focused 

more on the novelty of the Brønsted acid-mediated aziridination. 



 

 

78 

Scheme 57. Formal Amino Oxygenation Through Aziridine Formation (Johnston, 

2005). 

 

The inverse approach was achieved by a number of labs, facilitating an alkene 

epoxidation, followed by nucleophilic attack by a tethered sulfonamide in a 5-exo 

fashion (Scheme 58). While there was one report in 1990 hypothesizing to have achieved 

this on two substrate,133 the first clear example comes from the Togo lab, utilized oxone 

as the oxidant, with tosylic acid acting as a Brønsted acid to promote the epoxidation 

(Scheme 58A).134 Much like the aziridination of the Johnston lab, they found that a 

Brønsted acid, specifically tosylic acid, was vital in promoting the epoxidation. Several 

years later, the Li group reported using mCPBA (meta-chloroperoxybenzoic acid) to 

facilitate the epoxidation, attacking with a similar sulfonamide tether as in the first 

example (Scheme 58B).135 The conditions/components for the reaction are quite simple 

and there is a fairly expansive 5-exo scope with good yields. Additionally, they 

synthesized the epoxide intermediate and showed that simply stirring this substrate in 

DCM at room temperature does not produce the desired reaction, suggesting a promoter 

is necessary to initiate the attack of the epoxide, though no mechanism was proposed. 
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Finally, the Kokotos lab presented a unique take on this strategy, using a ketone 

organocatalyst with H2O2 to effect the epoxidation and subsequent ring opening 

(Scheme 58C).136 They propose the active oxidant as a hemiketal from peroxide addition 

to the ketone, based on their previous work with this system.137 This strategy produced a 

good range of products, mostly centered around indolines, with fair to good yield, but 

lacking an expansive search of functional group tolerance. 

Scheme 58. In Situ Epoxidation/Nitrogen Ring Opening Sequence. 
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1.2.9 Electrochemical Alkene Oxyamination 

In 2008, the Moeller lab published the first electrochemical amino oxygenation of 

alkenes using electrochemical oxidation of sulfonamide-tethered alkenes with a 

methanol solvent trap (Scheme 59A).138-139 The reaction relied upon some analogous 

carbo-oxidation reactions from their group,140 with the carbon nucleophile being 

replaced by the sulfonamide. The first publication featured some initial exploration, 

which they expanded on in a follow-up paper two years later. Ultimately, the scope for 

this transformation is very narrow, as internal alkenes are required to be electron-rich, 

bearing either methoxy or mercaptan derivatives, for the initial electrochemical 

oxidation to function properly. Only a few substitutions on the backbone were 

demonstrated and one diene substrate was evaluated, but both papers showed a similar, 

narrow substrate compatibility. Mechanistically, the reaction is proposed to begin with 

an oxidation of the alkene to a radical cation, which could be in equilibrium with a 

sulfonamide radical (I). This species then cyclizes to generate a 5-exo product with 

carbon radical (II). Further oxidation of the radical to a cation (III), sets up the final 

methanol trap with subsequent deprotonation to generate the final product. A couple of 

years later, the Moeller lab released another example of this strategy using amide-

tethered alkenes (Scheme 59B).141 The scope of this transformation was very similar to 

the previous reports, but they did some additional calculations and concluded that the 
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reaction was being initiated by formation of an amidyl radical, which adds to the alkene 

to generate a carbon radical for methanol trapping. 

Scheme 59. Electrochemical Amino Oxygenation of Alkenes (Moeller, 2008–2014). 
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Shortly after the Moeller lab’s work using amides, the Xu lab disclosed an 

electrochemical amino oxygenation using amide-tethered unactivated alkenes (Scheme 

60).142 By not requiring an electron-rich alkene (a deficiency of the Moeller lab method), 

the authors were able to increase the range of alkene sources tolerated in the reaction. 

The substrate scope focused on internal, cyclic alkenes, which were formed in good 

yields with excellent diastereoselectivity. They also showed that the reaction was 

tolerant of pendant alkene groups. While the reaction showed good diastereoselectivity 

with internal, cyclic alkenes, this selectivity was lost when the cyclic nature of the 

alkenes was transferred to acyclic E alkenes. Mechanistically, they measured the 

oxidation potentials of the substrate and TEMPO with cyclic voltammetry, showing that 

TEMPO is more readily oxidized to its oxoammonium cation than the amide substrate to 

an amidyl radical. Accordingly, they propose that TEMPO is oxidized to the 

oxoammonium cation at the RVC anode, followed by oxidation of the amide substrate to 

the amidyl radical (I), generating TEMPO. Furthermore, control experiments found that 

the reaction was ineffective with just Na2CO3 as a base, leading the authors to propose 

hydroxide (formed from water reduction at the cathode) as necessary in the reaction. 

The resulting terminal carbon radical (also trapped with cyclopropyl radical clock 

substrates) can then be trapped by TEMPO to generate the final product. 



 

 

83 

Scheme 60. Electrochemical Amino Oxygenation of Unactivated Alkenes (Xu, 2014). 

 

Another example of electrochemical alkene amino oxygenation is an amino 

iodination followed by oxygen nucleophilic attack for a formal amino oxygenation 

(Scheme 61).143 The scope of this reaction is quite narrow, with all substrates containing 
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the aromatic backbone and either methanol or ethanol being the only alcohols 

incorporated. This reaction is proposed to start with oxidation of the catalytic iodine 

source at the anode, creating iodine, which generates an iodonium intermediate (I). This 

intermediate is attacked by the pendant sulfonamide to generate, upon deprotonation, 

an amino iodine substrate (II). Reduction of the alcohol at the cathode leads to an 

alkoxide, which easily displaces the iodine to generate the final product.   

Scheme 61. Formal Electrochemical Alkene Amino Oxygenation Through Alkene 

Amino Iodination with Nucleophilic Oxygen Displacement (Sun, 2016). 

 

Finally, the Lin lab has recently conducted an extensive study detailing an azido 

oxygenation of alkenes through a TEMPO–azide charge transfer complex (Scheme 62).144 

With their previous experience developing electrochemical alkene diazidation 
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reactions,145 they used TEMPO as the secondary trap to affect an azido oxygenation. The 

scope of the reaction is very broad and tolerates of a number of functional groups, such 

as primary alkyl bromides and thioethers, that are difficult or ignored by most methods, 

specifically oxidative ones. Internal alkenes engage in the reaction with fair 

diastereoselectivity and substrates with a higher degree of substitution at the β-position 

showcase the azide residing at the less hindered position. However, the mechanism of 

this transformation is carefully probed. The authors propose oxidation of TEMPO to the 

oxoammonium form, followed by azide addition to form a TEMPO-azide complex (I). 

They proposed this intermediate through UV-Vis and cyclic voltammetry experiments, 

which showed a unique signal for the combined complex, over each individual 

component, and agreed with DFT modeling. The authors then proposed an equilibrium 

between this TEMPO–azide complex and TEMPO with an azide radical (II), proposing 

that the azide radical would add to the alkene. They backed up this claim with kinetics 

studies showing an inverse fist order rate for TEMPO, zero order for the sodium azide, 

and first order for the alkene. This pointed toward an equilibrium between the TEMPO–

azide complex and the free radicals, with the TEMPO–azide complex being favored, as 

free TEMPO would inhibit the azido radical addition to alkenes. Finally, they proposed 

a TEMPO trap to generate the product. 
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Scheme 62. Electrochemical Alkene Azido Oxygenation through a TEMPO–Azide 

Charge Transfer Complex (Lin, 2018). 

 

1.2.10 Photochemical Alkene Oxyamination 

Due to the fairly recent rise of photochemistry within reaction methodology, 

only a few examples of alkene oxyamination exist. The first example of photochemically-

induced amino oxygenation came in 2015 from the Greaney group uses a photoredox 

approach with Zhdankin reagent (azide analog of Togni’s reagent II) and solvent 

trapping by methanol (Scheme 54).146 For this procedure, they used a copper(I) catalyst 
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with two 2,9-methoxyphenanthroline ligands [Cu(dap)2] as their photoredox catalyst. 

The reaction was limited to styrenyl alkenes, but showed tolerance of both 1,1- and 1,2-

disubstituted alkenes. Mechanistically, they did not do an in-depth analysis, but based 

on previous work from other labs147-150 they proposed that the reaction would initiate via 

single electron reduction of Zhdankin reagent to generate a azido radical, which would 

add to the alkene and be trapped by the alcohol solvent similar to their previous work 

with diaryl iodonium salts.151 Of note, they found that in the absence of the light source, 

they achieved diazidation. 

Scheme 63. Photochemical Alkene Azido Oxygenation Using Zhadankin Reagent 

(Greaney, 2015). 

 

Soon thereafter, the Lu lab released an iridium photocatalyzed method using N-

benzoyl carbamate-tethered alkenes to effect an amine-carboxylate addition (Scheme 
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64).152 Interestingly, the authors found that they could control the diastereoselectivity by 

the choice of amine base. When triethylamine was used, they observed a net anti 

addition across the alkene, but when triphenylamine was used, a net syn addition was 

observed. In terms of scope, they focused on this anti/syn addition, varying the benzoyl 

group, as well as the substituent on the terminal end of the alkene. In both cases, they 

did not show any true “electron-donating” groups, other than alkyl chains. 

Scheme 64. Amino Oxygenation of Alkenes Using Iridium Photocatalyst (Lu, 2016). 

 

With this unique reactivity, the authors were interested in the reaction 

mechanism and the origins of the diastereoselectivity, so they undertook several 

mechanistic experiments (Scheme 65). First, they ran the reaction for 15 min and 



 

 

89 

observed the same aziridine isomer for either amine base case in nearly identical yield 

by 1H NMR. They continued with the reaction in the dark for 18 hours and observed the 

opposite syn/anti diastereomers for the two amine bases, as expected, implying that the 

origins of selectivity occur after the aziridine formation (Scheme 65A). To eliminate any 

iridium catalysis for the diastereoselectivity, they tested the second part of the reaction 

with the isolated aziridine and benzoic acid as an additive. The triethyl and triphenyl 

amine bases gave anti and syn products, respectively, suggesting that the second part of 

the mechanism was polar in nature (Scheme 65B). From this information, they proposed 

a mechanism beginning with single electron transfer from the reduced, low valent 

photocatalyst to generate an amido nitrogen radical (I). The low valent photocatalyst is 

then regenerated through excitation by the light source and subsequent reduction by an 

electron donor (amine). The amido radical then undergoes aziridination with oxidation 

from the electron donor and deprotonation by the benzoate anion (II). As shown in the 

mechanistic testing, this is the same for both amine bases. For the base origin of 

diastereoselectivity, they proposed that triethylamine can deprotonate the benzoate to 

initiate a SN2 pathway (III), yielding the anti product, while the less basic triphenylamine 

would not be protonated, leading to an amide-benzoate protonation. This could result in 

generation of a carbocation and potential SN1 mechanism (IV) to generate the syn 

product. 
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Scheme 65. Mechanistic Testing for Iridium Alkene Amino Oxygenation Reaction. 

 

Recently, the Waser group used a similar strategy to the Greaney group 

(Zhdankin reagent and Cu(dap)2), substituting the alcohol solvent used by Greaney for 
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an intramolecular carboxylic acid to effect an azido lactonization, analogous to the work 

of Buchwald (Scheme 66).153 The scope of this transformation was quite similar to the 

Buchwald work, as each substrate had a phenyl ring at the α-position of the alkene, save 

the examples with an alkyne. However, the authors did show examples containing a 

phenyl backbone, a substrate class not shown by Buchwald. Mechanistically, they did 

very little investigation, but one can conjecture that it proceeds through an azido radical 

initiation with trapping by the carboxylate (similar to the Buchwald case). 

Scheme 66. Azido Lactonization of Alkenes Using Copper Photocatalyst (Waser, 2017). 
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1.3 Our Approach to 1,2-Oxyamination of Alkenes: Use of an 
Electrophilic, Electron-Rich Nitrogen Source 

While a tremendous amount of exciting and useful chemistry has been done to 

address the demand for 1,2-oxyamino scaffolds through the approach of 1,2-alkene 

difunctionalization, there still remain a number of shortcomings commonly seen in this 

literature, notably the continued use of electron-deficient nitrogen sources (such as 

sulfonamides and amides) and lack of diversity within many of the nitrogen and oxygen 

sources. 

In an effort to provide an alternative approach to this deficiency, we proposed 

using an electrophilic nitrogen source for the addition with a nucleophilic oxygen source 

(Scheme 67A). We believed that by rendering the nitrogen electrophilic and the oxygen 

nucleophilic, we could achieve the cooperative reactivity required for this approach in 

terms of both regiochemical addition to the alkene, as well as chemoselectivity in the 

product identity.  

In choosing our electrophilic nitrogen sources, we desired to use O-

benzoylhydroxylamines for a number of reasons (Scheme 67B). First, they can serve as 

precursors for the direct installation of electron-rich secondary and tertiary amines 

without further functionalization, bypassing the poisoning interference of a free amine 

group within the system.154-168 This is complementary to the much more prevalent 

electron-deficient nitrogen found in many amino oxygenation reactions. Secondly, O-
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benzoylhydroxylamines feature an oxidized form of nitrogen, avoiding the potentially 

harmful use of external oxidants within the reaction system, and are also effective with 

mild copper catalysts.154-168 Finally, O-benzoylhydroxylamines are readily available from 

the oxidation of diverse amines, operationally straightforward to synthesize (three 

components in an open-flask environment), scalable (tested in our lab up to 150 mmol), 

and can be stored on the benchtop without a loss in reactivity (tested in our lab with 

storage at –20 °C for 5+ years).169-170 

Scheme 67. Electrophilic Nitrogen Approach and Advantages of Using O-

benzoylhydroxylamine as the Electrophilic Nitrogen Source. 

 

The following chapters in this dissertation will present in detail our development of 

such a general amino oxygenation strategy for alkenes and dienes.
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2. Copper-Catalyzed Amino Lactonization of Alkenes 
Using O-Benzoylhydroxylamines  

2.1 Precedent for Testing our Electrophilic Nitrogen Approach in 
a Lactonization Reaction 

Our proposed alkene electrophilic amination approach utilizing copper catalysts 

and O-benzoylhydroxylamines as the nitrogen source offered a potentially powerful 

approach to affect cooperative chemo- and regioselective reactivity for the construction 

of 1,2-oxyamino scaffolds (see Scheme 67). It also provided an approach for generating 

electron-rich amino products in the 1,2-oxyamination reaction, a result not shown within 

previous examples. For this approach, we sought an oxygen substrate class on which to 

test our hypothesis. Within electrophilic alkene difunctionalization, the use of 

lactonization starting from alkene-tethered carboxylic acids caught our attention as a 

prominent and influential strategy for the addition of various functional groups (Scheme 

68). Both the halo- and chalco-lactonization have been studied extensively and several 

reviews have been written on the topic. Electrophilic halo-lactonization has long been 

one of the most studied modes of electrophilic alkene lactonization, yielding an 

extensive variety of methods and products.171-182 Furthermore, electrophilic, 

enantioselective chalco-lactonization through Lewis base-catalyzed reactions has been 

studied by Denmark and others to give a broader understanding of these products.183-188 

Recently, the Buchwald group has developed methods for the enantioselective addition 

of trifluoromethyl, sulfone, and aryl functionalities through a copper-catalyzed 
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electrophilic alkene addition.96-98 With respect to the addition of nitrogen atoms 

specifically, the Buchwald group, and recently the Waser group, have developed 

strategies for the electrophilic addition of an azide group with corresponding 

lactonization, through copper-catalyzed or photochemical approaches, respectively.98, 153 

Additionally, several groups have disclosed syntheses for electron-deficient 

sulfonamide-lactones, using either the free sulfonamide with an oxidant or NFSI.91-92, 101 

However, we found no examples when we considered the electrophilic addition of 

electron-rich amines, leading us to consider this strategy to test our alkene oxyamination 

strategy. 
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Scheme 68. Current Electrophilic Lactonization Methods. 

 

2.2 Results and Discussion 

2.2.1 Initial Testing and Optimization of Reaction Conditions for 
Copper-Catalyzed Amino Lactonization of Alkenes 

Our investigations into this amino-lactonization hypothesis started from initial 

testing with 2-vinylbenzoic acid (1), morpholino benzoate (2), and copper(II) triflate in 
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DCE (Scheme 69). Excitingly, under the initial conditions of 1:2 starting material ratio, 20 

mol % copper, and 80 °C, the desired product was formed in 50% yield. A brief 

examination of the reaction parameters produced little change, so we synthesized a 

number of additional substrates, namely the α-methyl derivative of 2-vinylbenzoic acid 

(4). Interestingly, this substrate (and others bearing substituents at the α position of the 

alkene) showed higher yields and increased compatibility with alternate O-

benzoylhydroxylamines than their unsubstituted counterparts. With this in mind, we re-

examined the reaction optimization using the α-methyl substrate (4) as the model 

alkene. 

Scheme 69. Initial Testing of Model Substrates. 

 

With our initial proof-of-concept and model substrate decision in hand, we 

examined the reaction conditions for further improvement (Table 1). A catalyst-free 

control resulted in no reaction, demonstrating the necessity of copper within the reaction 

(entry 1). Etherated solvents such as dioxane, as well as hydrocarbon solvents such as 

toluene, both resulted in poor yields (entries 2–3). Polar solvents, such as acetonitrile 

produced poor yields as well (entry 4). Trifluorotoluene, which is popular in alkene 
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reactions, provided decent yields (entry 5), but 1,2-dichloroethane (DCE) proved to be 

the highest yielding solvent (entry 6). When screening catalysts, switching to copper(I) 

triflate (entry 7) resulted in similar yields to copper(II) triflate. Likewise, both copper(II) 

and copper(I) acetate (entries 8–9) generated similar yields, but both were reduced over 

the triflate case. Testing more strongly coordinating copper(II) chloride and copper(II) 

acetylacetone resulted in reduced yields (entries 10–11). Further testing of copper(II) vs 

copper(I) triflate demonstrated copper(II) as the better catalyst (not shown, see 

supplemental section 2.4.2). When ligands were introduced to the reaction, phosphine 

ligands produced no increase in the reaction yield (entry 12). However, nitrogen ligands, 

specifically bipyridine scaffolds, offered an increase in yield (entries 12–16). While 

several ligands showed comparable yield in the model system, testing with an alternate 

substrate (4-methyl-2,2-diphenylpent-4-enoic acid, 6, Table 23) exhibited BCP as the 

optimal ligand for the transformation as a whole (entry 16). When we increased the 

ligand loading, a clear reduction in yield was observed (entry 17), while lowering the 

loading showed only a slight decrease in the reaction yield (entry 18). Given this slight 

decrease in yield and the fact that loading the catalyst at 50% of the catalyst loading 

would result in some free catalyst, we opted to continue with the 10 mol % loading for a 

1:1 catalyst:ligand ratio. In concluding the conditional screening, we settled on a 1:2 ratio 

of alkene to O-benzoylhydroxylamine with 10 mol % of both Cu(OTf)2 and BCP in DCE 

at 80 C°. 
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Table 1. Optimization of Alkene Amino Lactonization.a 

 

entry catalyst ligand (mol %) solvent 5 (%)b 

1 – – DCE 0 

2 Cu(OTf)2 – dioxane 32 

3 Cu(OTf)2 – PhMe 26 

4 Cu(OTf)2 – MeCN 22 

5 Cu(OTf)2 – PhCF3 41 

6 Cu(OTf)2 – DCE 57 

7 [Cu(OTf)]2·PhMe – DCE 60 

8 Cu(OAc)2 – DCE 39 

9 CuOAc – DCE 36 

10 CuCl2 – DCE 40 

11 Cu(acac)2 – DCE 21 

12 Cu(OTf)2 BINAP  DCE 54 

13 Cu(OTf)2 bipyridine  DCE 86 

14 Cu(OTf)2 biquinoline  DCE 77 

15 Cu(OTf)2 Phen  DCE 84 

16 Cu(OTf)2 BCP DCE 84 (75)c 

17 Cu(OTf)2 BCP DCE 63 

18 Cu(OTf)2 BCP DCE 76 

aReaction Conditions: 4 (1.0 equiv, 0.2 mmol), 2 (2.0 equiv), Cu(OTf)2 (0.1 equiv), and 

ligand in solvent (1.0 mL), at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. 

 

2.2.2 Scope for Copper-Catalyzed Alkene Amino Lactonization of 
Alkenes. 

With optimized conditions in hand, we next investigated the generality and 

scope of this copper-catalyzed amino lactonization reaction by examining the range of 
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alkene and amine substrates. First, we examined substrates containing aromatic 

backbones like the model substrate (4), which was isolated as a 75% yield on par with 

the 1H NMR yields obtained during reaction condition screening (Table 2, entry 1). 

When the substituent at the α position of the alkene was removed (1), the yield was 

reduced by nearly half to 43% (entry 2) and it was found that the addition of BCP 

provided no difference in yield over the case without ligand. When the α-position 

substituent was changed to phenyl (8) or 4-chlorophenyl (10), the reaction yield showed 

a slight improvement over the α-Me case (entry 3–4). The dramatic effect between α-

position substituted and unsubstituted cases led us to believe that there was a potential 

intermediate that was stabilized by the substitution. While we were not confident at this 

juncture what the identity of that intermediate was, we elected to continue our substrate 

study with methyl substitution at the α-position of the alkene. When methyl 

substituents were added ortho to either the carboxylic acid or alkene (12 and 14), no 

effect was noted over the model substrate 4. The addition of either an electron donating 

group (16) or an electron withdrawing group (18) also showed similar reactivity to the 

unsubstituted case (entries 7–8). Finally, when the backbone was switched to 

heteroaromatic thiophene (20), the reaction yield decreased to 30% (entry 9). It is 

possible that this decrease in yield is due to coordination of the thiophene to copper, the 

wider angle of the two reactive moieties due to a five-membered backbone, or a 

combination of both. 
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Table 2. Alkene Scope for Substrates with an Aromatic Backbone. 

 

sIsolated yields on 0.4 mmol scale. bWithout BCP.  
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We next endeavored to see what the constraints of the alkene substrate backbone 

were within the reaction, specifically with respect to aliphatic backbones (Table 3). When 

we tested the geminal di-phenyl substrate we had examined in our ligand screen, we 

isolated 55% yield (entry 1) and cutting the substrate down to a single phenyl 

substituent (22) caused only a slight decrease in yield (entry 2). Encouraged by this 

result, we changed the geminal backbone substituents to methyl groups (24, 26). In the 

case with an α-methyl on the alkene, the yield dropped yet again (entry 3), but changing 

the α-Me to an α-Ph resulted in an increased yield (entry 4). We then examined 

removing the backbone entirely. In the case with no backbone elements or alkene 

substitution (28), only a trace amount of product was observed by GCMS (entry 5). 

However, adding either a methyl (30) or phenyl (32) substituent at the α-position of the 

alkene resulted in moderate yield (entries 6–7). It should be noted that in the cases with 

less sterically encumbering backbone elements (entries 3–7), the yield was found to be 

the same with or without the BCP ligand and are thus reported without the ligand. 
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Table 3. Alkene Scope for Substrates with an Aliphatic Backbone. 

 

aIsolated yields on 0.4 mmol scale. bdr = diastereomeric ratio, determined by 1H NMR of 

the crude reaction. cWithout BCP eObserved by 1H NMR and GCMS of the crude 

reaction mixture. 

We next turned our attention to examining alternate ring sizes outside of the 5-

exo cyclization (Table 4). We started by adding a methylene to the alkene chain of the 

model substrate (34) and observed the 6-exo product in an increased yield (89%) over 

the 5-exo product (entry 1). Next, we expanded the ring size even further and were able 

to observe the 7-exo ring cyclization (37), albeit in only 27% yield (entry 2). While this 
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yield is not stellar, it does represent a very uncommon ring size within intramolecular 

alkene functionalization reactions. We then examined the transformation using an 

indole backbone (38), but did not observe any product (entry 3). While we were 

surprised observe only trace product, we knew that the thiophene backbone case (Table 

2, entry 9) had exhibited a decrease in yield over the phenyl backbone. It is possible that 

the increased angle between the reactive moieties (carboxylic acid and alkene) with five-

membered heteroaromatic backbones leads to lower yields in this reaction. While this 

does not explain the relative lack of reactivity, it offers a potential explanation. We then 

looked further at aliphatic 6-exo backbones, starting with an unsubstituted case (40). 

This scaffold gave 22% yield (entry 4), which is notably lower than the 35% yield for the 

analogous 5-exo case (Table 3, entry 6). We next placed a heteroatom within the aliphatic 

backbone, creating either an amino acid scaffold (42) or etherated backbone (44). 

Unfortunately, only trace amounts of product were observed in both cases  (entries 5–6); 

this result also ties back to the indole backbone (entry 3) in suggesting that the reaction 

is incompatible with substrates bearing a heteroatom within the ring formed via 

cyclization. Clearly this lack of reactivity is not due to a substrate simply bearing a 

heteroatom at any position, as the high yields for the methoxy- and chloro-substituted 

phenyl backbones suggest (Table 2, entries 7–8). Finally, we synthesized a bicyclic 

precursor (46), but did not observe any of the desired product (entry 7). It should be 

noted that this particular substrate is fairly unstable and prone to decarboxylation due to 
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the di-benzyl nature of the carboxylate group. Within the synthesis of 46, 

decarboxylation-protonation was a major byproduct. 

Table 4. Alkene Scope for Substrates with Alternate Ring Sizes. 

 

aIsolated yields on 0.4 mmol scale. bObserved by 1H NMR of the crude reaction mixture. 

cWithout BCP. 
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Up to this point, we had only examined substrates with terminal alkenes, so we 

synthesized a number of substrates to test the reaction compatibility with substrates 

bearing β-substitution (Scheme 70). We began with a substrate bearing a methyl group 

at the β-position and a phenyl group at the α-position (48). Remarkably, we were able to 

achieve near quantitative yield of the 5-exo product (49). This result is extraordinary due 

to the higher level of steric repulsion within the cyclization reaction over previous cases 

and the propensity of these substrates to exhibit β-hydride elimination. From this result, 

we tried removing the α-phenyl group and examining the impact that E and Z isomers 

would have on the reaction (50–51), mindful of the potential for 6-endo cyclization as a 

byproduct. We were able to achieve moderate yield of the 5-exo product (52) from either 

E or Z isomers with identical 1.8:1 diastereomeric ratio and only trace of the 6-endo 

product (53) observed by GCMS. We then synthesized the E and Z stilbene-type scaffold 

(54–55) and were quite surprised to see a switch in the 5-exo/6-endo selectivity. We 

observed only a trace amount of the 5-exo product 56 in both E and Z cases, but 

moderate yield of a single diastereomer of 6-endo product 57. The fact that the 6-endo 

product was formed as a single diastereomer was interesting in that it pointed to both E 

and Z isomers going through a common intermediate to converge on an identical 

product. This type of diastereomeric convergence would seem impossible if oxygen 

cyclization were the initial addition to the alkene, followed by nitrogen initiation, 

because the opposite geometric isomers would be expected to give opposite 
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diastereomers. If the amino group initiated the reaction, free rotation of the resulting 

alkane bond could lead to identical diastereomers. To see if we could find a case with a 

mixture of both 5-exo and 6-endo product, we synthesized a β-dimethyl alkene (58). This 

reaction indeed yielded a mixture of 30% 5-exo 59 and 16% 6-endo 60. From this result, 

we can make a generalized hypothesis that the selectivity between 5-exo and 6-endo is 

likely due to a combination of the steric effects and the electronically-stabilizing nature 

from the substituents at the β-position. When the β-substituent was phenyl (54/55), the 

steric nature guided the nitrogen precursor to the α-position and its electronics 

stabilized the resulting intermediate. In the case of the β-dimethyl substrate (58), there 

was likely not enough steric repulsion to prevent nitrogen addition to the terminal end 

of the alkene and the stabilization of the tertiary carbon was likely not more stable than 

the secondary benzylic position. Finally, we synthesized a tetra-substituted alkene (61), 

which only produced a meager 10% yield for the 5-exo product (62). However, this 

result was still impressive, as most alkene difunctionalization methods do not report any 

products of this nature. 
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Scheme 70. Alkene Scope for Substrates with β-Substitution.  

 

Isolated yields on 0.4 mmol scale. adr = diastereomeric ratio, determined by 1H NMR of 

the crude reaction. bObserved by GCMS. cDetermined by X-ray crystallography. 
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We next studied the range of amines that could be installed in the reaction (Table 

5). We started with the O-benzoylhydroxylamine from N-Boc piperazine (63), which 

exhibits similar properties to the morpholine standard 2. The N-Boc piperazine showed 

comparable yields for the 5-exo (64) and 6-endo (65) case as the morpholine standard. We 

then switched to an ester at the 4-position on the piperidine ring (66) and found that the 

yields dropped slightly in both 5-exo (67) and 6-endo (68) cases. When we used an 

unsubstituted piperidine (69) or 3-methylpiperidine (72), the yields were moderate and 

comparable to the ester piperidine case (entries 3–4). We next expanded the amine ring 

to the 7-membered azepane scaffold and found a significant reduction in yield for both 

N-Boc homopiperazine (75) and unsubstituted azepane (78). This trend continued when 

reducing the ring size to the 5-membered pyrrolidine (81), as it appeared changing the 

ring size from piperidine resulted in yields from 25–45%. It is generally known that 

these O-benzoylhydroxylamines are less stable, which likely led to the reduction of 

yield. We next tested acyclic amines, such as N,N-diethylamine (84), which led to 

moderate yields for both 5-exo (85) and 6-exo (86) products which were only slightly 

below the piperidine yield (entry 8). We also tested N-methylbenzylamine (87) and 

found that the yield for the 5-exo product (88) was on par with the diethyl case, but the 

6-exo (89) product was formed in a reduced yield. While this trend is not entirely 

evident to us at this time, it should be noted that when N,N-dibenzylamine was tested, 

the crude reaction was quite complicated due to varying levels of benzyl deprotected 
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products and benzyl deprotected byproducts. This likely impacted the yield of the 

methylbenzylamine as well. It should be noted that for entries 5–9 (non-piperidine 

scaffold O-benzoylhydroxylamines), the BCP ligand proved to be ineffective in 

increasing the reaction yield and Cu(OTf)2 loading was increased to 20 mol % in order to 

facilitate higher yields. 

Table 5. Amine Scope of Alkene Amino Lactonization. 

 

aIsolated yields on 0.4 mmol scale. bdr = diastereomeric ratio, determined by 1H NMR of 

the crude reaction. cRun with 20 mol % Cu(OTf)2 and no BCP. 
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In summary, we found that this alkene amino lactonization transformation is 

compatible with a wide variety of aromatic and aliphatic alkene scaffolds and 

substitutions but prefers to have a substituent at the α-position of the alkene for stability. 

The transformation is also compatible with a range of O-benzoylhydroxylamines. The 

reaction proceeds exclusively in a 5-exo fashion, sans the stilbene scaffolds, which 

proceed in a 6-endo fashion. 

2.2.3 Mechanistic Investigation and Proposed Catalytic Cycle for the 
Alkene Amino Lactonization Reaction. 

Given the interesting results from the β-phenyl substrates (Scheme 70) showing 

diastereomeric convergence and implicating a possible amino-initiation event, we were 

interested in probing the mechanism of this reaction. With the diastereomeric 

convergence implying a freely rotatable bond, we considered the possibility that a 

radical intermediate was involved. We began our study by attempting to trap potential 

radicals with known radical scavenger TEMPO (Table 6). Without TEMPO, the yield of 

the amino oxygenation product (5) was 84% by quantitative 1H NMR (entry 2). When 2 

equiv of TEMPO was added to the reaction, the reaction was incredibly sluggish with 

alkene 4 showing no consumption and O-benzoylhydroxylamine 2 not being fully 

consumed even after nearly 2 days. No amino oxygenation product (5) or TEMPO 

trapping adducts (90 or 91) were observed (entry 2). Even when the O-

benzoylhydroxylamine was removed from the reaction, no oxygen-initiated TEMPO 

adduct 90 was observed (entry 3). Ultimately, this study proved to be inconclusive, as 
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the reaction was incredibly slow and did not consume the alkene starting material in the 

presence of TEMPO. 

Table 6. Attempts at TEMPO Trapping of Radical Intermediates.a 

 

entry 
2 

(equiv) 

TEMPO 

(equiv) 

time 

(h) 
5 (%) 90 (%) 91 (%) 

1 2.0 – 0.25 84b – – 

2 2.0 2.0 43.5 NDc NDc NDc 

3 – 2.0 0.25 – NDc – 

aReaction Conditions: 4 (0.2 mmol), 2, TEMPO, and Cu(OTf)2 (0.02 mmol) in DCE (1.0 

mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative 

internal standard. cNot detected by either 1H NMR or GCMS. 

Although TEMPO trapping was unsuccessful, we endeavored to further probe 

the possibility of a radical intermediate through a radical clock study. Within the alkene 

reaction, there exists two main orders of addition (Scheme 71). If the lactonization 

(oxygen addition) occurred first, it could lead to a terminal radical (93), which could 

open a cyclopropyl group attached to the β-position of the alkene (92). If the amino 

group were to initiate the reaction, it would lead to an internal radical (94) which could 

open a cyclopropyl group at the α-position of the alkene (95). When we tested the β-
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cyclopropyl substrate (96), we observed 28% of the expected 5-exo amino oxygenation 

product (97) and a trace amount of the 6-endo product, but no ring-opening adducts such 

as 98. When we tested the α-cyclopropyl substrate (99), we observed 11% of the expected 

amino oxygenation product 100, with 5% of 101, which we conjectured occurred through 

a nitrogen-initiation (102), ring-opening (103), and cyclization/decarboxylation event. 

This final cyclization event could be concerted (104) or independent of the 

decarboxylation process, as this type of ring-opened product has been reported in a 

similar radical study with a substrate not bearing a pendant carboxylate group.189 
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Scheme 71. Radical Clock Study Probing Potential Radical Intermediates.a 

 

aIsolated yields on 0.4 mmol scale. bdr = diastereomeric ratio, determined by 1H NMR of 

the crude reaction. cTrace 6-endo product observed by GCMS. dNot detected by either 1H 

NMR or GCMS. 
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Furthermore, we wanted to investigate any effect that the reaction atmosphere 

might have upon the yield. As the reaction was run without any atmospheric 

requirements, we investigated using either N2 and O2 under Schlenk technique with 

both Cu(I) and Cu(II) triflate (Table 7). When nitrogen was used as the atmosphere, both 

reactions proceeded smoothly (entries 1–2) as under ambient air. When the atmosphere 

was switched to oxygen, the reaction was sluggish and the yields minimal in both Cu(I) 

and Cu(II) cases (entries 3–4). This study demonstrated that (in some capacity) an 

undesirable oxidation is possible, despite the presence of the O-benzoylhydroxylamine 

as an oxidant as well. 

Table 7. Effect of Oxidative Atmosphere Upon the Reaction.a 

 

entry Cu catalyst Atmosphere time (h) 5 (%)b 

1 Cu(OTf)2 N2 0.25 87 

2 [Cu(OTf)]2·PhMe N2 1.0 82 

3 Cu(OTf)2 O2 10.0 10 

4 [Cu(OTf)]2·PhMe O2 43.5 14 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), and Cu(OTf)2 (0.02 mmol), and BCP 

(0.02 mmol) in DCE (1.0 mL) at 80 °C under Schlenk technique. bYield determined by 1H 

NMR spectroscopy with CH2Br2 as a quantitative internal standard. 

From these experiments, we were able to generate an initial proposal for the 

catalytic cycle of this reaction (Scheme 72). We propose disproportionation of the Cu(II) 
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to Cu(I), given the relative similarity in reaction outcome with both catalysts and the 

diminished reactivity when the reaction was run in an oxidative atmosphere (Table 7). 

The O-benzoylhydroxylamine then undergoes oxidative addition onto the Cu(I) to 

generate II, which could also exist as a Cu(II) species with nitrogen-center amino radical. 

This species then adds to the carboxylic acid-tethered alkene in either a migratory 

insertion or simple radical addition event to generate either III or III’. The 

regioselectivity of this addition is influenced by the substitution and charge stabilization 

of the β-position. Under normal circumstances, the amine adds to the terminal, 

unsubstituted β-position (III). However, when a large and charge stabilizing group, 

such as a phenyl ring, is at the β-position, it causes the amine to add to the α-position 

(III’). In the event that there is some mix of both factors, both intermediates are possible 

(see β-dimethyl substrate 58 in Scheme 70). From intermediates III and III’, the substrate 

could undergo a reductive elimination even to generate the corresponding 6-endo or 5-

exo product (V). Contrastingly, a homolytic cleavage of intermediate III or III’ would 

generate the carbon radical IV or IV’ and Cu(II). In the case of the α-radical (or α-Cu(III) 

species), we have demonstrated that substrates 54 or 55 both give rise to the same 

diastereomer of 57, indicating free rotation about the formerly alkene bond. Similarly, 

we have shown that when a pendant cyclopropyl group is added at the α-position (99), a 

small amount of ring-opened product 101 can be observed with corresponding 

decarboxylation. The exact nature and distribution of the Cu(III) and carbon radical 
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intermediates is not immediately clear from the studies of this reaction, though we have 

confidence that both are involved to some degree within this mechanism. 

Scheme 72. Proposed Mechanism for Amino Oxygenation of Alkenes. 
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2.2.4 Conclusions 

In conclusion, we were successful in developing an electron-rich electrophilic 

amine-initiated amino lactonization of alkenes to fill the void in the currently existing 

electrophilic alkene lactonization. Furthermore, the reaction exhibited a broad substrate 

scope, tolerating terminal and internal alkenes, as well as heteroatoms and various ring 

sizes. However, the reaction also exhibited a number of potential drawbacks, namely the 

amine scope, which showed decreased reaction efficiency in substrates outside of the 

piperidine scaffold. Mechanistically, we established that the reaction was initiated by the 

O-benzoylhydroxylamine through radical clock experiments. This novel initiation 

method opens a new realm of possibilities for further extension of this reaction platform. 

 

2.3 Asymmetric Amino Lactonization of Alkenes 

2.3.1 Initial Examination 

With the amino lactonization of alkenes firmly established with a preliminary 

mechanistic rationale, we began to think of potential ways to improve the utility of this 

transformation. One of the most obvious ways was the development of an analogous 

asymmetric version. Based on the aforementioned work of a number of labs on 

asymmetric lactonization (see section 2.1), we felt that we could leverage this knowledge 

and apply it to our current understanding of our reaction mechanism. To begin, we 

chose to first test alkene substrate 32, due to precedent from the Buchwald lab on a 
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series of asymmetric lactonizations.97-98 We also started with our morpholine amino 

precursor 2 and our standard conditions with 10 mol % Cu(OTf)2 in DCE at 80 °C. 

We began our efforts by screening our library of commercially-available ligands 

(Table 8) under these standard conditions with 10 mol % of the chiral ligand. Testing 

phosphorus ligands (R)-BINAP and (S)-DTBM-SEGPHOS resulted in fair yield, but only 

5% enantiomeric excess (ee). We next examined chiral 1,2-diamino ligands, such as (S)-

DACH-pyridyl and 105, but neither showed good enantioselectivity. We then turned 

our attention towards oxazoline ligands, which have been demonstrated as effective in 

similar transformations, starting with the simple (S)-Bu-BiOX, which gave low %ee and 

(S)-i-Pr-PyBOX, which gave no enantioselectivity. We then tested BOX ligands, starting 

with pendant, 4-position i-Pr groups. The isopropylidene linker (106) showed a 

considerable increase in enantiomeric excessto 29%, while changing to a pentylidene 

linker (107) decreased the enantioselectivity, relative to 106. We then changed the 4-

substituted alkyl group to tert-butyl with isopropylidene linker (108) and saw 40% ee, 

while changing the linker to methylidene (109) decreased the enantioselectivity, relative 

to 108. We then looked at two 4-phenyl BOX ligands (110/111), but observed no increase 

in enantioselectivity. Finally, we examined BOX ligands with substituents at the 4- and 

5-positions, (112/113), but both cases showed poor values relative to the other BOX 

ligands we had examined. With this information in hand, we divided our efforts into 

two areas. First, endeavored to use conditional screening to improve the 
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enantioselectivity of the reaction using 2,2′-isopropylidenebis[(4S)-4-tert-butyl-2-

oxazoline] (108; (S)-t-BuBOX) as a model ligand. Secondly, we synthesized a number of 

ligands not available in commercial libraries. The second part was undertaken by Dr. 

Chuan Liu, a postdoc in the lab at the time. 
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Table 8. Initial Ligand Screen for Asymmetric Alkene Amino Lactonization. 

 

Isolated Yields on 0.2 mmol scale. ee = enantiomeric excess determined by HPLC with 

Amylose-2 column at 220 nm. 



 

122 

In an effort to ensure that we were acting on an optimal alkene substrate, Dr. 

Chuan Liu tested several additional substrates with a few chiral ligands that had shown 

good to intermediate results above (Table 9). When substrates with a phenyl backbone 

were tested (4 and 8), good yields were observed, but only small levels of 

enantioselectivity was observed. When a substrate with geminal dimethyl groups were 

added to the backbone (26), good yields were again observed with poor 

enantioselectivity. From this information, we proceeded forward with our screening 

using 32 as the model alkene. 

Table 9. Substrate Screen on Asymmetric Amino Lactonization to Ensure a Good 

Model System. 

 

Isolated Yields. ee = enantiomeric excess determined by HPLC with Amylose-2 column 

at 220 nm. 
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2.3.2 Preliminary Results of Conditional Optimization Attempts for the 
Asymmetric Alkene Amino Lactonization 

2.3.2.1 Results 

We started our screening by examining the loading of the chiral ligand, as well as 

the equivalents of the alkene and O-benzoylhydroxylamine starting materials (Table 10). 

Interestingly, when the ligand was added in smaller amounts than the copper catalyst or 

in near equimolar amounts with the catalyst (entries 1–3), the greatest %ee was observed. 

When the ligand was added in clear excess, a decrease in the %ee was observed (entries 

4–6), though the difference in enantioselectivity was only around 5% and all cases gave 

good values relative to our initial ligand screen (Table 8). Accordingly, we continued 

with the 1:1 ratio of catalyst:ligand. When we examined the ratio of starting materials, 

improved enantioselectivity was found when the O-benzoylhydroxylamine was used as 

the limiting reagent (entries 7–9). In fact, increasing the equivalents of O-

benzoylhydroxylamine resulted in a slight decrease in the %ee. 

Table 10. Starting Material Equivalents and Screen for Asymmetric Alkene Amino 

Lactonization.a 

 

entry 
32 

(equiv) 

2 

(equiv) 

(S)-t-BuBOX 

(mol %) 

33 

(% yield)b %eec 

1 1 2 5 47 45 

2 1 2 10 49 44 
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3 1 2 12 50 45 

4 1 2 15 48 39 

5 1 2 20 51 41 

6 1 2 30 55 39 

7 3 1 10 54 54 

8 2 1 10 53 51 

9 1 1 10 38 54 

10 1 1.5 10 43 47 

11 1 3 10 63 38 

aReaction Conditions: 32, 2, Cu(OTf)2 (0.02 mmol, 10 mol %), and (S)-t-BuBOX in DCE 

(1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a 

quantitative internal standard. cee = enantiomeric excess determined by HPLC with 

Amylose-2 column at 220 nm. 

We next examined the solvent for the reaction (Table 11) and screened with both 

1:2 and 2:1 alkene:O-benzoylhydroxylamine ratios. For the 1:2 ratio, etherated solvent 

MTBE gave the best enantioselectivity (entry 4), but lowest yield (consistent with our 

lactonization reaction screening in Table 1). Ultimately, the 2:1 ratio appeared to provide 

better enantioselectivity on average than the 1:2 ratio, so we moved forward with this 

ratio. 

Table 11. Solvent Screen for Asymmetric Alkene Amino Lactonization.a 

 

entry 
32 

(equiv) 

2 

(equiv) 
Solvent 

33 

(% yield)b %eec 

1 1 2 DCE 42 39 

2 1 2 CHCl3 48 39 

3 1 2 CF3Ph 46 33 
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4 1 2 MTBE 33 43 

5 1 2 F3CCO2Et 53 41 

6 1 2 PhMe 34 32 

7 2 1 DCE 52 47 

8 2 1 CHCl3 50 40 

9 2 1 CF3Ph 50 40 

10 2 1 MTBE 39 38 

11 2 1 F3CCO2Et 66 49 

aReaction Conditions: 32, 2, Cu(OTf)2 (0.02 mmol, 10 mol %), and (S)-t-BuBOX (10 mol 

%) in solvent (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 

as a quantitative internal standard. cee = enantiomeric excess determined by HPLC with 

Amylose-2 column at 220 nm. 

We then turned our attention to screening the copper catalyst and potential 

additives (Table 12). Interestingly, when acetate-type or chloride salts (entries 1–3) were 

used, low yields and almost no enantioselectivity was observed and the slight amount of 

%ee was of the opposite enantiomer. However, when CuI was used (entry 4), a similarly 

poor yield was observed, but an increase in %ee (19%) over the chloride salt was also 

observed. When several other Cu(I) salts were used (entries 5–7), fair yields were 

observed and the enantioselectivity showed variance, with [Cu(CH3CN)4]PF6 giving the 

best value at 45% ee. We then decided to perform a simple additive screen. We had 

hypothesized that (despite the trend in Table 10) some copper was not bound to the 

chiral ligand (potentially due to the coordination ability of this ligand) and this free 

copper was catalyzing an off-cycle racemic reaction. Accordingly, we proposed that 

adding catalytic amounts of 1,10-phenanthroline might sequester the excess copper, due 

to its clear property of slowing the reaction rate in the lactonization studies (see Tables 
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21 and 22 in 2.4.2). When we added the Phen ligand (entries 8–9), we saw a similar %ee 

with 5 mol % Phen, but a decrease in %ee with 10 mol % Phen. This trend of increased 

Phen with decreased %ee was not surprising, as the Phen ligand can compete with the 

chiral ligand for copper binding and lead to increased racemic reaction. However, we 

were intrigued that the 5 mol % entry indeed showed no drop in %ee, but were 

disappointed that the %ee showed no improvement. We then briefly examined using an 

inorganic or organic base in the reaction (entries 10–13), but in addition to severely 

lowering the product yield, the %ee was also lowered considerably. We also examined 

several acid additives (entries 14–16). Simple benzoic acid gave a decreased %ee, while 

more acidic additives such as p-toluenesulfonic acid and camphorsulfonic acid both 

gave almost no enantioselectivity. 

Table 12. Copper Catalyst and Additive Screen for Asymmetric Alkene Amino 

Lactonization.a 

 

entry 
32 

(equiv) 

2 

(equiv) 
Cu catalyst 

Additive  

(equiv) 

33 

(% yield)b %eec 

1 2 1 Cu(eh)2 none 22 –3 

2 2 1 CuCl2 none 27 –6 

3 2 1 CuCl none 23 –6 

4 2 1 CuI none 17 19 

5 2 1 [Cu(OTf)]2·PhMe none 41 30 

6 2 1 [Cu(CH3CN)4]PF6 none 38 45 
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7 2 1 [Cu(CH3CN)4]BF4 none 42 30 

8 2 1 Cu(OTf)2 1,10-Phen (0.05) 53 42 

9 2 1 Cu(OTf)2 1,10-Phen (0.1) 44 25 

10 2 1 Cu(OTf)2 K2CO3 (1.0) trace 18 

11 2 1 Cu(OTf)2 K2CO3 (2.0) trace 3 

12 2 1 Cu(OTf)2 NEt3 (1.0) 18 0 

13 2 1 Cu(OTf)2 NEt3 (2.0) trace -- 

14 1 2 Cu(OTf)2 BzOH 65 37 

15 1 2 Cu(OTf)2 TsOH·H2O 15 2 

16 1 2 Cu(OTf)2 (–)-CSA 45 0 

aReaction Conditions: 32, 2, Cu catalyst (10 mol %), (S)-t-BuBOX (10 mol %), and 

additive in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. cee = enantiomeric excess determined by 

HPLC with Amylose-2 column at 220 nm. dRun at 60 °C. 

With the unfavorable results from the previous conditional screening, we 

endeavored to fully investigate the relationship between the copper-ligand ratio (Table 

13). We started by re-examining the ligand loading with 10 mol % Cu(OTf)2 (entries 1–4). 

We again (as in Table 10) found a lack of correlation with amount of ligand to the %ee. 

We then looked at changing the copper loading while holding the ligand at 10 mol % 

(entries 5–9). Somewhat shockingly, the lower %ee values were in cases of excess ligand 

(entries 5–6), while the highest %ee (54%) was obtained with a two-fold excess of copper 

catalyst (entry 8). We were concerned that this enantioselectivity might have been more 

influenced by the larger copper loading than the ratio, so we next screened increasing 

equimolar loading of the copper and ligand from 5–100% (entries 10–15). We noted that 

our concerns seemed well-founded, as the %ee increased with the increasing copper-

ligand complex loading, though it seemed to stop increasing around 20–30% loading 
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(entries 12–13) and actually seemed to decrease slightly in the stoichiometric case (entry 

15). Armed with this information, we again screened the ligand loading; this time using 

30 mol % Cu(OTf)2 (entries 16–19). We again saw very little effect on the %ee from the 

ligand loading, notwithstanding the 5 mol % ligand case with a somewhat irrational 6:1 

catalyst:ligand ratio (entry 16). Finally, we examined if the starting material ratio could 

be reduced to equimolar (entries 20–22) and found that %ee values remained essentially 

unaffected, albeit the product yields were slightly decreased. From the screening of 

catalyst-ligand complex ratios, we concluded that higher copper loading was capable of 

increasing the enantioselectivity, but only to a limited degree of approximately 60%ee 

(80:20 e.r.). 

Table 13. Copper and Ligand Loading Screen for Asymmetric Amino Lactonization.a 

 

entry 
32 

(equiv) 

2 

(equiv) 

Cu(OTf)2 

(mol %) 

(S)-t-BuBOX  

(mol %) 

33 

(% yield)b %eec 

1 2 1 10 2 52 45 

2 2 1 10 5 51 50 

3 2 1 10 15 63 46 

4 2 1 10 20 61 45 

5 2 1 2 10 37 12 

6 2 1 5 10 62 28 

7 2 1 10 10 51 49 

8 2 1 20 10 64 54 

9 2 1 40 10 72 40 

10 2 1 5 5 59 32 
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11 2 1 10 10 66 49 

12 2 1 20 20 67 58 

13 2 1 30 30 71 60 

14 2 1 50 50 –d 59 

15 2 1 100 100 – d 54 

16 2 1 30 5 68 40 

17 2 1 30 15 73 54 

18 2 1 30 30 63 59 

19 2 1 30 40 65 59 

20 1 1 30 10 54 48 

21 1 1 30 30 56 58 

22 1 1 30 40 52 58 

aReaction Conditions: 32, 2 (0.2 mmol), Cu catalyst, and (S)-t-BuBOX in DCE (1.0 mL) at 

80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative 

internal standard. cee = enantiomeric excess determined by HPLC with Amylose-2 

column at 220 nm. dSignificant, inseparable byproduct. 

Despite the disappointment of the catalyst screen, we were interested to 

investigate the reaction time/rate for clues as to the reason for the lack of ligand loading 

effect on the reaction (Table 14). Given the slightly curious difference in reactivity with 

different limiting starting materials, we screened with both a 1:2 and 2:1 alkene:O-

benzoylhydroxylamine ratio. With our pre-knowledge of the reaction times, we tested 

the 2:1 reaction at 0.25, 0.5, 1.0, 2.5, and (in the case of the 1:2 starting material ratio) 7.5 

h. (It is important to note that these were performed as individual runs and not as 

aliquots from a single reaction.) A curious correlation was noted between increased 

reaction time and decreased enantioselectivity. Speaking specifically of the 2:1 starting 

material ratio, a 60% ee was noted at 0.5 h in 23% product yield, but the ee decreased to 

57% and 44% at 1.0 and 2.5 h, respectively. A similar effect can be noted for the 1:2 
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starting material ratio. It would seem to follow that early in the reaction, the dominant 

enantioselective formation event is more prevalent, but as the reaction continues this 

formation is not as prevalent, allowing the formation of racemic product. 

Table 14. Reaction Time Screen for Asymmetric Amino Lactonization.a 

 

entry 
32 

(equiv) 

2 

(equiv) 

Time 

(h) 

33 

(% yield)b %eec 

1 2 1 0.25 trace 44 

2 2 1 0.5 23 60 

3 2 1 1.0 66 57 

4 2 1 2.5 43 44 

5 1 2 0.25 38 55 

6 1 2 0.5 44 49 

7 1 2 1.0 56 42 

8 1 2 2.5 56 40 

22 1 2 7.5 43 41 

aReaction Conditions: 32, 2, Cu(OTf)2 (0.02 mmol, 10 mol %), and (S)-t-BuBOX (10 mol 

%) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as 

a quantitative internal standard. cee = enantiomeric excess determined by HPLC with 

Amylose-2 column at 220 nm. 

 

2.3.1.2 Summary and Conclusions 

In conclusion, we found that conditional screening alone was not able to 

properly elevate the %ee. We screened a number of parameters and found that increased 

copper loading appeared to have the highest correlation with increased 
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enantioselectivity. Somewhat disconcerting was the lack of effect that the ligand loading 

had on the %ee, suggesting that the ligand-bound complex is only able to affect a certain, 

limited, subset of the reaction. Furthermore, we showed initial product formation 

displays increased enantioselectivity in product formation, which becomes increasingly 

racemic as the reaction progresses. 

Ultimately, we cannot be certain what type of complex is involved in the enantio-

determining step, but we can conjecture several possibilities and how the chiral ligand 

might play into each (Figure 3). From our mechanistic study (Scheme 71), we can infer 

the presence of a radical complex (center), which is analogous to the intermediate 

proposed by Buchwald in his analogous study. In this state, the chiral ligand controls 

the approach of the carboxylate as it adds at the internal radical position. Similarly, we 

propose that a Cu(III) intermediate could also be in play (left), with or without 

coordination of the carboxylate group to the copper (top and bottom left, respectively). 

In the case of the carboxylate coordination, the chiral ligand could control facial attack of 

the carboxylate addition in an analogous manner to the radical complex. In contrast, for 

the case without the carboxylate coordination, the only opportunity for the chiral ligand 

to induce enantioselectivity is in facial blocking. However, it would be more likely that 

the carboxylate group could simply perform a backside attack, releasing Cu(I) and 

forgoing any enantioselectivity. Finally, one can imagine that in an oxidative solution, as 

is the case with a reaction containing copper and excess O-benzoylhydroxylamine, the 



 

132 

radical could be oxidized to a cation (right), which could operate in a similar fashion to 

the radical complex. Simultaneously, these proposed structures assume that the chiral 

ligand is fully able to coordinate to the copper at all times and that there is not a “leak” 

of racemic reactivity when coordination is not present. This is an especially relevant 

consideration given the disparate reaction rates seen with and without ligand. 

 

Figure 3. Potential Intermediates for Control of the Asymmetric Amino Lactonization. 

2.3.3 Preliminary Results of Ligand Screening for the Asymmetric 
Alkene Amino Lactonization (performed by Dr. Chuan Liu) 

2.3.3.1 Results 

For the second area of focus, Dr. Chuan Liu synthesized a number of ligands of 

various types and tested them on the model system (Table 15). First, he examined 
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changing the BOX isopropylidene linker to a cyclopropylidene (114) or cyclobutylidene 

(115). Both of these cases gave comparable yield to the isopropylidene case (108), but 

offered no improvement. Next, he examined having an acetonitrile linker (116), but this 

only served to reduce the yield and enantioselectivity. He then changed the4-position 

substitution to a benzyl group (117), which gave no %ee and altered the tert-butyl group 

to other butyl isomers iso-butyl (118) and sec-butyl (119), which resulted in a drastic drop 

in enantioselectivity over the tert-butyl. He also synthesized the tert-butyl BiOX ligand 

(120), which gave reduced %ee with good product yield. He then tested two aniline-

oxazoline ligands (121 and 122), but neither gave any appreciable level of 

enantioselectivity. Finally, he synthesized a number of PyMOX ligands, starting with 

substitutions at the 4-position; substitutions of tert-butyl (123), iso-butyl (124), and 

phenyl (125) all gave poor %ee. He then examined substituting both the 4- and 5-

positions, but both 4,5-diphenyl (126) and 4,5-indenyl (127) ligands gave poor %ee. 
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Table 15. Preliminary Testing of Synthesized Ligands in the Asymmetric Alkene 

Amino Oxygenation.a 

 

aIsolated yields on 0.2 mmol scale. ee = enantiomeric excess determined by HPLC with 

Amylose-2 column at 220 nm. bRun with 2 equiv 32, 1 equiv 2, at 60 °C. 
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2.3.3.2 Summary and Conclusions 

In summary, none of the ligand classes we examined in this study showed any 

increased enantioselectivity over the traditional BOX ligand, which appeared to be 

limited from our conditional screening. In order to further improve the %ee, we will 

need to a) better understand the mechanism and how to drive the reaction to specific 

intermediates and b) test/experiment on a broader range of ligand classes. On this last 

point specifically, it would be wise to investigate ligands containing some phosphorus 

binding as well. While the BINAP and SEGPHOS ligands we tested initially (Table 8), 

showed poor results, a dual-binding ligand such as PHOX might still offer a favorable 

interaction. 
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2.4 Supplemental Information (see Supplemental Information for 
Starting Material Synthesis and Characterization Information) 

2.4.1 General Methods and Procedures 

General Procedure for the Substrate Scope: To a 1 Dram vial with Teflon-coated 

micro stir bar was added carboxylated olefin (0.4 mmol, 1.0 equiv), O-

acylhydroxylamine (0.8 mmol, 2.0 equiv), copper (II) trifluoromethanesulfonate (7.2 mg, 

0.04 mmol, 0.1 equiv), and bathocuproine (7.2 mg, 0.04 mmol, 0.1 equiv), followed by 

addition of anhydrous 1,2-dichloroethane (2.0 mL). The resulting solution was stirred at 

80 °C and monitored by TLC to consumption of O-benzoylhydroxylamine. The resulting 

reaction mixture was filtered through a plug of activated, neutral (Brockman grade I, 58-

60Å) Al2O3 and condensed by rotary evaporation to yield the crude product. 

2.4.2 Conditional Optimization 

General Optimization Procedure: Reaction run as above, but on 0.2 mmol scale. 

To determine yields by 1H NMR spectroscopy, 0.5 mL CDCl3 was added to the crude 

reaction mixture, upon which 7.0 μL of dibromomethane was added by 10 μL 

microsyringe. The resulting solution was analyzed by 1H NMR with a 1 second 

relaxation delay and a minimum of 12 scans. 

We started by examining the equivalents of the model alkene and O-

benzoylhydroxylamine starting materials (Table 16). Increasing or decreasing the 

amount of O-benzoylhydroxylamine 2 from 2.0 equivalents (entries 1–5) only decreased 

the yield of the amino oxygenation product 5. While increasing the equivalents of alkene 
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4 (entries 6–7) did show an improvement in yield, with a 3:1 ratio of alkene to O-

benzoylhydroxylamine giving comparable yield to the 1:2 case, using excess of the O-

benzoylhydroxylamine was considered more desirable from a synthetic and atom 

economy standpoint. 

Table 16. Reactant Equivalents Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry 4 (equiv) 2 (equiv) time (h) 5 (%)b 

1 1 3 0.25 32 

2 1 2 0.25 55 

3 1 1.5 0.25 41 

4 1 1.2 0.25 39 

5 1 1 0.25 33 

6 2 1 0.25 47 

7 3 1 0.25 54 

aReaction Conditions: 4, 2, and Cu(OTf)2 (0.02 mmol, 0.1 equiv) in DCE (1.0 mL), at 80 

°C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative internal 

standard. 

We next examined the impact that catalyst loading had upon the reaction yield 

(Table 17). When we decreased the catalyst loading to 5 mol %, we saw a marginal drop 

in yield (entry 1), while increasing the loading to 15 mol % provided a marginal increase 

in yield (entry 3) that proved to be a plateau upon which further increases in loading 

provided no effect (entries 4–5). Despite the marginal increase in reaction yield with 15 

mol %, we elected to keep this fact in mind but continue with 10 mol %. It is also 
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pertinent at this juncture to note the variation in the yield between runs of identical 

condition. Within this optimization study, yields were found to vary ~5% around the 

isolation yield. With this in mind, we compared between each individual conditional 

screen and were particularly cautious of this variation when comparing across different 

screens. 

Table 17. Catalyst Loading Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry Cu(OTf)2 (mol %) time (h) 5 (%)b 

1 5% 1.5 40 

2 10% 1.5 45 

3 15% 1.5 50 

4 20% 1.5 52 

5 30% 1.5 50 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), and Cu(OTf)2  in DCE (1.0 mL), at 80 

°C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative internal 

standard. 

After varying the amount of all components within the reaction, we were 

interested to see what impact the reaction temperature had on the reaction (Table 18). 

When we increased the temperature to 100 °C (above the boiling point of DCE), we saw 

no appreciable increase in yield (entry 1). However, decreasing the temperature showed 

a decrease in yield, with the room temperature run showing only 7% yield (entries 3-5). 
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With this result, we thought it best to continue with 80 °C, so as to not disadvantage the 

reaction any further. 

Table 18. Temperature Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry temp (°C) time (h) 5 (%)b 

1 100 0.5 64 

2 80 0.5 62 

3 60 4.0 58 

4 40 17.5 44 

5 rt 40 7 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), and Cu(OTf)2 (0.02 mmol) in DCE (1.0 

mL). bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative internal 

standard. 

We next turned our attention to the optimal solvent for the reaction (Table 19). 

When we examined a simple halogen switch from DCE to DBE (1,2-dibromoethane), we 

saw only a slight decrease in yield (entry 1). Switching to carbon tetrachloride proved to 

drastically lower the yield, though no appreciable chlorinated side products were 

observed (entry 3). Use of trifluorotoluene proved to lower the yield by about 20% 

(entry 4), while exclusively nonpolar solvents such as toluene and benzene proved to be 

poor solvents (entries 5–6). Use of etherated solvents such as dioxane also proved to be 

poor (entry 7). Finally, polar/coordinating solvents such as CH3CN and DMF 
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demonstrated incompatibility in the reaction, giving poor yields (entries 8–9). From this, 

DCE proved to be a superior solvent for the reaction (entry 1). 

Table 19. Solvent Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry solvent time (h) 5 (%)b 

1 DCE 0.75 60 

2 DBE 0.5 53 

3 CCl4 0.5 23 

4 PhCF3 0.5 41 

5 PhMe 0.75 26 

6 PhH 1.0 35 

7 Dioxane 2.0 32 

8 CH3CN 1.5 22 

9 DMF 2.0 22 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), and Cu(OTf)2 (0.02 mmol) at 80 °C. 
bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative internal 

standard. 

While catalyst loading had been examined, we looked into the catalyst identity 

(Table 20), beginning with copper (II) salts. Examining the less-coordinative carboxylate 

ligands of Cu(OAc)2 and Cu(eh)2 yielded lowered yields(entries 3–4). CuCl2 gave nearly 

identical yield to the carboxylate ligands (entry 5), but the tightly coordinating Cu(acac)2 

showed a dramatic decrease in the reaction yield (entry 6). When moving to copper (I) 

salts, we found that copper (I) triflate gave appreciable yield to the copper (II) triflate we 

were currently employing (entry 7, 2). Similarly, using copper (I) salts for acetate or 
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chloride (entries 8–9) provided nearly identical yields to their copper (II) analogs. This 

was interesting to us, as it seemed that the reaction tolerated either copper (I) or (II) salts 

nearly equally in the current system. Finally, we examined CuCN, which provided 

similar yields to acetate and chloride (entry 10) and [Cu(CH3CN)]PF6 which offered 

similar yield to the triflate case (entry 11). From these results, we opted to continue with 

both Cu(I) and Cu(II) triflate salts, in the event that a differentiating factor was noted 

upon further screening. 

Table 20. Copper Catalyst Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry Cu catalyst time (h) 5 (%)b 

1 – 48 0 

2 Cu(OTf)2 0.5 57 

3 Cu(OAc)2 1.0 39 

4 Cu(eh)2 1.0 38 

5 CuCl2 1.5 40 

6 Cu(acac)2 1.5 21 

7 [Cu(OTf)]2·PhMe 0.5 60 

8 CuOAc 1.0 36 

9 CuCl 1.5 39 

10 CuCN 1.0 38 

11 [Cu(CH3CN)4]PF6 0.5 56 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), and Cu catalyst (0.02 mmol) in DCE 

(1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a 

quantitative internal standard. 
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We next screened a number of different ligands types in an attempt to increase 

the reaction yield (Table 21). For this purpose, we examined pyridine, bipyridine, 

triphenylphosphine, and BINAP in concert with either Cu(II) (entries 1–4) or Cu(I) 

(entries 5–8) triflate. Interestingly, pyridine proved to have negligible effect on the 

reaction (entries 1, 5), but bipyridine was successful in raising the reaction yield by ~25% 

in the Cu(II) case (entry 2). Interestingly, this effect was not seen when bipyridine was 

combined with Cu(I) triflate for reasons unbeknownst to us (entry 6). Phosphine ligands 

provided either negligible effect, as in the case of BINAP (entries 4, 8), or a negative 

effect, in the case of PPh3 (entries 3, 7). 

Table 21. Broad Ligand Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry Cu catalyst ligand (mol %) time (h) 5 (%)b 

1 

Cu(OTf)2 

 

Pyr (20%) 0.75 63 

2 Bpy (10%) 5.25 86 

3 PPh3 (20%) 1.25 39 

4 BINAP (10%) 0.75 54 

5 

[Cu(OTf)]2·PhMe 

Pyr (20%) 0.75 62 

6 Bpy (10%) 0.75 58 

7 PPh3 (20%) 0.75 35 

8 BINAP (10%) 0.75 56 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), Cu catalyst (0.02 mmol), and Ligand in 

DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a 

quantitative internal standard. 
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With the positive result from bipyridine, we further expanded our ligand screen 

to include a broader range of nitrogen-based ligands (Table 22). Bipyridine-scaffold 

ligands biquinoline and 6,6’-dimethyl-2,2’-bipyridine both were compatible in the 

reaction (entries 2–3), with 6,6’-dimethylbypridine providing comparable reactivity to 

bipyridine. Phenanthroline and phenanthroline derivative BCP (entries 3–4) also 

showed comparable reactivity to bipyridine. Finally, an alternate scaffold of 2,2’-

dipyridyl ketone was tested and did not show comparable reactivity to bipyridine (entry 

5), though it also improved the reaction yield over the case without ligand. It is notable 

that in each case, the addition of a ligand significantly retarded the reaction rate. While 

the ligand-free reactions were often done between 0.25–1 h, the cases with a ligand 

required a full 2 h to consume the O-benzoylhydroxylamine. 

Table 22. Nitrogen Scaffold Ligand Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry ligand time (h) 5 (%)b 

1 2,2’-Biquinoline 2.0 74 

2 6,6’-dimethyl-2,2’-bypyridine 2.0 84 

3 1,10-Phenanthroline 2.0 84 

4 Bathocuproine (BCP) 2.0 84 

5 2,2’-dipyridyl ketone 2.0 77 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), Cu(OTf)2 (0.02 mmol), and Ligand (10 

mol %) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. 
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Given the comparable reactivity exhibited in a number of the nitrogen ligands 

with our model alkene 4, we elected to examine their reactivity on an aliphatic backbone 

substrate 6 in an effort to test the wide applicability of the reaction (Table 23). From this 

screen BCP proved to be the best ligand screened (entry 3) and was thus chosen as the 

optimal ligand for applicability to a broader range of substrates. 

Table 23. Screening Nitrogen Ligands Against Alternate Substrate.a 

 

entry ligand time (h) 7 (%)b 

1 2,2’-Bipyridine 5.0 49 

2 1,10-Phenanthroline 2.0 56 

3 Bathocuproine (BCP) 2.0 63 

4 2,2’-dipyridyl ketone 2.5 53 

aReaction Conditions: 6 (0.2 mmol), 2 (2.0 equiv), Cu(OTf)2 (0.02 mmol), and Ligand (10 

mol %) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. 

With an optimal ligand in hand, we concluded our screening by examining the 

ratio of catalyst to ligand (Table 24). When BCP was added at half the loading of the 

catalyst, comparable reactivity was observed compared to the case of equimolar amount 

(entry 1 vs 2). In contrast, increasing the ligand loading to twice that of the catalyst, 

showed a decrease in yield (entry 3). From this result, it was decided that a 1:1 

(equimolar) ratio would be optimal for the reaction. 
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Table 24. Catalyst/Ligand Ratio Screen for α-Methyl-2-Vinylbenzoic Acid.a 

 

entry BCP (mol %) time (h) 5 (%)b 

1 5% 1.5 76 

2 10% 2.0 78 

3 20% 9.0 63 

aReaction Conditions: 4 (0.2 mmol), 2 (2.0 equiv), Cu(OTf)2 (0.02 mmol), and BCP in DCE 

(1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a 

quantitative internal standard. 
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3. Copper-Catalyzed Amino Oxygenation of Alkenes 
Using O-Benzoylhydroxylamines With Alcohols, 
Carbonyls, and Oximes. 

3.1 Background on Electrophilic Nitrogen Initiation Methods in 
1,2 Alkene Difunctionalization 

With the establishment of our alkene amino lactonization method, we achieved 

not only a powerful entry to a lactonization class untouched by previous lactonization 

efforts, but also a versatile reaction platform of amino-initiation. We hoped to use this 

platform to incorporate additional oxygen nucleophiles to further enhance the variety of 

scaffolds achieved by this method (Figure 4). 

 

Figure 4. Potential Extension of Electrophilic Amine-Initiated Alkene 

Difunctionalization with Alternate Oxygen Nucleophiles. 
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Within the realm of nitrogen-initiated 1,2-difunctionalization of alkenes, there 

have been a number of examples (Scheme 73). First, a number of groups have utilized 

Zhdankin reagent or TMS azide in the presence of an oxidant as a useful strategy toward 

the construction of azido scaffolds (A).98, 120, 146, 153, 190-193 Though each method has subtle 

differences, each revolves around generation of an azide radical that initiates addition to 

the alkene, followed by nucleophilic trapping. As mentioned in Chapter 1, the Xu lab 

has used iron catalysis with N-alkoxycarbamates as nitrogen-initiators for alkene 

difunctionalization (B).109, 194 This approach utilizes the formation of an iron nitrene 

species that adds homolytically to the alkene to generate a radical that is oxidized to a 

carbocation to allow for nucleophilic addition. Excluding alkene-tethered sulfonamide-

initiation, the use of sulfonimides (NFSI, C)99-101, 121, 195 and sulfonamides (including 

oxaziridines, D)77, 81, 91-92, 107 has been a successful strategy for introducing amino groups. 

For the addition of NFSI, all the current strategies focus reduction of the F–N bond to 

generate either a nitrogen radical or metal–nitrogen species, which can initiate addition 

to the alkene. For sulfonamide initiation, there have been two strategies: 1) formation a 

metal-nitrene to leverage aziridine formation and subsequent ring opening, and 2) use of 

oxaziridines to render the nitrogen electrophilic and promote attack by the alkene with 

the oxygen’s nucleophilic addition. The use of electron-rich amines as initiation agents 

has been challenging, as only a few examples exist using free amines (E).65, 196-197 

Accordingly, there have been distinct strategies in achieving the amine addition. 
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Bäckvall utilized aminopalladation to promote amine addition, Johnston generated N-

iodamines in situ to encourage aziridine formation, and Rovis promoted amine 

nucleophilic attack on the alkene activated by the iridium catalyst. Interestingly, while 

O-benzoylhydroxylamines have been successfully used as a trapping reagent in the 

difunctionalization of alkenes,158, 166, 198-203 there exist only a few examples of their use as 

an amino-initiation agent, even following our initial lactonization method.80, 193 

Scheme 73. Electrophilic Nitrogen-Initiated Alkene Difunctionalization. 
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3.2 Results and Discussion 

3.2.1 Preliminary Testing and Optimization of Reaction Conditions for 
the Copper-Catalyzed Intramolecular Alkene Amino Oxygenation 

From the success of our alkene amino lactonization, we were eager to test the 

method on alcohols as a natural next step (Scheme 74). However, when we tested the 

standard condition on 2-allylphenol (128), we did not observe any of the desired product 

(129), despite extensive efforts to improve the conditions. However, when the phenol 

substrate was changed to a benzylic substrate (130), we observed 36% yield under the 

standard lactonization conditions. 

Scheme 74. Initial Testing for Amino Etherification of Alkenes. 

 

Encouraged by these preliminary results, we undertook screening of a large 

number of conditions (some shown in section 3.3.2), but were unable to achieve yields 

over 36% (Table 25, entry 1). However, we began screening organic and inorganic 

additives with a range of pKa values (entries 2–8) and found that pyridinium p-
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toluenesulfonate (PPTS) nearly doubled the previous best yield to 66% (entry 8). We 

then examined the copper catalyst loading (entries 9–14) and found that increasing the 

loading to 20 mol % gave a clear increase in yield (entry 11). Interestingly, when we 

increased the loading even further to 50 mol % and 100 mol %, we were able to achieve 

another increase in yield (entries 13–14). However, we deemed this increase in yield not 

significant enough to warrant the steep increase in copper loading and continued with 

20 mol %. We then examined the reaction temperature and found that 100, 80, and 60 °C 

gave similar yields, while 40 °C showed a slight drop in yield (entries 15–17). 

Continuing with 60 °C, we looked at solvents and found that both PhCF3 and PhH gave 

good yields (entries 18–19), while using etherated solvents such as THF and polar 

solvents such as MeCN decreased the yield (entries 20–21). After the conditional 

screening, we elected to set our standard conditions with a 1:2 ratio of alkene to O-

benzoylhydroxylamine, with 20 mol % Cu(OTf)2 and 1.0 equiv of PPTS in DCE at 60 °C. 

Table 25. Optimization of Alkene Amino Oxygenation.a 

 

entry 
Cu(OTf)2  

(mol %) 

additive  

(1 equiv) 
solvent 

temp  

(°C) 
5 (%)b 

1 10 none DCE 80 36 

2 10 K2CO3 DCE 80 37 

3 10 2,6-lutidine DCE 80 35 

4 10 DIPEA DCE 80 0 
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5 10 MsOH DCE 80 0 

6 10 BzOH DCE 80 41 

7 10 NaH2PO4 DCE 80 38 

8 10 PPTS DCE 80 66 

9 0 PPTS DCE 80 0 

10 5 PPTS DCE 80 66 

11 20 PPTS DCE 80 78 

12 30 PPTS DCE 80 80 

13 50 PPTS DCE 80 92 

14 100 PPTS DCE 80 94 

15 20 PPTS DCE 100 78 

16 20 PPTS DCE 60 78 (76)c 

17 20 PPTS DCE 40 68 

18 20 PPTS PhCF3 60 72 

19 20 PPTS PhH 60 73 

20 20 PPTS THF 60 66 

21 20 PPTS MeCN 60 57 

aTypical Reaction Conditions: 130 (0.2 mmol), 2 (2.0 equiv), Cu(OTf)2 (0.2 equiv), and 

PPTS (1.0 equiv) in DCE (1.0 mL) at 60 °C. bYield determined by 1H NMR spectroscopy 

with CH2Br2 as a quantitative internal standard. cIsolated yield on 0.4 mmol scale. 

 

3.2.2 Scope of the Intramolecular Alkene Amino Etherification 

With the optimized conditions in hand, we began to examine the alkene scope of 

this transformation using the standard morpholine O-benzoylhydroxylamine 2. We first 

examined the impact of tertiary, secondary, or primary alcohols, as well as α-

substitution on the alkene (Table 26). When the methyl groups on the tertiary model 

substrate were changed to phenyl groups (trityl alcohol, 132), the reaction showed a 

decrease in yield (likely due to steric hindrance), but still afforded product in a fair 

amount (entry 2). When the degree of alcohol substitution was changed to secondary, a 

similar, slightly reduced yield was seen in the case of either methyl or phenyl 
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substituents (135 and 137) with identical diastereomeric ratio (entries 3–4). When a 

primary alcohol was tested (138), only 38% yield was observed, seemingly indicating the 

importance of substitution α to the alcohol. When an α-phenyl substitution was added 

to the alkene of the model substrate (140), the reaction yield decreased (entry 6). This 

was interesting given how α-substitution helped to elevate the yields in the amino 

lactonization (Table 2). However, it was possible that this observation was a steric 

hindrance effect, so an α-tert-butyl substrate was synthesized (142). When this 

substituent was tested, only a trace amount of product was observed (entry 7), giving 

credence to our theory on the steric hindrance of the oxygen-carbon bond forming step. 

To further investigate, we synthesized a primary alcohol with an α-phenyl substituent 

(144) and observed slightly lower yields than the tertiary analog (141), but slightly 

higher yields than the unsubstituted primary alcohol (139). This indicates that there is 

some interplay between stabilization from the α-substituent and the resulting steric 

hindrance of the oxygen-carbon bond formation. Finally, we examined placing a 

pendant alkene on the substrate (allyl alcohol, 146), but only a trace amount of product 

was observed in a very messy crude reaction mixture, potentially indicating that this 

reaction is not compatible with competing alkenes (entry 9). 
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Table 26. Alkene Scope of Alcohol Substitution and α-Alkene Substitution. 

 

aIsolated yields on 0.4 mmol scale. bdr = diastereomeric ratio, determined by 1H NMR 

analysis of the crude reaction. cObserved by 1H NMR of the crude reaction mixture. 
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We next examined altering the aromatic backbone on the alkene substrate (Table 

27). When an electron-donating group, such as methoxy (148) or amide (150) was added 

to the backbone, the reaction showed slight improvement or similar reactivity, 

respectively (entries 1–2). Given the struggles we had previously seen in the amino 

lactonization reaction with nitrogen-containing substrates, we were excited to see the 

formation of 151 without a drop in the reaction yield. We also added an electron-

withdrawing chlorine group (152) and saw only a slight reduction in yield (entry 3). 

However, when the aromatic backbone was changed to a thiophene (154), we observed 

only trace product formation (entry 4). While it is true that this substrate type had 

shown poor yields in the amino lactonization, we were quite surprised not to observe 

any appreciable product formation. 



 

155 

Table 27. Alkene Scope of Substitutions to the Aromatic Backbone. 

 

aIsolated yields on 0.4 mmol scale. bObserved by 1H NMR of the crude reaction mixture. 

From the aromatic backbone substrates, we turned our attention to aliphatic 

backbone substrates (Table 28). We started by placing geminal phenyl groups β to the 

alcohol (156/158) and saw similar yields both with and without phenyl substitution at 

the α-position of the alkene (entries 1–2). When the geminal phenyl groups were 

changed to methyl (160/162), the yield actually improved for the substrate bearing an α-
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phenyl (entry 3), but decreased for the unsubstituted alkene case (entry 4). This result 

suggests some steric hindrance with 157 that was alleviated in 161. The result for 163 

also suggests that in these aliphatic substrates, having some stabilizing group on the 

alkene and Thorpe-Ingold backbone elements are both necessary in achieving elevated 

levels of product formation, so long as steric hindrance does not come into play. This 

thought was supported when the backbone elements were removed entirely (164/166). 

The yields were similar both with and without α-phenyl substitution on the alkene 

(entries 5–6) and reduced from the geminally-substituted analogs, suggesting the helpful 

nature of the backbone elements. Finally, we tested tertiary aliphatic alcohols (168/170), 

but saw poor yields in both cases (entries 7–8). It is actually quite remarkable that we 

formed any product for 169, given the extreme steric hindrance of the oxygen-carbon 

bond formation. It is somewhat surprising that we could not produce a higher yield for 

171 considering the 47% yield achieved for 159 (entry 2), but this is likely a combination 

effect of the sterics of the bond formation, lack of alkene substitution, and the placement 

of the geminal phenyl groups. 
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Table 28. Alkene Scope of Aliphatic Substrates. 

 

aIsolated yields on 0.4 mmol scale. 

We next tested the ring size capability of this amino etherication reaction (Table 

29). Starting with either a 6-exo (172) or 7-exo (174) precursor, we achieved a fair yield for 

the 6-exo reaction (entry 1), but only trace product for the 7-exo reaction (entry 2). We 

wanted to re-test the indole (176) and amino acid (178) backbones that had not worked 

well for the amino lactonization, but they did not work in the amino etherification either 

(entries 3–4). We were also interested in testing a bicyclic precursor, but when we started 
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with a simple case (180), we could only observe a trace amount of product in a very 

messy reaction (entry 5). Accordingly, we added more backbone elements and 

simplified the number of potential regioisomeric outcomes (182) and were able to 

achieve 18% yield of 183 with good diastereoselectivity (entry 6). Finally, we revisited 

phenol 128 under the optimized conditions, but were unable to observe any product 

formation (entry 7). 
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Table 29. Alkene Scope for Alternate Ring Sizes. 

 

aIsolated yields on 0.4 mmol scale. bObserved by 1HNMR of the crude reaction mixture. 
cdr = diastereomeric ratio, determined by 1H NMR and GCMS analysis of the crude 

reaction mixture. 

Given the interesting results of β-substituted alkenes giving 5-exo vs 6-endo 

products in the amino lactonization, we wanted to thoroughly investigate this in the 
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amino etherification reaction (Table 30). First, we tested the β-methyl substrate (184) and 

accessed the expected 5-exo product in good yield with good diastereoselectivity (entry 

1). We then tested both E and Z β-phenyl (186/187) substrates and found an unexpected 

5-exo product in low yield (188), rather than the 6-endo we were anticipating based on 

the lactonization product (57, Scheme 70). While this was puzzling to us, we justified it 

by considering the electronic nature of the alcohol or carboxylate-bearing phenyl ring. If 

we consider the amino-initiation mechanism, a potential radical or copper-carbon 

intermediate would favor addition next to the more electron-rich ring. For the 

carboxylate case (54/55, Scheme 70), the more electron-rich ring is the β-phenyl ring, 

which leads to the 6-endo product (57). When the carboxylate was changed to a benzylic 

alcohol (186/187), now the alcohol-bearing ring becomes the more electron-rich ring and 

placement of the radical/copper next to it leads to the 5-exo product 188. While it is 

surprising that there is such a complete 5-exo vs 6-endo switch between the lactonization 

and etherification reactions, the low yield on the etherification also suggests that higher 

yields can be obtained through the 6-endo formation. From this result, we moved to 

looking at tri-substituted alkenes, starting with a β-methyl-α-phenyl substrate (189), 

which gave the desired 5-exo product (190) in 23% yield (entry 4) of a single 

diastereomer. This result is somewhat surprising, given how well this substrate 

performed in the lactonization chemistry (49, Scheme 70). The diastereoselectivity is also 

surprising, but given that the β-methyl substrate (184) gave a 4:1 dr, the addition of the 
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α-phenyl group must allow for further increased diastereoselectivity. It is also notable 

that we have observed excellent diastereoselectivity in the amino lactonization 

chemistry, with 54 and 55 giving a single diastereomer of 57. We also switched the 

substitution and tested a β-phenyl-α-methyl substrate (191), but this substrate gave no 

reaction (entry 5). It is not terribly surprising that addition of steric elements at the α-

position of the alkene had low reactivity, given the lower yield for the β-phenyl 

substrates in general. Finally, we synthesized a β,β-dimethyl substrate (193), but it was 

only effective at yielding trace product (entry 6). 
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Table 30. Alkene Scope for Substrates with β-Substitution. 

 

aIsolated yields on 0.4 mmol scale. bcdr = diastereomeric ratio, determined bby 1H NMR 

analysis or cby GCMS analysis of the crude reaction mixture. dObserved by 1H NMR of 

the crude reaction mixture. 
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With the alkene scope thoroughly vetted, we moved to surveying the amine 

scope using the standard alkene 130 (Table 31). First, we looked at using piperidine 

derivatives and found that both carbamates (63) and esters (66) were compatible in the 

reaction (entries 1–2) with only a slight decrease in yield. We also examined acyclic 

diethylamine (84) and achieved the product in fair yield. When we tested 1,2,3,4-

tetrahydroisoquinoline (198), we found no reaction (entry 4). However, GCMS analysis 

of the crude reaction mixture showed nearly exclusive formation of 3,4-

dihydroisoquinoline, presumably via an undesired benzylic oxidation reaction. We then 

tested methylbenzylamine (87) and achieved low yields of the desired product (200) 

while observing significant amounts of benzaldehyde by GCMS. The formation of the 

latter is presumably due to hydrolysis of phenylmethanimine, which was formed via 

analogous oxidation to 198. To prove that this was the case, we tested phenethylamine 

(201) and achieved good yield, similar to the piperidine derivative cases. We also tested 

the sterically-hindered dicyclohexylamine (203), but it did not undergo the desired 

reaction (entry 7), which further reinforces the amino-initiation mechanism by which 

our reaction proceeds. Finally, both secondary amine precursors (205/207) only 

produced trace product in the best case (entry 8). It is likely that these O-

benzoylhydroxylamines are simply not stable enough in the reaction conditions to 

initiate the desired transformation. 
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Table 31. Amine Scope for Alkene Amino Etherification. 

 

aIsolated yields on 0.4 mmol scale. bAlmost exclusively 3,4-dihydroisoquinoline 

observed by GCMS. cSignificant benzaldehyde observed by GCMS. dObserved by 1H 

NMR of the crude reaction mixture. 

In summary, the alkene amino etherification reaction is compatible with a fairly 

unprecedented variety of aromatic and aliphatic alkene backbones, albeit in reduced 

yield in many cases. The main shortcoming in regards to the alcohol scope is the lack of 

reactivity observed with phenols, suggesting further investigation is necessary to 

expand the reaction scope to this alcohol class. In regards to the amine scope, the 
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reaction works well on a variety of amines, but remains inadequate at incorporating 

benzylic, sterically-hindered, or secondary amines. 

3.2.3 Scope of Intramolecular Alkene Amino Oxygenation with 
Alternate Oxygen and Sulfur Sources 

After looking at the scope for alcohols in the amino etherification reaction, we 

were interested in what other oxygen sources could be incorporated as nucleophiles for 

this transformation (Table 32). We started with an aromatic backbone and an aniline 

benzamide (209), which gave good yield under the standard conditions (entry 1). 

Addition of a methyl group to the β-position of the alkene (211) gave a similar yield 

(entry 2). We then removed the aromatic backbone and replaced it with geminal phenyl 

groups (213), no reaction was observed (entry 3). We added a phenyl group at the α-

position of the alkene (215) in an effort to stabilize the reaction intermediate, but this 

substrate also produced no reaction (entry 4). However, it would be impulsive to regard 

this result as evidence that the α-phenyl group in this substrate could not offer the 

necessary stability, since a model of the desired product (216) showed an extreme steric 

effect between the four phenyl rings on the substrate that would likely have prevented 

any oxygen cyclization from occurring, regardless of the increased stability of the 

intermediate. We then tested formation of the 5-exo product, we were unsuccessful with 

either an unsubstituted or geminally substituted backbone (entries 5–6). This lack of 

reaction was quite frustrating, but pointed toward the necessity of the phenyl backbone 

within this reaction. We then looked at using a non-aniline amide and forming the 
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imidate outside of the cyclized ring. Using a phenyl backbone substrate (221), we were 

able to achieve the desired 5-exo product in 35% yield (entry 7), with no nitrogen 

trapping observed by 1H NMR or GCMS.204 We then sought to use carbamates in a 

similar fashion, forming a cationic iminium intermediate that could be cleaved to 

generate a carbonate product. However, using either aliphatic (223) or aromatic 

backbones (224) with several potential iminium cleavage conditions did not produce the 

desired carbonate product (entries 8–9). 
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Table 32. Scope of Amide Nucleophiles for Alkene Amino Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. bdr = diastereomeric ratio, observed by 1H NMR of 

the crude reaction mixture. 
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We further investigated the scope of carbonyls that could be incorporated in this 

reaction by looking at 1,3-diones and esters (Table 33). We started with enolizable 1,3-

diones in a 5-exo reaction, but these substrates produced no product unless substitution 

was present at the α-position of the alkene (entries 1–2). It is possible that this is 

necessary due to the slower nature of these carbonyls as a nucleophile. We further 

examined using tert-butyl esters as nucleophiles to generate lactone products, due to the 

easier cleavage of the tert-butyl group. However, we were only able to generate up to 

20% by quantitative 1H NMR for one case under modified conditions (entries 3–4). 

Table 33. Scope of Carbonyl Nucleophiles for Alkene Amino Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. bObserved by 1H NMR of the crude reaction mixture. 
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With the success we had enjoyed in the alcohol trapping, we hypothesized that 

perhaps oximes and hydroxamic acids could be used as nucleophiles (Table 34). Our 

initial tests with oxime 233 were unsuccessful, but with modification of the reaction 

conditions, we were able to achieve 50% yield, that was scalable to 2 mmol (entry 1). 

When then tested both N-methyl (235) and N-phenyl (237) hydroxamic acids with a 

phenyl backbone under a variety of conditions, but were unable to produce the desired 

product (entries 2–3). We added methyl substitution at the α-position of the alkene (239), 

but that did not improve the reaction (entry 4). Finally, we tested an aliphatic 

hydroxamic acid (241) and were able to achieve a trace amount of product that was not 

isolatable (entry 5). Ultimately, oximes were successful, but hydroxamic acids are 

incompatible with the reaction as it currently stands. 
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Table 34. Scope of Oxime and Hydroxamic Acid Nucleophiles for Alkene Amino 

Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. bRun using Cu(OAc)2, DME, and no PPTS. cObserved 

by 1H NMR of the crude reaction. 

Finally, we wanted to see if sulfur-containing reagents could also be viable 

nucleophiles within this amination reaction (Table 35). Thioic acid 243 provided the 

desired thio-lactone product 244 in 16% yield (entry 1). While this is certainly a low 

yield, it is exciting nonetheless, as one alkene selenothiocarboxylation transformation205-

207 reaction remains the only alkene difunctionalization reaction ever reported with thioic 
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acids (to the best of my knowledge). We also synthesized and tested a thiol substrate 

(245), but only hydrothiolation was observed by 1H NMR and GCMS. 

Table 35. Scope of Sulfur Nucleophiles for Alkene Amino Thiolation. 

 

aIsolated yields on 0.4 mmol scale. bOnly isothiochromane (hydrothiolation product) 

observed by 1H NMR and GCMS. 

In summary, this reaction is capable of incorporating a range of additional 

oxygen sources, such as amides, 1,3-diones, oximes, and thioic acids. However, the 

variety of these substrates is greatly limited, as many substrates require strict 

substitutions and/or backbone effects in order to facilitate the reaction. Potentially, 

optimization of each substrate class could produce improved compatibility and scope, 

given that the alkene amino etherification condition was used and no optimization was 

performed for most of these substrates. 
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3.2.4 Mechanistic Investigation and Proposed Catalytic Cycle for the 
Intramolecular Alkene Amino Oxygenation 

Given the unique mechanism we proposed for the amino lactonization, we 

endeavored to determine if the other viable oxygen sources, such as alcohols, carbonyls, 

and oximes, followed the same amino-initiation or proceeded through an alternate 

pathway. 

One early piece of information on the mechanism was the poor yield of 

substrates with alkyl groups at the α-position of the alkene. When we tested these 

substrates, such as 247 (Scheme 75), a low yield was observed of the desired product 248 

and alkene 249 was observed as a byproduct. We hypothesized that 249 was the result of 

amine addition, followed by β-hydride elimination. However, alternate pathways could 

involve a direct allylic functionalization or π-allyl formation followed by amination. To 

test these possible routes, we synthesized an alkene substrate bearing an α-CD3 group 

(250) which would allow us to track the position of that carbon within the reaction. 

When we exposed this substrate to the standard reaction conditions, we observed the 

amino oxygenation product (251) in 45% yield with the alkene byproduct (252) in 15% 

yield. For the alkene byproduct, the deuterium was located exclusively on the alkene. If 

a direct allylic amination had occurred, the deuterium would have been located on the 

methylene next to the amine. If a pi-allyl formation had occurred, we would have seen 

some scrambling of deuterium between both positions. This exclusive deuterium 
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positioning on both substrates indicates the possibility of our hypothesized mechanism 

with alkene amination, followed by β-hydride elimination. 

Scheme 75. β-Hydride Elimination with α-Alkyl Alkene Substrates. 

 

Isolated yields on 0.4 mmol scale. 

Outside of this accidental β-hydride elimination discovery, we wanted to test for 

the radical intermediates we detected in the amino lactonization (Scheme 71). 

Accordingly, we sought to test the different classes of oxygen nucleophiles with TEMPO 

(Scheme 76), despite its ineffectiveness in the amino lactonization (Table 6). When we 

treated our standard alcohol substrate 130 to the standard reaction conditions with 1 

equivalent of TEMPO, we observed 27% of the desired amino oxygenation product (131) 

and 33% of an internal TEMPO-trapped product 253 with no detected terminal TEMPO 

trapping (254). For the amide (209) and 1,3-dione (229) substrates, a similar outcome was 

observed, with 30% and 16%, respectively, of the internal TEMPO trapped product 
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(255/257) with no terminal TEMPO trapping observed (256/258). The TEMPO trapping 

results for these substrates demonstrates the amine addition as the initiation event, 

followed by TEMPO trapping of an internal radical for these substrates. However, when 

the oxime substrate (233) was tested, none of the internal TEMPO trapping was 

observed (259), but 60% of the terminal TEMPO trapping product 260 was observed. 

This is quite interesting because it indicates a reversal of the mechanism seen previously 

and specifies the oxime trapping as the initiation even, with amine trapping as the 

terminal event. Finally, thioic acid substrate 243 was tested, but no TEMPO-trapping 

adducts were detected of either variety. 
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Scheme 76. TEMPO Trapping of Radical Intermediates. 

 

Standard Conditions: alkene (0.4 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (20 mol %), 

PPTS (1.0 equiv), and TEMPO (1.0 equiv) in DCE (2.0 mL) at 60 °C. Isolated yields on 0.4 

mmol scale. aRun using Cu(OAc)2, DME, and no PPTS on 0.2 mmol scale. 

One additional point we wanted to clarify early in the mechanism study was the 

possibility that dehydration could be part of the productive reaction pathway. To test 
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this, we synthesized a tertiary alcohol with geminal CD3 groups (263, Scheme 77). Under 

the standard conditions, this substrate yielded 76% of the desired amino oxygenation 

product (264) with no hydrogen incorporation. Furthermore, no alkene elimination 

product (265) was detected. While not definitive, this result suggests that elimination 

cannot be part of the productive reaction. 

Scheme 77. Control Eliminating Dehydration Within the Productive Reaction 

Pathway. 

 

Isolated yields on 0.4 mmol scale. 

When testing β-substituted substrates 186 and 187, we noticed an interesting 

phenomenon in the recovered alkene starting material (Scheme 78). In the case of 186, 

the recovered starting material was 95% of the E isomer, despite being 99.8% E before 

the reaction (Scheme 78A). A similar, but more pronounced, effect was seen with 187; 

the recovered starting material was only 78% Z, despite being 92% Z before the reaction 

(Scheme 78B). We hypothesized that this might indicate a reversibility of the initial 

amine-addition event. To further test this theory, we decided to test the reaction 

conditions with E and Z stilbenes (266 and 267) that would preclude any amino 

oxygenation reaction. When we exposed the stilbenes to the standard reaction 
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conditions (both stilbenes were measured as 99% geometrically pure), only 10% and 28% 

were recovered with geometric purities of 83% E and 84% Z, respectively (Scheme 78C). 

This indicates that a) the reaction is certainly consuming some starting material to a 

byproduct that is likely lost in the Al2O3 filtration and b) that the amine addition event is 

potentially reversible. However, we wanted to ensure that the copper catalyst, in concert 

with heat, could not be causing the isomerization independently. Accordingly, we 

exposed the stilbenes to the reaction conditions, but removed the O-

benzoylhydroxylamine (Scheme 78D). In this reaction, incredibly clean, quantitative 

recovery of the stilbenes are observed, with full retention of their original geometric 

purities. This result strongly suggests that the amino addition to the alkene is reversible 

in cases when the trapping step is slow/unfavorable and leads to the loss of geometric 

purity observed in the alcohol-tethered alkene substrates. 
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Scheme 78. Probing Amine Addition Reversibility in β-Substituted Starting 

Materials. 

 

Isolated yields on 0.4 mmol scale. All geometric and diastereomeric ratios determined by 

GCMS analysis of the crude reaction mixture. 

With the information we have gathered from the preceding mechanism 

experiments, we can propose a more thorough and confident mechanism for this 

transformation (Scheme 79). We start with the same disproportionation of copper(II) to 
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copper(I) and oxidative addition of the O-benzoylhydroxylamine onto this species to 

generate either a copper(III) amino species or a copper(II) species with a nitrogen-

centered radical (II). This species can then add to the alkene through migratory insertion 

or simple radical addition to generate either a copper(III) species (III) or a carbon-

centered radical species (IV). This amine addition happens in a reversible fashion, as 

demonstrated in the isomerization experiments (Scheme 78). The identity of the 

copper(III) intermediate is suggested by the β-hydride elimination observed with 

alkenes bearing an α-alkyl group, such as 247 (Scheme 75). The presence of the carbon-

centered radical intermediate (IV) has been shown through the TEMPO trapping to 

generate an internal TMP adduct, such as 253 (Scheme 76). From either intermediate III 

(via copper coordination and homolytic cleavage of the resulting bond) or IV (via 

reductive elimination), the desired product (V) can be formed. 
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Scheme 79. Proposed Mechanism for the Amino Oxygenation of Alkenes. 

 

 

3.2.5 Representative Sequential Amino Oxygenation Reactions 
Highlighting the Utility of this Transformation 

In an effort to further demonstrate the utility and ease-of-use of this 

transformation, we sought to test doing multi-step reactions without purification of the 
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intermediates (Scheme 80). First, we synthesized the O-benzoylhydroxylamine from free 

morpholine (268) and ran the amino oxygenation reaction without purification on 

standard alkene 130 (Scheme 80A). The reaction proceeded smoothly, producing the 

product (131) in 56% yield, which is only a 20% reduction from the optimal case with 

purified O-benzoylhydroxylamine. We also examined running the amino oxygenation 

reaction and further functionalizing the product without purification (Scheme 80B). 

Starting from amide substrate 209, we were able to run the standard amino oxygenation 

reaction and cleave the resulting crude imidate through either acidic or basic conditions 

to generate the O-benzoyl protected aniline 269 or free 1,3-amino alcohol 270. In the 

latter case, no purification was necessary for either step. These transformations further 

demonstrate the practical nature of this chemistry and its ease-of-use. 
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Scheme 80. Two-Step Functionalizations Without Purification Using the Alkene 

Amino Oxygenation Reaction.a 

 

aStandard Amino Oxygenation Conditions: alkene (0.4 mmol, 1.0 equiv), 2 (2.0 equiv), 

Cu(OTf)2 (20 mol %), and PPTS (1.0 equiv) in DCE (2.0 mL) at 60 °C. Isolated Yields. b268 

(3.25 equiv), BPO (1.0 mmol, 2.5 equiv), and Na2HPO4 (3.75 equiv) in DMF (2.0 mL) at rt. 
cHCl (12 M, 1.3 mL) in MeOH (2.7 mL) at rt. dKOH (6 M in 3:1 EtOH:H2O, 4.0 mL) at rt. 

3.2.6 Conclusions 

In conclusion, we were successful in translating the amino lactonization 

chemistry to a range of different intramolecular oxygen nucleophiles, including alcohols, 

amides, 1,3-diones, and oximes. The reaction showed good tolerance for a range of 

unsaturated alcohol substrates, both aliphatic and aromatic in nature. Furthermore, the 

reaction showed incorporation of an array of amine sources, though benzylic amines 
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showed an oxidative byproduct. The shortcomings of this reaction lie in the 

unoptimized nature of the alternate oxygen nucleophiles, as a large number of tested 

amides were incompatible with the reaction. Perhaps this could be improved with 

optimized conditions for each individual oxygen substrate class, but that remains a 

future goal. Mechanistically, we uncovered a number of additional facets. Namely, we 

were able to conclusively show a radical intermediate after the O-

benzoylhydroxylamine addition for the alcohol, amide, and 1,3-dione, as well as show 

that the oxime proceeds through an alternate, oxygen-initiated mechanism. 

Furthermore, we found evidence suggesting the presence of β-hydride elimination in 

cases with α-alkyl groups on the alkene, pointing toward a copper intermediate. Finally, 

we observed geometric isomerization of the alkenes within the reaction, suggesting 

potential reversibility in the amine addition step. 

3.3 Supplemental Information (see Supplemental Information for 
Starting Material Synthesis and Characterization Information) 

3.3.1 General Methods 

General Procedure for the Substrate Scope: To a 1 Dram vial with Teflon-coated 

micro stir bar was added unsaturated alcohol (0.4 mmol, 1.0 equiv), O-

acylhydroxylamine (0.8 mmol, 2.0 equiv), copper (II) trifluoromethanesulfonate (14.4 

mg, 0.08 mmol, 0.2 equiv), and bathocuproine (14.4 mg, 0.04 mmol, 0.2 equiv), followed 

by addition of anhydrous 1,2-dichloroethane (2.0 mL). The resulting solution was stirred 

at 60 °C and monitored by TLC to consumption of O-benzoylhydroxylamine. The 
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resulting reaction mixture was filtered through a plug of activated, neutral (Brockman 

grade I, 58-60Å) Al2O3 and condensed by rotary evaporation to yield the crude product. 

3.3.2 Condition Optimization 

General Optimization Procedure: Reaction run as above, but on 0.2 mmol scale. 

To determine yields by 1H NMR spectroscopy, 0.5 mL CDCl3 was added to the crude 

reaction mixture, upon which 7.0 μL of dibromomethane was added by 10 μL 

microsyringe. The resulting solution was analyzed by 1H NMR with a 1 second 

relaxation delay and a minimum of 12 scans. 

We began screening by examining the copper loading (Table 36). When we 

examined both copper(I) and copper(II) catalysts, we found only a marginal effect, as 

even using stoichiometric copper only increased the yield from ~30% to ~40%. 

Table 36. Initial Catalyst Loading Screen for the Alkene Amino Oxygenation.a 

 

entry 
Cu catalyst loading 

(mol %) 

131 (%)b 

Cu(OTf)2 as 

catalyst 

[Cu(OTf)]2·PhMe 

as catalyst 

1 1 23 22 

2 5 27 24 

3 10 30 24 

4 15 30 24 

5 20 30 33 

6 30 40 31 

7 50 36 33 
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8 100 47 41 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), and Cu catalyst in DCE 

(1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 as a 

quantitative internal standard. 

We then tested ligands (Table 37) and found that most ligands gave a similar 

yield to the case without ligand. The notable exception is the use of pyridine, which 

seemed like an outlier, given its negligible effect in the lactonization reaction. Thus, we 

decided to continue without any changes. 

Table 37. Ligand Screen for the Alkene Amino Oxygenation.a 

 

entry ligand 
ligand loading 

(mol %) 
131 (%)b 

1 pyridine 20 46 

2 2,2’-bipyridine 10 26 

3 1,10-phenanthroline 10 29 

4 DMEDA 10 26 

5 PPh3 20 23 

6 XPhos 10 27 

7 BINAP 10 27 

8 Xantphos 10 28 

9 dppe 10 40 

10 dppp 10 26 

11 dppb 10 24 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (0.02 mmol), and 

ligand in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. 
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We next examined the stoichiometry of the reactants (Table 38) and found similar 

yields in all cases, sans the 3:1 ratio of alcohol to O-benzoylhydroxylamine. Accordingly, 

we continued without any changes. 

Table 38. Equivalents Screen for the Alkene Amino Oxygenation.a 

 

entry 130 (equiv) 2 (equiv) 131 (%)b 

1 3 1 43 

2 2 1 35 

3 1 1 40 

4 1 2 36 

5 1 3 36 

aReaction Conditions: 130, 2, and Cu(OTf)2 (0.02 mmol) in DCE (1.0 mL) at 80 °C. bYield 

determined by 1H NMR spectroscopy with CH2Br2 as a quantitative internal standard. 

Next we examined various additives with a wide range of pKa’s and 

compositions (Table 39). While 2,6-lutidine showed no effect on the reaction (entry 1), 

use of any other organic bases universally halted the reaction (entries 2–5) and inorganic 

bases showed no effect on the reaction (entries 6–7). While mesylic acid showed a 

complete inhibition of the reaction, carboxylic acids showed a slight increase in yield 

(entries 9–10) and PPTS showed the largest improvement in yield (entry 11). Higher pKa 

species such as NaH2PO4 and HFIP showed no effect (entries 12–13). Accordingly, we 

continued with PPTS as an optimal additive. 
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Table 39. Additive Screen for the Alkene Amino Oxygenation.a 

 

entry additive  131 (%)b 

1 2,6-lutidine 35 

2 DBU 0 

3 DIPEA 0 

4 DABCO 0 

5 DMAP 0 

6 K2CO3 37 

7 Cs2CO3 29 

8 MsOH 0 

9 HCO2H 43 

10 BzOH 41 

11 PPTS 66 

12 NaH2PO4 38 

13 HFIP 34 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (0.02 mmol), and 

additive (1.0 equiv) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. 

Intrigued by the effect of PPTS on the reaction, we examined the equivalents of 

PPTS in the reaction (Table 40). Using sub-stoichiometric amounts of PPTS only showed 

reduced yields (entries 1–2), while increasing the equivalents provided no increase in 

yield (entries 4–5). Thus, we continued with 1 equiv of PPTS. 
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Table 40. PPTS Equivalents Screen for the Alkene Amino Oxygenation.a 

 

entry PPTS (equiv) 131 (%)b 

1 0.1 44 

2 0.5 63 

3 1 74 

4 1.5 68 

5 2 68 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (0.02 mmol), and 

PPTS in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with CH2Br2 

as a quantitative internal standard. 

At this juncture, we elected to re-examine the copper loading (Table 41). As 

before, exclusion of copper resulted in no product, showing that PPTS is not catalyzing 

the reaction (entry 1). As we increased the loading, we noted a large increase from 15 

mol % to 20 mol % (entries 4–5). Another increase was noted when increasing the 

loading to 50 mol %. However, due to the revolting nature of using large amounts of a 

catalyst, we elected to use 20 mol % moving forward. 

Table 41. Copper Catalyst Loading Screen for the Alkene Amino Oxygenation.a 

 

entry Cu(OTf)2 (mol %) 131 (%)b 
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1 0 0 

2 5 66 

3 10 61 

4 15 62 

5 20 78 

6 30 80 

7 50 92 

8 100 94 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2, and PPTS (1.0 

equiv) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. 

We then screened a number of copper catalysts (Table 42) and while almost all 

catalysts gave good yield, copper(II) and (I) triflate showed the best yields. 

Table 42. Copper Catalyst Screen for the Alkene Amino Oxygenation.a 

 

entry Cu catalyst 131 (%)b 

1 Cu(OTf)2 82 

2 Cu(OAc)2 78 

3 Cu(eh)2 72 

4 Cu(acac)2 65 

5 [Cu(OTf)]2·PhMe 82 

6 CuOAc 75 

7 Cu(MeCN)4·BF4 75 

8 CuI 54 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu catalyst (20 mol %), 

and PPTS (1.0 equiv) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. 
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When we screened the temperature of the reaction (Table 43), we found that 

running the reaction from 60 °C–100 °C showed no difference in yield, while 40 °C 

showed a slight decrease. Accordingly, we continued with 60 °C as the temperature. 

Table 43. Temperature Screen for the Alkene Amino Oxygenation.a  

 

entry temp 131 (%)b 

1 100 78 

2 80 74 

3 60 78 

4 40 68 

5 20 63 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (20 mol %), and 

PPTS (1.0 equiv) in DCE (1.0 mL) at temp. bYield determined by 1H NMR spectroscopy 

with CH2Br2 as a quantitative internal standard. 

In examining the solvent (Table 44), we found that DCE, PhCF3, and PhH (entries 

1, 5, 7) all gave good yields, however, the reaction was cleaner and more homogenous in 

DCE over the other solvents. 

Table 44. Solvent Screen for the Alkene Amino Oxygenation.a 

 

entry solvent 131 (%)b 
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1 DCE 74 

2 CHCl3 68 

3 THF 66 

4 DME 68 

5 PhCF3 72 

6 PhMe 53 

7 PhH 73 

8 EtOH 64 

9 MeCN 57 

10 DMF 38 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (20 mol %), and 

PPTS (1.0 equiv) in solvent (1.0 mL) at 60 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. 

Finally, we examined different pyridinium sources (Table 45). We found that 

changing the anion from tosylate to TFA or triflate showed a decrease in reaction yield, 

while using isonicotinic acid (whose zwitterionic form could mimic a pyridinium 

source) vastly decreased the yield. 

Table 45. Pyridinium Source Screen for the Alkene Amino Oxygenation.a 

 

entry additive 131 (%)b 

1 pyridinium TsOH 72 

2 pyridinium TFA 66 

3 pyridinium TfOH 66 

4 4-isonicotinic acid 36 

5 pyridine 43 

aReaction Conditions: 130 (0.2 mmol, 1.0 equiv), 2 (2.0 equiv), Cu(OTf)2 (20 mol %), and 

additive (1.0 equiv) in solvent (1.0 mL) at 60 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. 
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4. Copper-Catalyzed Three-Component Amino 
Oxygenation of Alkenes and Dienes Using O-
Benzoylhydroxylamines and Carboxylic Acids 

4.1 Introduction and Background 

While investigating the amino lactonization, we became interested in a three-

component amino oxygenation reaction which will removed the tether liknking the 

carboxylic acid and alkene. The beauty of this approach would be the ability to choose 

each component for the reaction and assemble 1,2-oxyamino scaffolds in a truly modular 

fashion. 

Scheme 81. Removal of Carboxylic Acid–Alkene Tether Allowing for Modular 

Product Assembly with Variation at Each Component. 

 

As mentioned in Chapter 1, alkene difunctionalization offers the potential for a 

truly modular reaction if each component can be chosen independently. As we 

examined the current alkene amino oxygenation literature, we noted that while there are 

a number of quality methods featuring a three-component reaction (Scheme 82), most of 
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these reactions used one or both static oxygen/nitrogen groups. The Stahl group’s 

method features the static phthalimide in addition to the oxygen source (acetate) coming 

from the less commonly altered (diacetoxyiodo)benzene (Scheme 82A).69 A number of 

groups have used Zhdankin reagent to add the static azide group, with both Studer and 

Lin trapping it with the static TEMPO group (Scheme 82B).120, 144, 146 In a similar fashion, 

several groups have used NFSI as a nitrogen source, with Studer coupling it with 

TEMPO (Scheme 82C).99-100, 121 The Dauban group utilized rhodium-catalyzed aziridine 

formation from a specific sulfonamide, but showed some variance in the oxygen source 

(Scheme 82D).77 The Morandi lab used a static ammonium salt to effect unprotected 

amine addition with alcohol trapping (Scheme 82E).110 Finally, Sharpless’ seminal work 

features a number of variable sulfonamide partners, but is intrinsically reliant on 

formation of the unprotected alcohol (Scheme 82F).5, 7, 9, 11, 18 While taking nothing away 

from these outstanding works, only a few of them offer the potential for modification of 

all three components, one of which was Bäckvall’s original stoichiometric palladium 

work.65-66 We realized that our reaction had the potential to be a truly modular reaction 

and fill a deficiency in the existing literature. 
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Scheme 82. Existing Three-Component Alkene Oxyamination Reactions Highlighting 

Static Groups.  

 

4.2 Three-Component Alkene Amino Oxygenation 

4.2.1 Preliminary Testing and Optimization of Reaction Conditions for 
the Three-Component Alkene Amino Oxygenation 

We started with the carboxylic acid as our oxygen source to test the three-

component reaction. While our initial tests with benzoic acid provided a low yield of the 
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desired product (Scheme 83), we were excited that the reaction appeared to be viable. To 

ensure that the external acid was participating (and not just the benzoic acid released 

from the O-benzoylhydroxylamine) we tested other acids, such as electron-withdrawing 

2-iodobenzoic acid, which resulted in increased yield and clear identification of the 

external acid as the carboxylic addition species. 

Scheme 83. Initial Results for Three-Component Amino Oxygenation of Alkenes 

Using O-Benzoylhydroxylamines and Carboxylic Acids. 

 

From these promising preliminary results, we looked into a number of 

conditions (Table 46–see 4.4.1.2 for a full list). We elected to use pentafluorobenzoic acid 

(271) as the acid in this screening as more preliminary screening (not shown) had 

demonstrated more electron-withdrawing acids as being more suitable in the 

transformation and due to the ease of tracking the addition through 19F NMR. In 

screening various copper(I) and copper(II) catalysts (entries 2–7), copper(II) acetate 

showed an increased yield over the previously used copper(II) triflate (entries 2–3). We 

also examined the stoichiometry of the starting materials and found this to be vitally 

important (entries 8–18). Starting with a 1:1:1 ratio of acid to alkene to O-

benzoylhydroxylamine, we increased the excess amount of each reagent to see which 
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produced the largest increase in yield. First, increasing the equivalents of O-

benzoylhydroxylamine (entries 8–10) showed very little change in yield. However, 

increasing the equivalents of the carboxylic acid (entries 8, 11–12) showed a significant 

increase in yield. Likewise, increasing the equivalents of alkene (entries 8, 13–14) 

showed an increase in yield, even higher than with the carboxylic acid. Given that the 

alkene appeared to be the most important component in dictating the product yield, we 

looked at increasing the equivalents of acid or O-benzoylhydroxylamine with increased 

alkene equivalents. Interestingly, increasing the equivalents of alkene and O-

benzoylhydroxylamine (entries 15–16) or alkene and carboxylic acid (entries 17–18) 

showed similar results. However, we elected to use excess of both alkene and carboxylic 

acid for two reasons. First, the feedstock nature of carboxylic acids (particularly if the 

hydrolyzed product is the ultimate target) and alkenes would be better used as the 

excess reagent, rather than the synthesized O-benzoylhydroxylamine. Secondly (and of 

significantly higher importance), using excess O-benzoylhydroxylamine showed a 

significant byproduct of carboxylic acid competition from benzoic acid (274, generated 

from cleavage of the O-benzoylhydroxylamine N–O bond) trapping instead of the 

pentafluorobenzoic acid. With 2 excess equivalents of both the O-benzoylhydroxylamine 

and alkene (entry 16), a theoretical two equivalent excess of the benzoate-trapped 

product (274) could be generated. Using excess of the desired carboxylic acid could out-

compete 274 and generate 273 (entries 15–16). 
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Table 46. Optimization of Three-Component Alkene Amino Oxygenation.a 

 

entry 
271  

(equiv) 

272  

(equiv) 

2  

(equiv) 

Cu catalyst 

(20 mol %) 

time 

(h) 
273 (%)b 274 (%)bc 

1 2 1 2 – 24 0 0 

2 2 1 2 Cu(OAc)2 0.25 63 2 

3 2 1 2 Cu(OTf)2 0.25 45 0 

4 2 1 2 CuCl2 0.25 60 2 

5 2 1 2 Cu(TFA)2 0.25 47 2 

6 2 1 2 CuOAc 0.25 59 2 

7 2 1 2 CuI 1.0 52 0 

8 1 1 1 Cu(OAc)2 2.0 42 0 

9 1 1 2 Cu(OAc)2 2.0 48 3 

10 1 1 3 Cu(OAc)2 2.0 45 8 

11 2 1 1 Cu(OAc)2 0.25 63 2 

12 3 1 1 Cu(OAc)2 0.25 71 2 

13 1 2 1 Cu(OAc)2 0.75 67 0 

14 1 3 1 Cu(OAc)2 0.5 82 3 

15 1 2 2 Cu(OAc)2 0.25 77 8 

16 1 3 3 Cu(OAc)2 1.75 99 24 

17 2 2 1 Cu(OAc)2 0.25 85 3 

18 3 3 1 Cu(OAc)2 0.25 99 (78)d 2 

aTypical Reaction Conditions: 271 (3.0 equiv), 272 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), 

and Cu(OAc)2 (20 mol %) in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. cYields relative to 0.2 

mmol scale. dIsolated yield on 0.4 mmol scale. 

 

Thus upon concluding our screening, we settled on the use of 3 equivalents of 

carboxylic acid, 3 equivalents of alkene, and 1 equivalent of O-benzoylhydroxylamine 

with 20 mol % Cu(OAc)2 in DCE at 80 °C as our standard conditions. 
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4.2.2 Scope for the Three-Component Alkene Amino Oxygenation 

Using the optimized conditions from 4.2.1, we set about exploring the scope of 

this transformation, starting with the scope of the carboxylic acid using styrene (272) and 

morpholine O-benzoylhydroxylamine (2) (Table 47). In the model case with 

pentafluorobenzoic acid, we observed 78% yield (entry 1) and found a comparable yield 

(77%) with slightly less-acidic 3,5-dinitrobenzoic acid (entry 2). However, a large drop in 

the product yield (40%) was observed when simple benzoic acid was used (entry 3). This 

offers some evidence for a correlation between pKa of the benzoic acid derivative and 

the product yield; however, the exact reason for this correlation is currently just 

speculation. Moving to alkyl carboxylic acids, we tested 2-chloroacetic acid (278) and 

achieved a 40% yield (entry 4), which was slightly higher than simple acetic acid (32%, 

entry 5). We also tested using 3-butenoic acid (282) and found comparable yield with 

acetic acid (34%, entry 6). Finally, when we used trifluoroacetic acid as the acid source, 

we did not observe any desired amino oxygenation product, rather we observed 55% 

yield of the free 1,2-amino alcohol (285), which likely resulted from hydrolysis of the 

ester bond. The fact that this yield is higher than the acetic acid derivatives, despite the 

ester hydrolysis further points toward a correlation between relative acidity (within acid 

classes) and product yield. 
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Table 47. Carboxylic Acid Scope for the Intermolecular Alkene Amino Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. 

We then did a brief examination of the O-benzoylhydroxylamine scope for the 

reaction using pentafluorobenzoic acid (271) as a standard oxygen nucleophile (Table 

48). When a carbamate (63) or ester (66) was added at the 4-position of the piperidine, 

slightly decreased, but comparable yields were observed compared to the model 

morpholine case (entries 1–2). Unsubstituted piperidine resulted in a decrease in 

reaction yield (entry 3), but this trend has been observed in previous cases within this 

amine-initiated approach. When acyclic amine systems, such as diethyl (84) and 

methylbenzyl (87) were tested, a large decrease in yield was observed, potentially due to 
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the combined poorer reactivity and the fact that the O-benzoylhydroxylamine was being 

used as the limiting reagent. 

Table 48. O-Benzoylhydroxylamine Scope for the Intermolecular Alkene Amino 

Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. 

We next turned our attention to the alkene scope (Table 49), starting with 

substitutions on styrene (entries 1–6). Using electron-donating 2-methoxystyrene (291) 

resulted in a slight elevation in yield (entry 1). Examining the meta position, an electron-

donating methoxy group (293) showed increased yield over an electron-withdrawing 

fluoro group (295), but both yields were reduced over the styrene case (entries 2–3). 

Examining the para position (entries 4–6), methyl-substituted styrene (297) showed 

comparable yield to styrene, but both methoxy (299) and chloro (301) showed a slight 
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decrease in yield (entries 5–6). When aliphatic alkenes were examined, the results were 

generally very poor. Using vinyltrimethylsilane (303) gave only 9% yield, but vinyl 

cyanide (acrylonitrile, 305) resulted in no reaction (entries 7–8). A similar case was 

observed with allyltrimethylsilane (307) and allyl cyanide (309), giving 19% yield and no 

reaction, respectively (entries 9–10). 

Table 49. Terminal Alkene Scope for the Intermolecular Alkene Amino Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. 

From this general idea on the reactivity of terminal (mono-substituted) alkenes, 

we examined the scope of multi-substituted alkenes (Table 50). We started with testing 

α-substitution (entries 1–2); α-methylstyrene (311) gave low yield and known radical 
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retardant α-phenylstyrene (313) gave no product. This result was fairly surprising, given 

the increased yield seen in the amino lactonization reaction when α-substitution was 

present. However, it is possible that having a free (untethered) carboxylic acid 

nucleophile leads to an increased steric effect that made the formation of the C–O bond 

more difficult. We then looked at substitution on the β-position of the alkene. When 

trans-β-methylstyrene (315) was used, a 69% yield was obtained with a 1:1 dr (entry 3). 

However, when sterically constrained indene (317) was used, an 89% yield was obtained 

with a 7:1 dr (entry 4) of the anti product, as determined by X-ray crystallography. This 

increase in dr is likely due to the lack of free rotation about the alkene bond upon amine 

addition. When we tested E and Z stilbenes (319/320), no product was detected in either 

case. We then tested aliphatic cyclopentene (322) and obtained a lowered 35% yield of 

>20:1 dr (entry 5). It is possible that the increased dr is due to the lack of steric influence 

from the aromatic ring (as in entry 4), causing the amine group to be the main sterically-

influencing factor. Finally, we looked at β,β-dimethyl substrates, both of the 

trisubstituted (324) and tetrasubstituted (326) variety. However, neither of these cases 

gave any product, likely due to the steric difficulty of the initial amine addition. 
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Table 50. Multi-substituted Alkene Scope for the Alkene Amino Oxygenation. 

 

aIsolated yields on 0.4 mmol scale. bProduct contained slight inseparable impurity. cdr = 

diastereomeric ratio determined by 1H NMR of the crude reaction mixture. Major 

diastereomer shown. dDetermined by X-ray crystallography. 
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Over the course of our investigation, we determined that 3,5-dinitrobenzoic acid 

was (in most cases) a better carboxylic acid nucleophile for achieving higher yields 

(Table 51). When it was tested with the morpholine amino precursor (2), a 98% yield was 

observed (328), representing a 15% increase over the pentafluoro case (Table 49, entry 1). 

Using the N-Boc piperazine precursor (63), a 20% increase in yield was observed over 

the pentafluoro case (Table 48, entry 1). Interestingly, when we tested the 3,5-

dinitrobenzoic acid with 4-methoxystyrene, a 17% increase was seen (330), but 4-

chlorostyrene showed a 21% decrease over the pentafluoro case (Table 49, entries 5–6). It 

is possible that the electron-withdrawing vs electron-donating effect is more 

pronounced in the 3,5-dinitrobenzoic acid case. In the event that any nucleophile is 

desired (i.e. hydrolysis to the free alcohol is desired), 3,5-dinitrobenzoic acid offers 

elevated yields for many cases. 

Table 51. Screen Using 3,5-Dinitrobenzoic Acid as the Oxygen Nucleophile. 

 

Isolated yields on 0.4 mmol scale. 
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In conclusion, the three-component intermolecular alkene amino oxygenation 

offers an appealing strategy to assemble 1,2-oxyamino scaffolds in a modular fashion. 

The reaction works quite well with acidic benzoic acid derivatives such as pentafluoro 

and 3,5-dinitro, but also works with aliphatic carboxylic acids, albeit in reduced yield. 

The amine scope is good for piperidine derivatives, but suffers in acyclic cases. The 

alkene scope is very broad for styrene derivatives, incorporating substitutions on the 

aromatic ring, as well as substitutions on the alkene β-position. However, it is severely 

limited in the scope of aliphatic alkenes that can be used. 

4.3 Three-Component Diene Amino Oxygenation 

4.3.1 Introduction and Background for Diene Amino Oxygenation 

With the success of the three-component amino oxygenation reaction for alkenes, 

we wanted to see if the reaction could be transferred to dienes as well. However, dienes 

present a unique challenge in that they contain two potential sites of oxygen trapping, 

separated by a simple allylic radical resonance (Scheme 84). Once the nitrogen adds, the 

radical that we had found in previous mechanistic studies would have the ability to 

resonate between the 2 and 4 positions. This resonance not only opens the possibility for 

both a 1,2- and 1,4-addition product, but also the possibility for E and Z geometries in 

the product, even when starting with geometrically pure reagents. This is further 

complicated in cases where the regioselectivity of the first addition step is not clear. In 
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these case, site-isomers (as well as the previously mentioned isomers) cause mixtures of 

products that are not necessarily easily separated. 

Scheme 84. Potential Products in Nitrogen-Initiated Amino Oxygenation of Dienes. 

 

Because of these challenges to the difunctionalization of dienes, they have been 

only moderately explored compared in amino oxygenation reactions compared to the 

abundance of literature on alkenes. There are a large number of alkene 

difunctionalization papers that feature a single diene example (such as 1-phenyl-1,3-

butadiene or 1,3-cyclohexadiene), but few papers undertake a deep examination of the 

scope and implications of these regiochemical and geometric isomers. Despite this, there 

have been a few examples of dedicated diene study (Scheme 85). 
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In 1998, the Ghosez group generated nitroso compounds in situ and exposed 

them to dienes to promote a [4+2] cycloaddition that generated bicyclic oxazinanes that 

could be cleaved to generate the free amino alcohol (Scheme 85A).208  This strategy, by 

the constraints of the [4+2] cycloaddition, generated the 1,4-product exclusively. This 

work was recently employed in a further study to undergo oxazinane cleavage in 

sequence.209 In 2009, Yoon adapted his copper-catalyzed oxaziridine alkene strategy to 

incorporate dienes and successfully generated a number of 1,2-addition products 

through the nature of the tethered nitrogen and oxygen groups (Scheme 85B).82 Also, as 

previously mentioned, the Xu group showed 5 examples of dienes within their 

intermolecular iron-catalyzed amino oxygenation work (Scheme 85C).109 Furthermore, 

an interesting, carbamate-tethered strategy was demonstrated using rhodium catalysis 

to affect an aziridination, followed by oxygen trapping (Scheme 85D).210 Unfortunately, 

while the tether dictated the position of addition for the nitrogen atom, two potential 

oxygen addition sites were seen. This could be partially rectified through the catalyst 

ligands, but these ratios were 90:10 at best and often 75:25. Finally, two nearly identical 

papers were recently published showing a palladium-catalyzed reaction coupling 2-

amino phenols with dienes to create morpholine scaffolds (Scheme 85E).211-212 

Interestingly, while both papers showed a control of the regioselectivity (through the 6-

membered product) and site-selectivity for the diene addition, the second publication 

actually observed that the addition of 1,4-benzoquinone allowed them to reverse the 
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regioselectivity of the addition and thus create a divergent method accessing both 

regioisomers in >20:1. 

Scheme 85. Current Examples of Diene Amino Oxygenation. 

 



 

209 

Given this limited selection of methods to affect amino oxygenation across 

dienes, we endeavored to investigate the transfer of our three-component alkene method 

to dienes with the goal of predictable regioselectivity, controlled 1,2- vs 1,4-addition, and 

a reaction incorporating more diverse functionalities. 

4.3.2 Optimization of Reaction Conditions for the Three-Component 
Diene Amino Oxygenation 

We started with analogous conditions to the previous alkene system, except 

using 1-phenyl-1,3-butadiene (332) in place of styrene and achieved at 45% isolated yield 

of the 1,2-addition product with only the E isomer observed (Scheme 86). 

Scheme 86. Transferability of Alkene Amino Oxygenation System to Dienes. 

 

 With this exciting initial result, we wanted to see if the reaction yield could be 

improved with further optimization using the same model system as previously (Table 

52–see 4.4.2.2 for a full list). First, we examined the effect of the reactant stoichiometry 

on the reaction (entries 1–7). Increasing each component to 3 equivalents (entries 2–4) 

showed that having excess of the diene was vital to achieving the highest yield (entry 3). 

When using 3 equivalents of the acid, we saw formation of a large amount of the 1,4-

addition product (334) in addition to the 1,2-addition product (333). We did not note this 



 

210 

in the initial test reaction due to the vast polarity difference between the 1,2- and 1,4-

products. In fact, intentional isolation of the 1,4-product proved challenging due to the 

high solvent polarities required and the apparent instability of the 1,4-product. In using 

3 equivalents of the diene or O-benzoylhydroxylamine, we saw disappearance of the 1,4-

product, but we also noted the formation of a benzoic acid trapping byproduct (335, 

generated through consumption of the O-benzoylhydroxylamine, entries 3–4). We then 

examined increasing both the diene and another component (entries 5–7). Using 3 

equivalents of both diene and O-benzoylhydroxylamine showed good yield (entry 5), 

but an immense amount (1.53 equiv) of the benzoic acid byproduct was noted due to 

having 2 excess equivalents of both the diene and O-benzoylhydroxylamine. When 

testing excess of both the acid and diene (entries 6–7), we saw complete disappearance 

of the benzoic acid byproduct and good yield, though the 1,4-addition product was still 

evident. Given that increasing the acid equivalents from 2 to 3 showed no advantage 

and appeared to only increase the equivalents of 1,4-addition product, we elected to use 

a 2:3:1 ratio of acid:diene:O-benzoylhydroxylamine going forward. We then examined 

the catalyst loading (entries 8–11) and found that reaction worked quite well, even with 

a loading of 1 mol % copper (entry 9). We found that the temperature could be lowered 

to 60 °C with no change (entry 12), while lower it to 40 °C resulted in 24 h reaction times 

and messier crude reaction mixtures (entry 13). When solvents were examined, it was 
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found that ether solvents (such as DME and 2-MeTHF) showed comparable yields with 

DCE, but offered a sharp decrease in the yield of 1,4-addition product.  

Table 52. Optimization of Intermolecular Diene Amino Oxygenation.a 

 

entry 
271  332  2  Cu(OAc)2 

solvent 
temp time  333 334 335 

(equiv) (mol %) (°C) (h) (%)b (%)b (equiv)c 

1 1 1 1 20 DCE 80 2.0 36 0 0.07 

2 3 1 1 20 DCE 80 0.5 36 19 0.01 

3 1 3 1 20 DCE 80 2.0 53 1 0.12 

4 1 1 3 20 DCE 80 0.5 31 0 0.27 

5 1 3 3 20 DCE 80 2.0 48 0 1.53 

6 2 3 1 20 DCE 80 0.5 50 12 0 

7 3 3 1 20 DCE 80 0.5 46 20 0 

8 2 3 1 0 DCE 80 5.5 0 0 0 

9 2 3 1 1 DCE 80 0.5 47 18 0 

10 2 3 1 10 DCE 80 0.5 51 16 0 

11 2 3 1 20 DCE 80 0.5 52 13 0 

12 2 3 1 1 DCE 60 2.5 48 21 0 

13 2 3 1 1 DCE 40 24 40 21 0 

14 2 3 1 1 DME 60 7 55 4 0 

15 2 3 1 1 2-MeTHF 60 1.5 56 2 0 

aTypical Reaction Conditions: 271 (3.0 equiv), 272 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), 

and Cu(OAc)2 in solvent (1.0 mL) at temp. bYield determined by 19F NMR spectroscopy 

with 1,2,4,5-tetrafluorobenzene as a quantitative internal standard. cOn a 0.2 mmol scale. 
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However, upon testing a small screen of acid sources (with benzoic acid 

representing less acidic benzoic acids and acetic acid representing alkyl acids, Table 53), 

it was found that using an ether solvent showed no product for less acidic acids such as 

benzoic and acetic acids (entry 2). Accordingly, we looked at alternate methods to lower 

the 1,4-addition product while maintaining good selectivity between 1,2 and 1,4-

addition products. An additive screen (see 4.2.2 – Table 70/71) yielded DIPA (1 equiv) in 

DCE as a potential alternative, but this method failed to work well for acetic acid. 

However, using a co-solvent system of DCE/2-MeTHF showed good selectivity and 

yields (entry 4). Given that both benzoic and acetic acids appeared to give good 

selectivity with just DCE as the solvent (entry 1), it was decided that this would be used 

for less acidic acids, while more acidic acids would utilize the co-solvent system (entry 

4). Accordingly, each new acid was evaluated via 1H NMR of the crude reaction mixture 

to ensure that this trend held true. 

Table 53. Comparison of Potential Methods to Simple Acid Scope.a 

 

entry method 
R = C6F5 R = 3,5-NO2Ph  R = Ph R = Me 

333b 1,2:1,4c 336b 1,2:1,4c 335b 1,2:1,4c 337b 1,2:1,4 c 

1 A 45 3:1 63 6:1 76 12:1 58 24:1 

2 B 60 15:1 51  ND -- ND -- 
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3 C 59 8:1 70 10:1 50 13:1 trace -- 

4 D 62 8:1 58 13:1 61 16:1 48 20:1 

aCommon Conditions: acid (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), and 

Cu(OAc)2 (1 mol %) at 60 °C. bIsolated Yields. cRatio determined by 1H NMR relative to 

0.2 mmol scale. 

4.3.3 Scope for the Three-Component Diene Amino Oxygenation 

From these optimized conditions, we began to examine the scope of the reaction, 

beginning with the carboxylic acids (Table 54). It should be noted that pKa 3.0–3.5 

seemed to be the cutoff for using DCE vs using the DCE/2-MeTHF co-solvent system. 

Acids above 3.0–3.5 were tested with just DCE and acids below 3.0–3.5 pKa were tesed 

with DCE/2-MeTHF. It should also be noted that we found that when less acidic acids 

were used, some benzoic acid trapping was always observed, though normally in <15% 

yield. Within the realm of benzoic acid derivatives, electron-withdrawing pentafluoro 

(271), 3-5-dinitro (275), and 4-cyano (338) benzoic acids all gave comparable, good yields 

(entries 1–3). Moving away from electron-withdrawn acids, 4-methoxymethylbenzoic 

acid (340) gave a comparable yield to the previous acids, despite having benzoic acid 

trapping. When we tested simple benzoic acid (277), we achieved an elevated 76% yield 

of the desired product (335), with the higher yield likely due to the extra benzoic acid. 

Both simple acetic acid (280) and Boc-protected N-methyl glycine (342) gave comparable 

yield to the benzoic acid cases. Alkyl chloride 278 also participated in the reaction, 

though with a slight decrease in yield (entry 8). Ketone-bearing levulinic acid (345) was 

also a viable substrate, giving comparable yields to acetic acid (entry 9). Finally, using 
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ground up ibuprofen tablets (with no purification) as the carboxylic acid (347) showed a 

good yield in 1:1 diastereoselectivity (entry 10). (An alternate O-benzoylhydroxylamine 

was necessary to aid in purification of the product from the benzoic acid-trapping 

byproduct.)  

Table 54. Carboxylic Acid Scope for the Intermolecular Diene Amino Oxygenation. 

 

aIsolated yields as average of two runs on 0.4 mmol scale. bRun without 2-MeTHF. cUsed 

3,4,5-trimethoxybenzoylhydroxylamine with crushed ibuprofen as the acid. ddr = 

diastereomeric ratio determined by 1H NMR of the crude reaction mixture. 
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It should be mentioned that there were a number of acids that did not produce 

the desired product (Figure 5). First, formic acid and trifluoroacetic acid (TFA) resulted 

in no reaction, despite being soluble in the reaction mixture. When TFA was added to 

the reaction, it immediately turned black and only diene was recovered from the 

reaction. Note that this is in contrast with the hydrolyzed alcohol seen in the analogous 

alkene case (Table 47, entry 7). The other cases of no reaction were seen with acids that 

were not soluble in the reaction solvent (either DCE or DCE/2-MeTHF co-solvent 

system). With this in mind, we pre-screened acids for solubility before subjecting them 

to the reaction and thus did not test a number of examples. 

 

Figure 5. Non-viable Acids for the Intermolecular Diene Amino Oxygenation. 

Using the 3,5-dinitrobenzoic acid as a model carboxylic acid (ArNO2COOH), we 

investigated the amine scope (Table 55). As expected, piperidine scaffolds were 

compatible in the reaction (entries 1–3). We initially experienced difficulties with 

achieving the desired product for any other examples, but switching to just DCE as the 
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reaction solvent allowed the formation of a number of examples (note that these cases 

showed a good 1,2:1,4 ratio in just DCE). With this subtle change, we found that 

diethylamine (84) gave a low yield, but dibenzyl (353) and dicyclohexylamine (203) did 

not provide any product (this was not surprising given the oxidation problems of benzyl 

groups and the steric issues of dicyclohexylamine previously noted in 3.2.2 – Table 31). 

Furthermore, N-methylbenzyl (87) and N-methylphenethylamine (201) gave moderate 

yields of the desired product. 

Table 55. Amine Scope for the Intermolecular Diene Amino Oxygenation. 

 

aIsolated yields as average of two runs on 0.4 mmol scale. bRun without 2-MeTHF. 
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We then examined the diene scope of the reaction, starting with mono-

substituted dienes (Table 56). First, we examined the electronic effects on the aryl ring of 

the model 1-phenyl-1,3-butadiene (entries 1–8). Both electron-donating (358) and 

electron-withdrawing (360) substituents at the ortho position showed yields below the 

unsubstituted case, with the electron-withdrawing 2-chloro substrate giving a higher 

yield of the two. This was particularly interesting given the elevated yields seen with 2-

methoxystyrene over all other substrates in the analogous alkene case. Furthermore, the 

electron-donating 3-methoxy substrate (362) showed a comparable yield to the 

unsubstituted case, while the electron-withdrawing 3-trifluoromethyl (364) showed a 

decrease yield. When electron-donating methoxy (366) and dimethylamine (368) were 

placed at the para position, low yields were observed (though the methoxy gave a 

product, it quickly decomposed upon purification). However, both 4-methyl (370) and 4-

chloro (372) substrates gave good yields and seemed impervious to the previously 

observed decomposition. It would seem from this data that electron-donating groups at 

the ortho and para position lead to lower yields, though an exact reason for this is not 

apparent at this time. Additionally, all electron-withdrawing substrates showed 

decreased yields over the unsubstituted case, which is consistent with the analogous 

alkene case. Moving away from the aryl case, we looked at 1-methyl-1,3-butadiene (374) 

and found a fair yield with 5:1 site-selectivity. The terminal addition case (375) still had 

an excellent E:Z ratio (14:1) and the internal addition product (376) showed a 1.3:1 dr. 
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Finally, we looked at isoprene (377) and found a 39% yield with 7:1 site-selectivity with 

the major isomer being addition to the 1,1-disubstituted site (378). 

Table 56. Mono-substituted Diene Scope for the Intermolecular Amino Oxygenation. 

 

aIsolated yields as average of two runs on 0.4 mmol scale. bShowed a low yield that 

decomposed during purification. cRatio determined through 1H NMR of the crude 

mixture. ddr = diastereomeric ratio, determined through 1H NMR of the crude mixture. 
eYield reflects major site isomer (378). 
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We also surveyed the scope for di-substituted dienes (Table 57), beginning with 

1,4-substuted systems. (Substitution naming convention will be based on a 1,3-butadiene 

scaffold.) Neither 1,4-disubstituted 379 or 381 produced the desired product under the 

optimized conditions. The lack of reaction for trans,trans-1,4-diphenyl-1,3-butadiene 

(379) is likely due to the reversed electronic effect, as both terminal ends of the 1,3-

butadiene moiety are benzylic in nature and thus not (previously) conducive for amine 

addition. Ethyl sorbate (381) was likely ineffective due to being a Michael acceptor (a 

substrate class that had not worked in the previous three-component alkene reaction). 

Neither 2,4-disubstituted 383 nor 385 produced the desired product (even when tested 

without 2-MeTHF). This is particularly odd, given the site-selective preference for the 

1,1-disubstituted alkene in the reaction with isoprene (378, Table 56, entry 10), but no 

satisfactory explanation exists at this time. Moving to 3,4-di-substituted diene 387, we 

saw a return of reactivity to good levels slightly below the model system, but with a 

mixture of E:Z geometries due to the size of the hexane chain at the 3-position. The 4,4-

diphenyl diene (389) showed similar yield to the model system, which is not terribly 

surprising given the minimal influence the increased substitution would have on 1,2-

amino oxygenation. Finally, we examined symmetrical 2,3-disubstituted dienes. 

Dimethyl (391) showed a good yield, but switching the methyl groups to phenyl groups 

(393) resulted in no reaction. 
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Table 57. Di-substituted Diene Scope for the Intermolecular Amino Oxygenation. 

 

aIsolated yields as average of two runs on 0.4 mmol scale. bRatio determined through 1H 

NMR of the crude mixture. 
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We concluded our exploration of the substrate scope by probing tri- and tetra-

substituted dienes in the reaction (Table 58). 2,4,4-Trisubstituted substrate 395 showed 

no reaction with quantitative recovered diene starting material, as did 3,4,4-

trisubstituted substrate 397. The former result is not terribly surprising, given the lack of 

reactivity on 2,4-disubstituted dienes in Table 57 above (383 and 385). In contrast, the 

latter result was particularly surprising given the good reactivity seen previously in 3,4-

substituted dienes. However, it is possible that the methyl groups on the cyclohexene 

are sterically hindering enough as to prevent addition. Future substrates will be 

examined to probe the reason for this lack of reactivity. Terminally, disubstituted 

substrates 399 and 401 both showed a lack of reactivity; however, both reactions were 

very slow (>12 h) to consume the O-benzoylhydroxylamine (2) and displayed messy 

crude reactions upon workup. It is not surprising that these terminally-substituted 

substrates were challenging, given the amino-initiation mode of reactivity and the 

difficulty of previous iterations of our method to incorporate these olefins. Future multi-

substituted dienes are planned to further probe the governing effects of this 

transformation. 
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Table 58. Multi-substituted Diene Scope for the Intermolecular Amino Oxygenation. 

 

aIsolated yields as average of two runs on 0.4 mmol scale. 

In conclusion, we extended the alkene amino oxygenation to dienes in a 1,2-

selective fashion. The reaction shows good tolerance of a broad range of functional 

groups such as nitriles, nitro groups, amides, ketones, aryl and alkyl halides, and esters.  

It shows compatibility with acids of varying pKa’s in surprisingly similar yields and 
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shows an increased tolerance of various O-benzoylhydroxylamines compared to the 

analogous alkene procedure. Finally, the reaction shows clear regioselective addition for 

a number of dienes, including several containing diverse substitutions about a 1,3-

butadiene backbone. Further studies are currently underway to further investigate the 

lack of reactivity upon particular dienes, specifically those with tri- and 

tetrasubstitution. 

4.4 Supplemental Information (see Supplemental Information for 
Starting Material Synthesis and Characterization Information) 

4.4.1 Supplemental Information for Intermolecular Amino 
Oxygenation of Alkenes 

4.4.1.1 General Methods and Procedures 

General Amino Oxygenation Procedure: To a 1 Dram vial with Teflon-coated 

micro stir bar was added carboxylic acid (1.2 mmol, 3.0 equiv), O-

benzoylhydroxylamine (0.4 mmol, 1.0 equiv), and copper(II) acetate (0.08 mmol, 0.2 

equiv), followed by addition of anhydrous 1,2-dichloroethane (2.0 mL) and alkene (1.2 

mmol, 3.0 equiv). The resulting solution was stirred at 80 °C for 15 min until the 

consumption of O-benzoylhydroxylamine (monitored by TLC). The resulting reaction 

mixture was cooled to room temperature and filtered through a plug of activated, 

neutral Al2O3 (Brockman grade I, 58–60Å). The filtrate was concentrated under reduced 

pressure, providing the crude reaction mixture. 
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4.4.1.2 Condition Optimization 

General Optimization Procedure: Reaction run as above, but on 0.2 mmol scale. 

To determine yields by 1H NMR spectroscopy, 0.5 mL CDCl3 was added to the crude 

reaction mixture, upon which 7.0 μL of dibromomethane was added by 10 μL 

microsyringe. The resulting solution was analyzed by 1H NMR with a 1 second 

relaxation delay and a minimum of 12 scans. 

Starting with a 2:2:1 ratio of acid:alkene:O-benzoylhydroxylamine, we examined 

the temperature of the reaction (Table 59). Although 60 °C (entry 3) appeared to work 

better than 80 °C (entry 2), we elected to stay with 80 °C due to running the amino 

lactonization at the temperature. Looking retrospectively 4.5 years later, pursuing either 

60 or 40 °C would have been a good strategy at this venture. 

Table 59. Temperature Screen for the Intermolecular Alkene Amino Oxygenation.a 

 

entry temp (°C) time (h) 273 (%)b 

1 100 0.25 79 

2 80 0.25 84 

3 60 0.75 87 

4 40 6.5 76 

5 rt 40.75 49 

aReaction Conditions: 271 (2.0 equiv), 272 (2.0 equiv), 2 (1.0 equiv, 0.2 mmol), Cu(OTf)2 

(20 mol %), and K2CO3 (20 mol %) in DCE (1.0 mL) at Temp. bYield determined by 1H 

NMR spectroscopy with CH2Br2 as a quantitative internal standard. 
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We then looked at using K2CO3 within the reaction (Table 60) and found that 

there was no difference in reaction yield, regardless of base amount. Retrospectively, 

screening other acids and bases would have been advantageous here. 

Table 60. K2CO3 Equivalents Screen for the Intermolecular Amino Oxygenation.a 

 

entry K2CO3 (equiv) time (h) 273 (%)b 

1 0 0.25 86 

2 0.2 0.25 83 

3 1.0 0.25 86 

4 1.5 0.25 85 

5 2.0 0.25 83 

aReaction Conditions: 271 (2.0 equiv), 272 (2.0 equiv), 2 (1.0 equiv, 0.2 mmol), Cu(OTf)2 

(20 mol %), and K2CO3 in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. 

We studied the effect of solvent on the reaction (Table 61) and found that DCE 

gave the best yield (entry 1). Ether solvents (entries 3–4) showed a sharp decrease in 

yield, while polar solvents nearly quenched the reaction entirely (entries 7–9). 

Table 61. Solvent Screen for the Intermolecular Amino Oxygenation.a 

 

entry solvent [M] time (h) 273 (%)b 

1 DCE [0.2] 0.75 85 
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2 DBE [0.2] 2.75 71 

3 Dioxane [0.2] 2.75 47 

4 DME [0.2] 1.25 36 

5 PhMe [0.2] 0.75 68 

6 PhCF3 [0.2] 0.75 73 

7 MeCN [0.2] 22 26 

8 DMF [0.2] 22 2 

9 EtOH [0.2] 0.75 10 

aReaction Conditions: 271 (2.0 equiv), 272 (2.0 equiv), 2 (1.0 equiv, 0.2 mmol), and 

Cu(OTf)2 (20 mol %) in solvent (1.0 mL) at 80 °C. bYield determined by 1H NMR 

spectroscopy with CH2Br2 as a quantitative internal standard. 

When various copper catalysts were examined (Table 62), copper chlorides and 

copper(II) acetate showed the highest yields (entries 2, 3, 7), while a separate screen 

showed that 20 mol % gave higher reaction efficiency than 10 mol % (entries 9–10). 

Table 62. Catalyst and Catalyst Loading Screen for the Intermolecular Alkene Amino 

Oxygenation.a 

 

entry Catalyst mol % time (h) 273 (%)b 

1 Cu(OTf)2 20 0.25 45 

2 Cu(OAc)2 20 0.25 63 

3 CuCl2 20 0.25 60 

4 Cu(TFA)2 20 0.25 47 

5 CuF2 20 0.25 28 

6 CuOAc 20 0.25 59 

7 CuCl 20 0.25 65 

8 CuI 20 1.0 52 

9 Cu(OAc)2 20 0.25 75 

10 Cu(OAc)2 10 0.25 71 

11 -- 0 24 0 
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aReaction Conditions: 271 (2.0 equiv), 272 (1.0 equiv, 0.2 mmol), 2 (2.0 equiv), and Cu 

catalyst in DCE (1.0 mL) at 80 °C. bYield determined by 1H NMR spectroscopy with 

CH2Br2 as a quantitative internal standard. 

We also undertook an extensive equivalents screen (Table 63). There are a couple 

of trends that should be noted. First, the highest yields were found as the equivalents of 

styrene (272) were increased. Secondly, when excess of both alkene and O-

benzoylhydroxylamine were used, a great deal of benzoic acid trapping was observed, 

so this stoichiometry was not viable for the reaction. 

Table 63. Equivalents Screen for the Intermolecular Alkene Amino Oxygenation.a 

 

entry 
271 

(equiv) 

272 

(equiv) 

2 

(equiv) 
time (h) 273 (%)b 274 (%)b 

1 1 1 1 2.0 42 0 

2 1 1 2 2.0 48 3 

3 1 1 3 2.0 45 8 

4 2 1 1 0.25 63 2 

5 2 1 2 0.25 67 2 

6 2 1 3 0.25 59 4 

7 3 1 1 0.25 71 2 

8 3 1 2 0.25 75 2 

9 3 1 3 0.25 62 2 

10 1 2 1 0.75 67 0 

11 1 2 2 0.25 77 8 

12 1 2 3 1.5 78 14 

13 2 2 1 0.25 85 3 

14 3 2 1 1.5 88 2 

15 1 3 1 0.5 82 3 
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16 1 3 2 1.75 96 16 

17 1 3 3 1.75 99 24 

18 2 3 1 0.25 98 3 

19 3 3 1 0.25 99 2 

aReaction Conditions: 271, 272, 2, and Cu(OTf)2 (20 mol %) in DCE (1.0 mL) at 80 °C. 
bYield determined by 1H NMR spectroscopy with CH2Br2 as a quantitative internal 

standard. 

 

4.4.2 Supplemental Information for Amino Oxygenation of Dienes 

4.4.2.1 General Methods and Procedures 

General Amino Oxygenation Procedure: To a 1 Dram vial with Teflon-coated 

micro stir bar was added copper(II) acetate (0.004 mmol, 0.01 equiv), O-

benzoylhydroxylamine (0.4 mmol, 1.0 equiv), and carboxylic acid (0.8 mmol, 2.0 equiv), 

followed by addition of anhydrous 1,2-dichloroethane (1.0 mL), anhydrous 2-

methyltetrahydrofuran (1.0 mL), and diene (1.2 mmol, 3.0 equiv). The resulting solution 

was stirred at 60 °C until the consumption of O-benzoylhydroxylamine (monitored by 

TLC with vanillin stain). The resulting reaction mixture was cooled to room temperature 

and filtered through a short plug of activated, neutral Al2O3 (Brockman grade I, 58–60Å). 

The filtrate was concentrated under reduced pressure, providing the crude reaction 

mixture. 

4.4.2.2 Condition Optimization 

General Optimization Procedure: Reaction run as above, but on 0.2 mmol scale. 

To determine yields by 19F NMR spectroscopy, 11.4 mL CDCl3 was added to the crude 

reaction mixture, upon which 11.2 μL of 1,2,4,5-tetrafluorobenzene was added by 25 μL 
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microsyringe. The resulting solution was analyzed by 19F NMR with a 10 second 

relaxation delay and 12 scans. 

Given the importance that equivalent stoichiometry had upon the intermolecular 

alkene amino oxygenation, I decided to start my screening there (Table 64). Increasing 

each component while holding others constant showed that excess of the diene (entries 

4–5) was vital to increasing the reaction yield (just like the alkene reaction), but did show 

an increase in the 1,4-addition product (334). In using excess of either diene or O-

benzoylhydroxylamine, lower amounts of 1,4-product were observed, but an increase in 

the benzoic acid trapping byproduct (335) was observed (entries 2–5). To potentially 

eliminate these byproducts, we examined using excess equivalents of two components. 

When testing excess of both diene and O-benzoylhydroxylamine, we saw good yield 

(entries 8–10), but large levels of the benzoic acid byproduct was noted. In using both 

the acid and diene in excess (entries 11–13), the benzoic acid byproduct was not 

observed (outcompeted by the excess “desired” acid), though the 1,4-addition product 

was still evident. While we could not entirely eliminate the 1,4-addition product and 

benzoic acid byproduct through reaction stoichiometry, we elected to use a 2:3:1 ratio 

and attempt to manipulate the 1,4-addition product through additional means. 
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Table 64. Equivalents Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry 
271 

(equiv) 

332 

(equiv) 

2 

(equiv) 
time (h) 333 (%)b 334 (%)b 335 (%)c 

1 1 1 1 2.0 36 0 7 

2 1 1 2 0.5 35 0 20 

3 1 1 3 0.5 31 0 27 

4 1 2 1 2.0 52 1 9 

5 1 3 1 2.0 53 1 12 

6 2 1 1 0.5 39 11 3 

7 3 1 1 0.5 36 19 1 

8 1 2 2 2.0 52 0 63 

9 1 3 2 2.0 49 0 94 

10 1 3 3 2.0 48 0 153 

11 2 2 1 0.5 52 13 0 

12 2 3 1 0.5 50 12 0 

13 3 3 1 0.5 46 20 0 

aReaction Conditions: 271, 332, 2, and Cu(OAc)2 (0.04 mmol, 20 mol %) in DCE (1.0 mL) 

at 80 °C. bYield determined by 19F NMR spectroscopy with 1,2,4,5-tetrafluorobenzene as 

a quantitative internal standard. cYield determined by 1H NMR relative to 0.2 mmol 

scale. 

I next examined the catalyst loading (Table 65). No catalyst resulted in no 

product (entry 1), but adding even 1 mol % gave good yield (entry 2). While increasing 

the loading to higher levels showed slightly higher yields, we were quite intrigued by 
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this good reactivity at lower copper loading and thus decided to test several copper 

levels in the next round of screening. 

Table 65. Catalyst Loading Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry 
Cu(OAc)2 

(mol %) 
time (h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 0 5.5 0 0 

2 1 0.5 47 18 

3 5 0.5 53 16 

4 10 0.5 51 16 

5 15 0.5 57 12 

6 20 0.5 52 13 

7 30 0.5 56 13 

8 50 0.5 57 11 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), and 

Cu(OAc)2 in DCE (1.0 mL) at 80 °C. bYield determined by 19F NMR spectroscopy with 

1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 

Accordingly, we conducted a temperature screen at 1, 5, and 15 mol % copper 

(Table 66). Interestingly, the yields were comparable across all loadings and 

temperatures with a few exceptions. Consequently, we were drawn to using 1 mol % 

copper (entries 1–5). Looking at the temperature results for 1 mol %, it was clear that 80 

and 60 °C featured faster reaction times (0.5 h, 2.5 h, entries 2–3) and cleaner reactions 

than 40 °C and rt, which required 24 h (entries 4–5). We elected to stay with 80 °C at this 
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juncture, but keep in mind that 60 °C could easily be used with lower boiling point 

solvents. 

Table 66. Temperature Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry 
Cu(OAc)2 

(mol %) 

temp 

(°C) 

time 

(h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 1 100 0.5 51 6 

2 1 80 0.5 50 19 

3 1 60 2.5 48 21 

4 1 40 24 40 21 

5 1 rt 24 51 26 

6 5 100 0.5 46 13 

7 5 80 0.5 51 19 

8 5 60 1 50 19 

9 5 40 24 49 22 

10 5 rt 24 57 27 

11 15 100 0.5 31 1 

12 15 80 0.5 52 12 

13 15 60 0.5 52 14 

14 15 40 4 53 16 

15 15 rt 8.5 47 14 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), and 

Cu(OAc)2 in DCE (1.0 mL) at temp. bYield determined by 19F NMR spectroscopy with 

1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 

With the catalyst loading decided, we moved on to screening copper catalysts 

(Table 67). As with the previous screen, all catalysts gave nearly identical yields of both 
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1,2 and 1,4-addition products, with the exception of carbene IprCuCl (entry 10). Without 

any differentiating factor, we elected to continue with Cu(OAc)2. 

Table 67. Copper Catalyst Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry 
Cu cat. 

(1 mol %) 

time 

(h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 Cu(OTf)2 0.5 48 19 

2 [Cu(OTf)]2∙PhMe 0.5 49 18 

3 Cu(OAc)2 0.5 49 18 

4 CuOAc 0.5 48 19 

5 CuCl2 0.5 51 22 

6 CuCl 0.5 52 21 

7 Cu(eh)2 0.5 51 19 

8 Cu(acac)2 0.5 51 18 

9 Cu(MeCN)4∙BF4 0.5 51 19 

10 IprCuCl 0.5 0 0 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), and Cu 

catalyst (1 mol %) in DCE (1.0 mL) at 80 °C. bYield determined by 19F NMR spectroscopy 

with 1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 

We then looked at adding ligands to the reaction (Table 68). While most ligands 

showed no difference over the no ligand case, bipyridine and 1,10-phenathroline 

severely reduced the yield (entries 2–3). 
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Table 68. Ligand Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry 
ligand 

(mol %) 

time 

(h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 Pyr (2) 0.5 51 19 

2 Bpy (1) 0.5 9 2 

3 Phen (1) 0.5 10 1 

4 DMEDA (1) 0.5 49 16 

5 XPhos (1) 0.5 49 21 

6 BINAP (1) 0.5 49 20 

7 Xantphos (1) 0.5 51 18 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), Cu(OAc)2 

(1 mol %), and Ligand in DCE (1.0 mL) at 80 °C. bYield determined by 19F NMR 

spectroscopy with 1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 

We next looked at solvent effects (Table 69), first at 80 °C. Nonpolar solvents 

(entries 1–4) gave similar yields, while MeCN showed a decrease in yield (entry 5) and 

polar solvents produced no product (entries 6–7). Excitingly, DME showed a reduction 

of the 1,4-addition product (entry 2), so we examined more ether solvents (we now took 

advantage of our previous knowledge to reduce the temperature and access more ether 

solvents). While all ether solvents gave good yields and regioselectivity (entries 8–12), 2-

MeTHF offered the best ratio of regioselectivity (entry 10). 
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Table 69. Solvent Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry solvent 
temp 

(°C) 

time 

(h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 DCE 80 0.5 49 17 

2 DME 80 0.5 52 4 

3 PhCF3 80 0.5 49 17 

4 PhMe 80 0.5 47 16 

5 MeCN 80 1.5 35 1 

6 DMF 80 22 0 0 

7 CF3CH2OH 80 0.5 0 0 

8 MTBE 60 1.5 64 6 

9 THF 60 3 57 6 

10 2-MeTHF 60 1.5 56 2 

11 DME 60 7 55 4 

12 dioxane 60 1.5 60 4 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), and 

Cu(OAc)2 (1 mol %) in solvent (1.0 mL) at temp. bYield determined by 19F NMR 

spectroscopy with 1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 

Due to issues with compatibility of alternate acids with 2-MeTHF (see Table 53), 

we wanted to examine if additives could also overcome the regioselectivity issues (Table 

70). In the initial screen (entries 1–9), diisopropylethylamine (DIPEA) gave a good yield 

with almost no 1,4-product (entry 3). Accordingly, we further investigated organic bases 

(entries 10–19). While most showed good selectivity, diisopropylamine (DIPA) showed 

the best yield to selectivity (entry 13). 
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Table 70. Additive Screen for the Intermolecular Diene Amino Oxygenation.a 

 

entry 
additive 

(1 equiv) 

time 

(h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 2,6-lutidine 24 46 4 

2 DBU 24 0 0 

3 DIPEA 24 50 1 

4 K2CO3 1.0 50 18 

5 Cs2CO3 1.0 20 2 

6 MsOH 1.0 8 0 

7 HCO2H 2.5 29 21 

8 PPTS 1.0 14 10 

9 NaH2PO4 1.0 51 20 

10 NEt3 6 58 5 

11 DABCO 6 29 2 

12 DMIPA 6 55 5 

13 DIPA 6 61 4 

14 Et2NH 5 61 6 

15 Bn2NH 5 55 4 

16 Morpholine 5 41 4 

17 BnMeNH 5 45 3 

18 t-BuNH2 5 56 6 

19 Ph3CNH 5 46 5 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), Cu(OAc)2 

(1 mol %), and additive (1.0 equiv) in DCE (1.0 mL) at 60 °C. bYield determined by 19F 

NMR spectroscopy with 1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 

We then looked at the equivalents of DIPA in the reaction (Table 71). Using sub-

stoichiometric amounts showed worse selectivity (entries 1–2), while using more than 1 
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equivalent resulted in decreased yields. Accordingly, we considered 1 equivalent of 

DIPA in DCE as an alternate regioselective procedure (see Table 53). 

Table 71. DIPA Equivalents Screen for the Intermolecular Diene Amino 

Oxygenation.a 

 

entry 
DIPA 

(equiv) 

time 

(h) 

333 (%)b 

(1,2) 

334 (%)b 

(1,4) 

1 0.1 2 54 17 

2 0.5 2 54 12 

3 1.0 4 60 6 

4 1.5 4 46 2 

5 2.0 24 37 0 

6 3.0 24 5 0 

aReaction Conditions: 271 (2.0 equiv), 332 (3.0 equiv), 2 (1.0 equiv, 0.2 mmol), Cu(OAc)2 

(1 mol %), and additive (1.0 equiv) in DCE (1.0 mL) at 60 °C. bYield determined by 19F 

NMR spectroscopy with 1,2,4,5-tetrafluorobenzene as a quantitative internal standard. 
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5. Conclusions 

In summary, we successfully developed a novel, copper-catalyzed amino-

initiation platform for incorporating electron-rich amino groups and a wide variety of 

oxygen sources, in both an intra- and intermolecular fashion (Scheme 87). The reaction 

relies on an amino-initiated reaction to generate an internal, carbon-centered radical 

which has been shown through radical clock studies as well as radical scavenger 

trapping. 

Scheme 87. General Scheme for Copper-Catalyzed Amino Oxygenation of Alkenes 

and Dienes: A Novel Amino-Initiation Pathway Using O-Benzoylhydroxylamines 

 

5.1 Summary of Results for the Copper-Catalyzed Amino 
Oxygenation of Alkenes and Dienes 

For the intramolecular amino oxygenation, we were successful in generating 

oxygen trapping by a variety of chalcogen species including carboxylic acids, alcohols, 

amides, 1,3-diones, oximes, and thioic acids as nucleophilic trapping sources (Scheme 

88). The reactions were tolerant of a number of substitutions on these tethered scaffolds, 

including both aromatic and aliphatic backbones as well as substitutions at both the α 
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and β positions on the alkene. These reactions also incorporated a variety of tertiary 

amines and were particularly effective with piperidine scaffolds. Furthermore, this 

protocol was shown to practical for multi-step syntheses, including the purification-free 

oxidation of secondary amines with subsequent use in the alkene amino oxygenation 

reaction as a crude material.  

For the carboxylic acid nucleophile, we were also successful in developing an 

intermolecular amino oxygenation of alkenes and dienes. This three-component reaction 

allowed for the separation of the alkene and carboxylic acid for a more modular 

approach. This method was also compatible with 1,2-disubstituted alkenes, but suffered 

from poor yields with 1,1-disubstituted alkenes. For the alkene method, more acidic 

acids provided better yields than less acidic substrates. In the diene method, a range of 

substitutions were tolerated on a 1,3-butadiene scaffold and acids with a range of pKa 

values were incorporated with similar efficiency. 
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Scheme 88. Summary of Alkene Amino Oxygenation Using Copper Catalysts and O-

benzoylhydroxylamines. 

 

   

5.2 Future Directions 

From this copper-catalyzed amino-initiated platform, we envision a range of 

additional nucleophiles could be incorporated. However, the biggest hurdle to such 

methods is discovering nucleophiles that are compatibile with the radical/Cu(III) 

intermediate and do not react directly with the electrophilic amine source. 
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Scheme 89. Extention of the Amino-Initiated Method to Additional Nucleophiles 

 

The second main direction for future work is further development of the 

asymmetric amino oxygenation reaction (Scheme 90). While an extensive amount of 

work was devoted to development of the asymmetric amino lactonization (see Chapter 

2.3), there is still a number of aspects we have not investigated. Furthermore, we would 

like to devote more effort to investigating other oxygen sources for compatibility in an 

asymmetric reaction. 

Scheme 90. Asymmetric Amino Oxygenation 
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