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Abstract

This Perspective describes the development of a family of copper(II)-catalyzed alkene 

difunctionalization reactions that enable stereoselective addition of amine derivatives and alcohols 

onto pendant unactivated alkenes to provide a range of valuable saturated nitrogen and oxygen 

heterocycles. 2-Vinylanilines and related substrates undergo alternative oxidative amination or 

allylic amination pathways, and these reactions will also be discussed. The involvement of both 

polar and radical steps in the reaction mechanisms have been implicated. Major product formation 

is a function of the lowest energy pathway, which in turn is a function of structural aspects of the 

various reaction components.

Graphical Abstract

INTRODUCTION

Chiral saturated heterocycles are ubiquitous in nature and frequently found in small 

molecule therapeutics.1–3 Saturated heterocycles can enhance water solubility, provide 

conformational restriction, and provide points of H-bonding interaction with target 

biomolecules without increasing the number of aromatic rings, which some studies have 

shown should be minimized in lead compounds.4 Numerous strategies have been developed 

for de novo saturated nitrogen and oxygen heterocycle synthesis. One such strategy involves 

cyclization of amine derivatives and alcohols onto pendant alkenes. While such nucleophiles 

and electron-deficient α,β-unsaturated alkenes are natural coupling partners that have 
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historically enjoyed facile and even spontaneous cyclization,5 cyclization of nucleophiles 

onto unactivated alkenes is not a spontaneous process. The latter process is attractive as it 

brings together simple, stable, easily installed, and ubiquitous functional groups. The 

bringing together of these electron-rich moieties, however, often requires application of π-

activating electrophiles: halogens,6,7 protons,8,9 or transition metals.10,11 Significant 

progress has been made in each these areas. This Perspective will focus on copper-catalyzed 

cyclizations in particular.12 Transition-metal catalysis in general enables a broader range of 

transformations. and copper(II) catalysis in particular enables versatile reactivity that 

employs both polar and radical mechanisms, providing a powerful range of bond formations. 

The Earth abundance of copper, together with its versatile reactivity, facile access to 

oxidations states I–III, and excellent ligand coordination for tuning chirality and reactivity 

make it an excellent choice as catalyst.13

CONCEPTION

One of the key concerns in transition-metal-catalyzed alkene difunctionalization involves 

avoidance of competing β-hydride elimination, a process that tends to provide the Wacker 

and aza-Wacker products (Scheme 1a).14–16 When metals react primarily via two-electron 

mechanisms (e.g., often for [Pd], [Ni], and [Au]), alkene difunctionalization involves using 

ligands that prohibit β-hydride elimination,17 oxidants that oxidize the metal center,18–20 

substrate chelation for conformational restriction21 or a comparatively higher reductive 

elimination rate.22 An alternative strategy involves application of paramagnetic transition 

metals. Alkene additions catalyzed by these metals result in transient alkyl radicals that can 

then engage in bond formations with radical acceptors or become oxidized to carbocations 

that then undergo reaction with nucleophiles (Scheme 1b). Cobalt(III),23–26 iron(III),27 and 

copper(II) (vide infra) have all demonstrated this propensity.28 A stoichiometric oxidant to 

turn over the catalyst is required to perform these net oxidative reactions.

For copper, hints of these mechanistic possibilities can be found in the early organometallic 

literature, in particular, reactions of copper(I) and copper(II) salts with alkyl radicals and the 

respective decompositions of the corresponding organocopper intermediates. While 

elimination to give the alkene is always a possibility,29 alternative reactivity such as C–C 

and C–O bond formation was also shown to be possible.30–32

An important concern in transition-metal-catalyzed alkene difunctionalization involves 

control of absolute stereochemistry. Thus, in our work, coordination with chiral ligands to 

direct the initial aminocupration or oxycupration step was seen as essential. Fortuitously, 

ligands developed for copper’s application in asymmetric catalysis with polar alkenes and 

carbonyls33 were readily translated to the intramolecular difunctionalization of unactivated 

alkenes (vide infra). Herein is an account of the discovery and development of a family of 

reactions where polar copper-catalyzed additions of amine derivatives and alcohols to 

unactivated alkenes is followed by C–[Cu(II)] homolysis and additions of the resulting alkyl 

radical to various radical acceptors.
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RESULTS

Discovery of the Copper(II)-Promoted Carboamination and Aminooxygenation of Alkenes

Prior to our work in the area, reactions involving aminocupration and oxycupration of 

unactivated alkenes with copper(II) complexes had not been reported. The first reaction 

discovered was the Cu(OAc)2-promoted doubly intramolecular carboamination of N-tosyl-2-

allylanilines, providing sultams (Scheme 2a).34 At the time of its publication, we were 

uncertain whether the reaction initiated with oxidation of the sulfonamide to an amidyl 

radical or if it initiated with an aminocupration across the double bond (further mechanistic 

analysis will be discussed, vide infra). The copper-promoted aminooxygenation reaction was 

the second reaction in this class to be discovered and developed. The (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) derived aminooxygenation reaction was initially 

put forth as a probe to detect the presence of a primary carbon radical intermediate 

hypothesized to be involved in the related carboamination reaction (Scheme 2b).35

We recognized the potential utility of the aminooxygenation and expanded to it to include 

pyrrolidine synthesis. The cyclization of 4-pentenylsulfonamides worked best with the 

organic soluble copper(2-ethylhexanoate)2 (1.5 equiv) in xylenes, which could facilitate 

higher reaction temperatures when required (Scheme 3).36 2,5-cis-Pyrrolidines were 

generally favored with α-substituted 4-pentenylsulfonamides (Scheme 3a) except when the 

α-substituent and N-substituent were directly bonded to one another (Scheme 3b). In the 

latter case, selectivity for the 2,5-trans-pyrrolidine was observed. By applying a rationale 

based on empirical results, we proposed the selectivity pattern could emerge from cyclic 

transition states involving cis-aminocupration across the alkene (vide infra). To minimize 

steric interactions, the α- and N-substituents adopt a transdiaxial relationship when not 

directly connected. This reaction was applied to the formal synthesis of the ant pheromone 

(+)-monomorine (Scheme 3a). Oxidation of the TEMPO-adduct with m-CPBA provided the 

corresponding aldehyde that had previously been converted to (+)-monomorine by Backvall.
37,38

Copper(II) Carboxylate Promoted Mechanism Analysis

Although the stereoselectivity and the empirical reactivity trends we observed were helpful 

in forming a mechanistic framework for these reactions (involvement of radicals, cyclic, 

chairlike transition states), given the relative novelty of this reaction class, we pursued a 

more detailed mechanistic analysis. We explored the mechanism of the copper(II) 

carboxylate promoted alkene aminooxygenation using kinetic isotope effects, isotopic 

labeling, reaction kinetics, electron paramagnetic resonance (EPR) spectroscopy, and 

molecular modeling.39 Reaction kinetics were performed on the N-tosyl-2-allylaniline 

substrate for the copper(2-ethylhexanoate)2-promoted aminooxygenation reaction. In order 

for all reagents to be soluble for greater certainty of reaction concentrations, Cs2CO3, the 

base heretofore most frequently used in these reactions, was replaced with Bu4NOAc 

(Scheme 4). The reaction kinetics with respect to Bu4NOAc, copper(2-ethyl-hexanoate)2, N-

tosyl-2-allylaniline (abbreviated R2NH), and TEMPO were examined. Early on in these 

studies, we observed that the rate of the reaction was affected by the concentration of base 

such that a peak in rate was observed around a 2:1 [Cu]/Bu4NOAc ratio, followed by a 
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decrease in rate at higher base concentration. The effect of base (AcO–) on the copper 

species was further examined by UV–vis spectroscopy. We observed a change in the UV–vis 

spectra that could be interpreted to be a change in the copper species from dimeric to 

monomeric. We thus interpreted that the base serves as a ligand to break up the copper(II) 

carboxylate dimer to its more active monomeric species. All subsequent kinetic experiments 

for this reaction were performed with this 2:1 [Cu]/Bu4NOAc ratio.

We found the reaction to be 1/2 order in [Cu], 1/2 order in [R2NH], and zero order with 

respect to TEMPO (Scheme 4a). A secondary inverse kinetic isotope effect was observed 

with a labeled alkene substrate (Scheme 4b). This result indicates addition to the alkene is 

the rate-determining step. Although [R2N–Cu] could not be detected by EPR under the 

reaction conditions with Bu4NOAc, evidence for a productive [R2N–Cu] intermediate was 

obtained by independently synthesizing it [treatment with n-BuLi then copper(2-

ethylhexanoate)2] and observing the N–[Cu(II)] bond by EPR spectroscopy (Scheme 4c). 

Upon heating this intermediate in the presence of TEMPO, the aminooxygenation product 

was produced. The reaction was first order with respect to [R2N–Cu]. These data are 

consistent with addition of both amine and copper across the alkene via an inner-sphere cis-

aminocupration mechanism.

The mechanism most consistent with these data is illustrated in Scheme 5. The copper(II) 

carboxylate dimer, activated by –OAc, breaks into a monomeric species when it reacts with 

the N-tosyl-2-allylaniline. This intermediate undergoes rate-determining cis-aminocupration 

across the alkene. Homolysis of the C–Cu(II) bond forms the primary carbon radical that is 

rapidly trapped with TEMPO.

Fortuitously, the diastereoselective aminooxygenation reaction was easily rendered catalytic 

by employing an atmosphere of O2 (1 atm, balloon) (Scheme 6).40,41 High 2,5-

diastereoselectivity was observed when Cu(2-ethylhexanoate)2 (20 mol %) (conditions A) 

was applied as catalyst (Scheme 6a). Substitution at the β-position of the 4-

pentenylsulfonamide favored formation of the 2,4-cis-pyrrolidine, while substitution at the 

γ-position favored 2,3-trans diastereoselectivity (Scheme 6b). In some cases, the use of 

[Cu(bisoxazoline)](OTf)2 improved the reaction’s diastereoselectivity (conditions B, 

Scheme 6a).

A catalytic enantioselecitve aminooxygenation was also readily developed.42–44 

Sulfonamides demonstrated the most promising properties with respect to reactivity and 

enantioselectivity. On small scale (ca. 50 mg of substrate), N-tosyl-2-allylanilines can 

undergo the catalytic aminooxygenation reaction with only TEMPO (300 mol %) used as 

both oxygen source and stoichiometric oxidant (Scheme 7).42 [Cu(I)] + TEMPO• → 
[Cu(II)] + TEMPO–, can account for the copper turnover under anaerobic conditions. 

Enantioselective amino-oxygenation reactions performed on scales larger than ca. 50 mg do 

require O2 (1 atm, balloon) as do aminooxygenations of 4-pentenylsulfonamides (Scheme 

7a). N-Tosyl-2-allylanilines and 2,2-disubstituted 4-pentenylsulfonamides) reacted most 

efficiently in this reaction. While the (R,R)-Ph-box is an effective ligand for this reaction, 

the (4R,5S)-di-Ph-box ligand proved more effective with a broader substrate range (higher 

selectivity, higher reactivity), possibly due to enhanced catalyst solubility. Importantly, 
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limiting the amount of TEMPO to a near stoichiometric amount (1.2 equiv), reducing the 

reaction temperature to no more than 110 °C, and application of O2 atmosphere (1 atm, 

balloon) were all critical to obtaining the maximum yield of the aminooxygenation product 

when the reaction was run on larger scales (Scheme 7b). After extensive experimentation, it 

became apparent to us that at elevated temperature and higher TEMPO concentrations side 

reactivity such as TEMPO disproportionation could manifest, resulting in low percent 

conversion.

We found the mechanism of the enantioselective [Cu(R,R-Ph-box)](OTf)2-catalyzed 

aminooxygenation of N-tosyl-2-allylaniline in the presence of excess TEMPO and no O2 to 

be relatively straightforward.43 Since K2CO3 is largely insoluble in PhCH3, however, we 

sought a replacement. Unfortunately, when Bu4NOAc was applied no enantioselectivity was 

observed (Scheme 8). When no base was used, however, a good yield and enantioselectivity 

was observed. In retrospect, the reaction with TEMPO as sole oxidant should make an 

equivalent of TEMPO anion, which can serve as the base. (In reactions that involve both 

TEMPO and O2 we believe O2 oxidizes the TEMPO anion to TEMPO radical since O2 

alone is a poor oxidant for these [Cu(R,R)-Ph-box](OTf)2 catalyzed reactions.) This reaction 

was found to be first order in substrate, first order in catalyst, and zero order in TEMPO 

(Scheme 8a). An inverse kinetic isotope effect was observed with a deuteroalkene substrate. 

Taken together, these data are consistent with a rate-determining and enantiodetermining cis-

aminocupration transition state. The cis-aminocupration transition state is put forth in 

analogy to the copper(II) carboxylate process described above. A density functional theory 

calculation from the R2N–[Cu] intermediate to the lowest energy cis-aminocupration 

transition state A (chemdraw rendition) indicated the activation energy was 18.2 kcal/mol 

(Scheme 8a).45 The experimentally determined ΔG of the reaction was determined to be 32 

kcal/mol, where ΔH = 28 kcal/mol and ΔS = –11 cal/mol·K (reaction performed at 110 °C).
46 This indicates that steps before the cis-aminocupration also contribute to the overall ΔG of 

the reaction. The transition state leading to the minor enantiomer (chemdraw depiction TS-

B, Scheme 8b) was calculated to be 1.5 kcal/mol higher for the indoline series.45 A chairlike 

transition state (chemdraw depiction C) is more apparent in the formation of the pyrrolidine 

aminooxygenation product (Scheme 8c). Major transition state C (chemdraw rendition) was 

calculated to be 2.7 kcal/mol lower in energy than minor transition state D (Scheme 8c). In 

all of these transition states the copper(II) center adopts a distorted square planar geometry 

and the bulky sulfonamide avoids steric interactions with the ligand substituents.

When Less Is More

More recently, we explored the use of O2 as sole oxidant and oxygen source for the copper-

catalyzed aminooxygenation of 4-pentenylsulfonamides (Scheme 9).47 In this case, 

molecular oxygen traps the carbon radical directly and subsequent peroxyradical 

decomposition provides the aldehyde. Use of CuCl as catalyst is critical to the success of 

this reaction; other copper salts such as Cu(OTf)2 or Cu(2-ethylhexanoate)2 provided much 

lower conversion to the desired aldehyde. The diastereoselectivity observed in these 

reactions mirrors that observed in the reactions involving TEMPO trapping of the carbon 

radical (vide supra). While promising enantioselectivity (45% ee) was observed in one 

example (not shown), the enantioselective variant requires further optimization.47 It should 
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be noted that small amounts of aminochlorination and aminohydroxylation as well as 

lactams from over-oxidation are also formed.47

These copper-catalyzed aminooxygenation reactions are currently limited to the synthesis of 

five-membered rings. Substrates that could lead to six-membered ring products fail or give 

alternative products.

Carboaminations: Doubly Intramolecular or Inter-/ Intramolecular

Net addition of nitrogen-based and carbon-based moieties across an alkene can be defined as 

alkene carboamination. In the context of copper-catalyzed heterocycle synthesis, we have 

explored both doubly intramolecular48–51 and intra-/intermolecular52 carboamination 

approaches.

The enantioselective copper-catalyzed alkene difunctionalization was first developed in the 

synthesis of enantiomerically enriched sultams via doubly intramolecular alkene 

carboamination (Scheme 10).48 A ligand and oxidant screen led to the identification of 

(R,R)-Ph-Box and MnO2 as superior ligand and oxidant for this reaction. The oxidant is 

required to cycle [Cu(I)] back to [Cu(II)] and may also be involved in oxidation of the 

intermediate aryl radical. Use of Cu(OTf)2 resulted in enantiomerically enriched product, 

while Cu(OAc)2 did not. Oxygen was not an effective oxidant for the [Cu(R,R)-Box](OTf)2-

catalyzed carboamination. While pyrrolidines were formed in 80–94% enantiomeric excess, 

an indoline was produced in 46% ee. The six-membered tetrahydroisoquinoline was 

produced in 72% ee. This reaction was applied to the synthesis of (S)-(+)-2-

benzylpyrrolidine, an intermediate in the synthesis of a calcium-sensing receptor 

antagonist53 (Scheme 10), and to (S)-(+)-tylophorine, an anticancer alkaloid (not shown).
49,54

Benz[f ]indoles appear to be the easiest bicyclic heterocycles to form from doubly 

intramolecular carboamination.50 The cis-benz[f ]indole is formed from 3,3-dibenzyl-4-

pentenylsulfonamides irrespective of the presence of an N-arylsulfonyl group (Scheme 11a). 

3-Benzyl substrates substituted on the arene with either electron-donating or electron-

withdrawing groups were excellent substrates. While many of the reactions give 

straightforward arene addition products, 2-substituted arenes and the 4-CF3 arene gave 

regioisomeric mixtures that appear to be formed by ipso arene addition followed by 

differential C–C bond migration. Diastereoselective cyclization of a monobenzylated 

pentenylamine followed by N-desulfonylation and subsequent propylation provided a 5-

HT1A receptor antagonist (Scheme 11b).55

Formation of 6-azabicyclo[3.2.1]octanes appears to be the most challenging of the doubly 

intramolecular carboaminations as this reaction (Scheme 11a) does not occur when 

cyclization onto the sulfonylarene is a possibility (Scheme 10).51 When N-alkylsulfonyl-2-

aryl-4-pentenylamines are applied, enantioselective carboamination occurs smoothly to form 

variously substituted 6-azabicyclo[3.2.1]octanes (Scheme 11).51
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We have primarily employed arene radical acceptors in these doubly intramolecular 

carboaminations, but alkenes and alkynes are also good radical acceptors in these reactions 

and some such examples will be illustrated in subsequent sections.

Intra-/Intermolecular Carboamination

Catalytic enantioselective intra-/intermolecular alkene carboaminations were accomplished 

by cyclization of the sulfonamide onto the alkene via aminocupration followed by addition 

of the resulting primary carbon radical to exogenous alkene radical acceptors.56 1,1-

Diphenylethylene and related styrenes proved to be excellent radical acceptors. The resulting 

stabilized benzylic radical intermediates undergo oxidation (either MnO2 or [Cu] facilitated) 

to provide higher substituted alkenes in a net alkyl-Heck type bond formation (Scheme 12). 

Several enantioenriched indolines, pyrrolidines, and a tetrahydroisoquinoline were formed 

using this method (Scheme 12). When a vinylpivalate radical acceptor was used, a ketone-

functionalized pyrrolidine was obtained.

While the most reactive exogenous styrenes enabled the desired intermolecular radical 

addition over the competing intramolecular radical addition onto the pendant arylsulfonyl 

group, less reactive radical acceptors like benzofuran required use of the N-methanesulfonyl 

derivative to remove the possibility of intramolecular radical cyclization. A surprising effect 

on enantioselectivity was also observed: reaction of N-mesyl-2-allylaniline with 1,1-

diphenylethylene gave the carboamination adduct in 83% ee while the benzofuran adduct 

was obtained in 58% ee (Scheme 13). We rationalized this by envisioning N–C bond 

cleavage of the alkyl carbon radical intermediate to give an aminyl radical intermediate. Any 

subsequent ring closure of the resulting aminyl radical onto its alkene would give a racemic 

carbon radical, and this side reactivity would be evident in the product enantiomeric excess. 

The comparatively lower reactivity of benzofuran and likely the stability of the arylsulfonyl 

aminyl radical (vide infra) renders the N–C bond-cleavage pathway competitive.

The catalytic enantioselective intermolecular carboamination was applied to the concise 

synthesis of an N-sulfonylpyrrolidine 5-HT7 receptor antagonist (Scheme 14).57

Alkene Diamination

The catalytic diamination of alkenes has been one of the more challenging alkene 

difunctionalization reactions to invent.58 This is due to a requirement to design a reaction 

that brings three nucleophiles together (two amines and one alkene) which involves 

advances in oxidation strategy and consideration for potential catalyst poisoning. Significant 

advances in alkene diamination technology have been developed over the last 15 years. 

Many of the strategies are based on palladium catalysis.59–61 Our contribution, based on 

copper-facilitated cyclization/oxidative C–N bond formation, stands out as being one of the 

more diastereoselective processes.62,63 We have developed both copper-promoted and 

copper-catalyzed alkene diamination protocols. Some examples of copper(II) promoted 

intra-/intra- and intra-/intermolecular alkene diaminations are shown in Scheme 15. A 

reaction mechanism for α-benzyl-4-pentenyltosamide that accounts for the observed 2,5-cis-

pyrrolidine diastereoselectivity is shown in Scheme 15a. The best diamination conditions 

using this sulfonamide with aniline as exogenous amine involved use of 300 mol % of 
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copper(2-ethylhexanoate)2 as both reaction promoter and oxidant.64 This reaction provided a 

differentially protected vicinal diamine. Under similar conditions 7-membered ring 1,4-

benzodiazepinones can be formed (Scheme 15b).65 Although we have not yet developed a 

diamination that can employ electron-rich primary amines, a protocol employing sulfamide 

substrates can provide electron-rich vicinal diamines upon reduction (Scheme 15c).62,63 

Less reactive substrates undergo diamination more efficiently when organic soluble 

copper(II) carboxylates are used in nonpolar solvents. For example, six-membered rings are 

formed more efficiently when copper(neodecanoate)2 (sourced as a toluene solution) is used 

as promoter in 1,2-dichloroethane (DCE) (Scheme 15d).63 Copper(2-ethylhexanoate)2 was 

subsequently identified as a superior copper(II) carboxylate as it is sold which is easier to 

handle.

An isotopic labeling experiment indicated the second C–N bond formation occurs in 

stereorandom fashion, consistent with a transient carbon radical intermediate (Scheme 16). 

For the 4-pentenylsulfonamide the carbon radical does not appear to revert to an aminyl 

radical and regenerate the substrate since any substrate isolated from this partial conversion 

reaction still contained only E alkene geometry (Scheme 16).

Catalytic diaminations were conducted with N-sulfonyl-2-allylanilines and unsaturated 

hydroxylamine derivatives using sulfonamides as exogenous amines and MnO2 as the 

stoichiometric oxidant (Schemes 17 and 18).66,67 For the catalytic diastereoselective or 

racemic process, copper(2-ethylhexanoate)2 is the most efficient copper salt, MnO2 is the 

most efficient oxidant and the hindered pyridine, 2,6-di-tert-butyl-4-methylpyridine, is the 

most efficient base (this more soluble base reduces a hydroamination side product likely 

formed from proton-promoted cyclization). For N-sulfonyl-2-allylanilines, use of (t-BuO)2 

can be a lower yielding replacement for MnO2 and K2CO3 or Cs2CO3 can be replacements 

for the pyridine base in some instances (Scheme 17). Under the catalytic conditions, 

diamination of N-tosyl-2-allylaniline occurred with concomitant formation of 31% of the 

sultam side product. Substrates functionalized with the hindered 3,5-di-tert-butyl-4-

methoxyarylsulfonyl group or alkyl-sulfonamides could be used instead to discourage the 

carboamination pathway.

Sultam formation was not observed with hydroxylamine substrates, and Cbz-protected 

hydroxylamines also underwent the diamination reaction (Scheme 18). Carbamates are not 

commonly successful in these copper-promoted alkene difunctionalization reactions due to 

low reactivity and decomposition pathways at higher temperatures. The isoxazolidine N–O 

bond can be reduced to reveal the diamino alcohol product (Scheme 18).

Unsaturated hydroxylamine substrates react at lower temperatures (60–85 °C) than other 

unsaturated amine derivatives (typically 110–130 °C). Lower reaction temperature facilitated 

employment of a catalytic diamination with more electron-rich exogenous amines.67 

Electron-rich amines are susceptible to oxidation (to give imines, for example) by copper(II) 

salts at elevated temperatures.68 They can also contribute to catalyst poisoning. Use of the 

diethylsalicylamide ligand appeared helpful to prevent catalyst poisioning when piperidine 

was used as the exogenous amine (Scheme 19).
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Interestingly, reaction of a 1,1-disubstituted alkenylsulfonamide resulted in oxidative 

amination involving endo cyclization (Scheme 20). Since the same substrate underwent 

amino-oxygenation uneventfully (vide supra, Scheme 6), it seems probable in the case of the 

diamination reaction that the second C–N bond formation requires a higher energy path for 

this substrate. This leads to an alternative path, conversion of the primary carbon radical 

intermediate to an aminyl radical intermediate that can undergo endo cyclization on the 

alkene (Scheme 20). Subsequent copper-assisted oxidation of the resulting radical then 

provides the observed terminal alkene. (Oxidation of the carbon radical by copper(II) via an 

associative mechanism proposed by Kochi29 is more likely to give the terminal alkene than 

oxidation to the carbocation by MnO2 followed by elimination). This path is facilitated by 

the fact that the hydroxylamine radical could have greater stability due to resonance with the 

oxygen atom.

Our catalytic enantioselective intra/intermolecular alkene diamination employs [Cu(R,R)-

Ph-Box](OTf)2 as catalyst (Scheme 21).66 Although diamination catalysts based on 

Cu(OTf)2 gave poorer reactivity and are more prone to give sultam products from competing 

intramolecular carboamination than copper(2-ethylhexanoate)2 in the diastereoselective 

diaminations discussed above, when copper(2-ethylhexanoate)2 was complexed with (R,R)-

Ph-Box and applied in an enantioselective attempt, the product was racemic. Replacement of 

MnO2 with (t-BuO)2 also significantly diminished the enantioselectivity of the reaction. 

Unsaturated alkyl- and arylamines with arylsulfonyl groups provide the highest level of 

enantioselectivity, but substantial competing intramolecular carboamination occurs. 

Substrates bearing the hindered 3,5-di-tert-butyl-4-methoxyarylsulfonyl group provided the 

best balance of diamine yield and enantiomeric excess in these reactions. In addition to 

stoichiometric amounts of MnO2 (260 mol %), substoichiometric KMnO4 (8 mol % for 

anilines, 15 mol % for 4-pentenylamines) was added to improve the diamination/

carboamination ratio, presumably by increasing the rate of Cu(I) to Cu(II) oxidation as part 

of the catalyst turnover process, thereby increasing the rate of alkylcopper(III) formation 

required for the second C–N bond formation (for example, like in Scheme 15). Reactions 

run in 1,2-dichloroethane (DCE) provided a higher diamine to sultam ratio than reactions 

run in PhCF3, but the enantioselectivity for anilines was greater in PhCF3. The optimal 

solvent for reactions of N-sulfonyl-2-allylanilines was 1:1 DCE/PhCF3, while the optimal 

solvent for 4-pentenylsulfonamides was DCE. N-Tosyl-O-3-butenylhydroxylamine reacted 

with low enantioselectivity (11% ee).67 Under similar conditions, N-tosyl-4-pentenylureas 

were demonstrated to be good substrates for copper-catalyzed doubly intramolecular 

diamination by Zeng (an example is shown in Scheme 21).69

The arylsulfonyl group was readily removed from a diaminoindoline adduct by reduction 

with Mg in MeOH (Scheme 22).66

Catalytic Enantioselective Aminohalogenation

The enantiomerically enriched carbon radical intermediates formed in these reactions can 

also participate in atom-transfer reactions with halogen and hydrogen atom donors to enable 

net aminohalogenation70 and hydroamination71 reactions, respectively. For the 

enantioselective aminohalogenation, employment of a halogen-atom donor that would not 
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participate as a halonium-ion donor was critical to obtaining enantioenriched products. 

Isopropyl iodide was the simplest and most general halogen atom donor for this purpose 

(Scheme 23). Substrates with the highest rates of cyclization under the aminocupration 

conditions, monosubstituted terminal alkene bearing N-tosyl-2-allylanilines and N-tosyl-4-

pentenes, reacted with the highest levels of enantioselectivity (Scheme 23). An aniline-

derived substrate with a substituent ortho to the amine reacted with poor enantioselectiivty 

(in the aminooxygenation reaction such substrates were unreactive),42 which could be 

attributed to steric hindrance at the major enantiomer transitions state. Additional evidence 

for a competing background amino-halogenation became apparent with more challenging 

substrates (e.g., formation of a tertiary amine or 6-membered ring) which were also formed 

with much lower levels of enantioselectivity (Scheme 23). A tandem cyclization was 

achieved with a 3,3-diallyl-4-pentenylsulfonamide, and a bicyclic alkyl iodide was obtained 

in good yield, diastereoselectivity, and enantioselectivity (Scheme 23).

Hydroamination

1,4-Cyclohexadiene is an effective hydrogen atom donor for the enantioenriched carbon 

radical intermediates under the copper-catalyzed net hydroamination reaction conditions as 

long as the reaction temperature is below 120 °C.71 At 120 °C and higher the reactions 

become less efficient, likely due to direct oxidation of 1,4-cyclohexadiene by MnO2. 

Because of this limitation, the reaction is best for the more reactive N-sulfonyl-2-allylaniline 

substrates. Competing carboamination (which, based on isolated yield, occurs at 

approximately the same rate when the N-tosyl-2-allylaniniline is used) is discouraged by 

employing N-3,5-di-tert-butylphenyl-sulfonyl-2-allylaniline derivatives, although it was not 

completely eliminated (Scheme 24, hydroamination (HA):carboamination (CA) = 94:6). 

Competing background hydro-amination caused by adventitious acid sources was 

discouraged by use of the organic soluble base 2,6-di-tert-butyl-4-methylpyridine in place of 

K2CO3.

C–H Amination and Allylic Amination via Aminyl Radical Reactivity

Hints of aminyl radical reactivity have been noted in some of the above reactions (e.g., 

Scheme 20).67 Under these copper-catalyzed reaction conditions, aminyl radicals can be 

generated via (reversible) homolysis of the R2N–[Cu(II)] bond, oxidation of the amine by 

MnO2 and/or by reversible ring opening of a 2-methyl radical indoline or isoxazoline.72 

These are likely more favored to occur when the amine derivative’s oxidation potential is 

sufficiently low (e.g., below ca. 1.3 V). A summary of experimentally determined oxidation 

potentials of related amines determined by us73 and Dinnocenzo74 is shown in Scheme 25. 

Oxidation of the amines would form aminyl radical cations while homolysis of the R2N-

[Cu(II)] bond, the proposed path for “direct” formation of aminyl radicals under our reaction 

conditions, would form a neutral aminyl radical, so the systems are not identical. A 

correlation is most absent for BuONHTs where we did not detect the oxidation potential 

under the conditions we used (1 mM amine derivative in CH3CN), although we did observe 

hints of its amidyl radical reactivity (vide supra, Scheme 20). Perhaps the cationic 

[BuONHTs]•+, which would be formed by electrochemical oxidation, is much higher in 

energy than the neutral [BuONTs]• (oxygen’s electronegativity could destabilize the positive 

charge). The most notable trend is that N-phenyltosamide and N,N-diphenylamine are more 
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easily oxidized to their respective radical cations than N-butyltosamide, whose oxidation 

potential under these conditions could also not be detected. This trend appears to be 

reflected in the relative reactivity we observed in copper-catalyzed C–H amination of 

alkenes (vide infra, Schemes 26 and 27). Electron-donating substituents on the arene make 

the amine more easily oxidized while electron-withdrawing substituents on the arene make 

the amine less easily oxidized (Scheme 25).74

It appears that amine derivatives that form relatively stable neutral amidyl radicals such as 

ArNHSO2R → [ArNSO2R]• and perhaps RONHSO2R → [RONSO2R]• manifest in these 

reactions by either enabling reversible N–C bond formation (forward aminocupration, C–Cu 

homolysis then C–N bond cleavage to give the alkenyl aminyl radical, Scheme 25a), which 

can lead to either low observed enantioselectivity (e.g., Schemes 10 and 13, vide supra) or 

formation of the endo cyclization product (e.g., Scheme 20, vide supra), or by engaging in 

aminyl radical addition to alkenes that serve as excellent radical acceptors, resulting in net 

C–H amination (Scheme 26).72 These amidyl radicals appear to be electron-poor and to 

react faster with electron-rich styrenes. Related reactions of amidyl radicals with alkenes and 

alkanes have been reviewed.75,76 While sulfonamide-tethered terminal alkene substrates 

favor the exocyclization, primarily via cis-amino-cupration (supported additionally by the 

enantioselectivity, e.g., Schemes 12 and 21, vide supra), when an exceptionally good radical 

acceptor is added [e.g., (p-MeOC6H4)2CH═CH2] the amidyl radical reactivity can be 

observed (Scheme 26a). When the 2-allyl substituent is removed, N-sulfonylanilines engage 

efficiently and selectively in C–H amination and allylic amination reactions with 1,1-

disubstituted vinyl arenes (Scheme 26b). The proposed mechanism involves formation of the 

amidyl radical, addition of the amidyl radical to the alkene, oxidation of the resulting 

benzylic radical to a carbocation by MnO2, and elimination to the new alkene. Evidence for 

the carbon radical intermediate is provided by a radical clock substrate (Scheme 26c). 

Trapping of the radical with TEMPO or 1,4-cyclohexadiene, however, was not possible.

Interestingly, in the intermolecular C–H aminations with ArNHTs, product yield did not 

correlate strongly with the electronic nature of the para substituent on the aniline (Scheme 

26), indicating that factors other than oxidation potential are at play. These factors could 

involve rates of N–Cu(II) bond formation and number of N–Cu(II) bonds formed per 

[Cu(II)] (e.g., possible catalyst poisioning). Amines that did not work in this intermolecular 

reaction include alkylsulfonamides, Ph2NH and TsNH2.

Endoselective Intramolecular C–H Amination

Unsaturated amine derivatives containing 1,1-disubstituted or conjugated alkenes and an 

amine with a comparatively lower oxidation potential (ArNHSO2R, Ar2NH) or otherwise 

more stable neutral amidyl radical (e.g., RONHTs) can favor endoselective amidyl radical-

mediated cyclization [Scheme 27 and 20 (vide supra)].72 1,1-Disubstituted styrenes provide 

higher yields than monosubstituted styrenes; this argues against activation of the alkene by 

[Cu] since a metal typically prefers lower steric hindrance. 1,1-Diarylalkenes in particular 

are excellent radical acceptors. The less reactive cyclization of terminal alkene 2-

vinylaniline was best facilitated when the second amine substituent was the electron-rich p-

methoxybenzene (Scheme 27). Larger rings could be formed via this methodology (Scheme 

Chemler et al. Page 11

J Org Chem. Author manuscript; available in PMC 2018 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27a). An alkylsulfonamide did not undergo cyclization under these conditions. Evidence for 

a carbon radical intermediate was observed in the formation of a seven-membered ring 

where a hydroamination side product, presumed to emerge from H atom abstraction from 

toluene, was also obtained. When the solvent was changed to PhCF3, no hydroamination 

occurred (Scheme 27a). In all of these reactions, MnO2 (2.6 equiv) was used as terminal 

oxidant. We subsequently found that O2 (1 atm) could serve as terminal oxidant in the 

presence of catalytic amounts of TEMPO (Scheme 27b).77 This catalytic reaction worked 

for N-sulfonyl-and N-arylanilines but not for primary or N-alkylanilines. A peroxy-TEMPO 

adduct was isolated in this reaction (Scheme 27b). In a related report by Cheng, primary 2-

vinylanilines and N-alkyl-2-vinylanilines underwent Cu(OAc)2-promoted (200 mol % [Cu]) 

oxidative endo cyclization under air atmosphere (Scheme 27c).78 A protocol for [Co]/[Cu] 

co-catalyzed aerobic oxidative cyclization of 2-vinyl anilines and phenols has also been 

reported.79

Unsaturated Alcohol Derivatives

An analogous copper-catalyzed alkene carboetherification reaction was also developed. The 

reaction can occur via either a doubly intramolecular mode80 to create fused-ring and 

bridged-ring polycyclic ethers or an inter-/intramolecular mode6 to create predominantly 

(thus far) tetrahydrofuran derivatives (Scheme 28). While phenols are unreactive under our 

conditions, primary, secondary, and tertiary alkyl-substituted alcohols are all reactive in the 

copper-catalyzed cyclization. 2,2-Bis{[2-[4(S)-t-butyl-1,3-oxazolinyl]}propane [(S,S)-t-Bu-

Box] and 2,2-bis{[2-(4(S)-isopropyl-1,3-oxazolinyl]}propane [(S,S)-i-Pr-Box] proved to be 

the best ligands for the enantioselective carboetherifications.6 Tertiary alcohol substrates 

tend to give the highest levels of enantioselectivity (ca. > 95% ee), while primary alcohols 

give somewhat lower levels (ca. 80% ee) (Scheme 28a). Terminal monosubstituted, 1,1-

disubstituted, and 1,2-disubstituted alkenols are all good substrates for the 

carboetherification. 1,2-Disubstituted alkenols react with high enantioselectivity but give ca. 

1:1 diastereomeric mixtures, indicative of the carbon radical intermediate involved in the 

reaction mechanism (Scheme 28c). Variously substituted arenes undergo C–C bond forming 

C–H functionalization in the doubly intramolecular manifold (Scheme 28b). The ortho-

regioselectivity of the arene substitution provides evidence for a carbon radical addition 

mode (as opposed to aryl metalation which favors the less hindered para position). 

Reversible C–O bond formation appears to be possible if the C–C bond-forming step is 

comparatively higher in energy. This appears to be the case for the formation of an 

oxabicyclo[3.2.1]octane since the corresponding hydroetherification product, from reaction 

with 1,4-cyclohexadiene, is obtained with higher enantioselectivity than the 

carboetherification product (Scheme 28c).

In the intra-/intermolecular manifold, styrenes have proven to be excellent radical acceptors 

(Scheme 29). The alkene reactivity and mechanism of their addition is similar to the inter-/

intramolecular carboamination/alkyl-Heck type reactions discussed above (vide supra, 

Scheme 12).
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Absolute Stereochemistry

The cis-oxycupration transition state differs from the cis-aminocupration transition state in 

that the products are pseudoenantiomeric. The (R,R)-Ph-Box ligand favors formation of the 

(S)-carboamination product, while the (R)-carboetherification product if favored with the 

same ligand.6 The (S,S)-t-Bu-Box ligand favors formation of the (S)-carboetherification 

product (this ligand does not work well in the corresponding carboamination reaction). In 

these two reactions, the “large” group of the substrate switches. For the sulfonamide, the 

NSO2R group is larger than the alkene; for the alcohol, the alkene is larger than the alkoxy 

group. On the basis of DFT calculations, the aminocupration has a more square planar 

[Cu(II)] at the transition state, while the oxycupration has a more tetrahedral [Cu(II)] at the 

transition state. ChemDraw representations of these transition states are shown in Scheme 

30.

Oxyamination and Dioxygenation

Tetrahydrofurans and morpholines can be made with good diastereoselectivity via copper (2-

ethylhexanoate)2 promoted oxyamination using alkenols and exogenous amine derivatives 

(Scheme 31a).81 In the absence of exogenous amines, alkene dioxygenation occurs where an 

ester group from the copper(II) salt transfers to the carbon (Scheme 31b). Similar copper(II)-

promoted alkene dioxygenation can occur with allenyl alcohols to provide 

vinylcarboxytetrahydrofurans with good levels of diastereoselectivity (Scheme 31c).82 We 

hypothesized that the second C–N/C–O bond in these reactions is formed through reductive 

elimination of a copper(III) species.

SUMMARY

In summary, a range of heterocycle-forming reactions can be achieved when alkenols and 

alkenylamine derivatives are heated in the presence of copper(II) salts. Cis-oxycupration and 

cis-aminocupration are implicated in the addition/cyclizaton step with unactivated alkenes, 

and these tight transition states provide excellent diastereoselectivity, as well as 

enantioselectivity, when chiral [Cu(bisoxazoline)](OTf)2 complexes are applied. The copper-

catalyzed oxidative cyclizations require stoichiometric oxidants to turnover the catalyst; 

MnO2, O2, and TEMPO have thus far demonstrated the most generality for this function. 

The organocopper(II) intermediates can undergo reversible C–Cu(II) homolysis, and the 

carbon radical can react with additional Cu(II) to form organocopper(III) intermediates. The 

subsequent bond formation depends upon the reaction components: TEMPO, alkenes, and 

pendant arenes as well as an H atom donor (1,4-cyclohexadiene) and halogen atom donors 

(e.g., isopropyl iodide) favor reaction with the carbon radical (where relative rates = TEMPO 

> alkenes, 1,4-cyclohexadiene, i-PrI > arenes) to form C–H, C–C, and C–I/C–X bonds while 

the presence of exogenous amine nucleophiles as well as the use of stoichiometric copper(II) 

salts can favor reaction via organocopper(III) intermediates to form C–N and C–O bonds. 

The copper salt can also be critical for reactivity where CuCl is unique in favoring catalytic 

aminooxygenation with O2 as both oxidant and oxygen source. Substitution of the alkene 

also critically affects the reactivity: terminal alkyl-substituted alkenes favor exocyclization 

via aminocupration while 1,1-disubstituted vinyl arenes favor endo cyclization or 
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intermolecular oxidative amination via amidyl radical intermediates when a relatively stable 

amidyl radical can be formed.

CONCLUSION

The copper(II)-promoted and -catalyzed reactions developed in this program have good 

substrate scope and generally high levels of chemoselectivity and stereoselectivity. A strong 

driving force for reaction development has been mechanistic analysis, which has supported 

intentional reaction invention. An exciting aspect of this work, however, also involved the 

fortuitous discovery of new reactions found during mechanistic probes, scope extensions and 

process optimizations. Immediate future directions involve additional intra/intermolecular 

reaction development including aerobic processes and those designed for larger ring 

synthesis as well as development of more fully intermolecular reaction sequences83 using 

the reactivity concepts described in this Perspective and those yet to be developed.
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