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Abstract

Copper complexes catalyze a remarkably broad range of organic reactions that form carbon-

nitrogen bonds.

Copper complexes are used as catalysts in modern synthetic chemistry because of their low

cost, versatile reactivity, and broad tolerance for functional groups on substrates. Oxidation

states in copper complexes can range from Cu0 to CuIV, and the metal center can participate

in either two-electron or single-electron processes, sometimes both in the same catalytic

cycle (1– 6). This perspective highlights copper’s contribution to amination catalysis,

specifically the formation of carbon-nitrogen (C–N) bonds by coupling amines or amides

with aryl halides (ArX) and alkyl halides (Ullmann-Goldberg reaction), arenes and alkanes

[carbon-hydrogen (C–H) bond amination], or alkenes (oxidative amination,

aminooxygenation, carboamination, and diamination).

Formation of C–N bonds is one of the most common transformations in pharmaceutical

synthesis. The Ullmann-Goldberg reaction, which couples aryl halides with anilines and

amides (see the figure, panel A), has undergone extensive development since its initial

discovery in 1906 (4, 7). Initially, this reaction was performed with limited substrates at high

temperatures (~210°C) with elemental copper (>13 mol %). Subsequent work showed that

certain ligands and solvents (that can serve as ligands) substantially increase copper’s

catalytic activity and opened up a much broader substrate range. The reaction can be run at

moderate temperatures (23° to 130°C) and in most cases with lower catalyst loading (1 to 20

mol %).

The mechanism of the Ullmann-Goldberg reaction is thought to initiate with the formation

of an amido-copper(I) intermediate (see the figure, panel B) (8, 9) that reacts with aryl

halides. The resulting organocopper(III) intermediate undergoes reductive elimination to

form the C–N bond and regenerate the [CuI] catalyst (10). Mechanisms involving oxidative

addition into the Ar–X bond or single-electron transfer (SET), possibly via atom transfer,

have been proposed for this step. The former creates the organocopper(III) intermediate

directly, whereas the latter forms an aryl radical that can add to the resulting [CuII].

The SET mechanism can be favored if the reaction is promoted by light at temperatures

where the thermal reaction is not observed (11). Ultraviolet light excites an electron on the

copper(I) amide to a higher-energy state, which in turn reduces the aryl halide to an aryl

radical that combines with the resulting copper(II) amide to form a copper(III) intermediate.

This strategy was also used to couple amines and alkyl halides (12). Reaction temperatures
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can be reduced with these photoreactions, and the stereochemical outcome could be altered,

such as net retention of configuration at carbon instead of the usual inversion of

configuration (see the figure, panel C) (12). In this reaction, the stereochemistry of the alkyl

amine product is controlled by the chirality of the carbon adjacent to the halogenated carbon.

A chiral copper catalyst can be used to control the absolute stereochemistry in the thermal

Ullmann-Goldberg reaction manifold (see the figure, panel D) (13). The desymmetrization

of an achiral substrate that contains both amine and aryl halide components was achieved,

forming a chiral indoline. The researchers proposed that the enantioselectivity was

determined in the oxidative addition step (13).

Direct amination of a C–H bond bypasses the need for adding a halide to an existing

molecule. Oxygen gas is frequently used as an environmentally benign stoichiometric

oxidant in these reactions. At present, copper-catalyzed C–H aminations are limited to acidic

arenes (those functionalized with electron-withdrawing groups) and those functionalized

with directing groups usually adjacent (ortho) to the C–H bond (see the figure, panel E) (6,

10). Copper-catalyzed C–H aminations can occur either via two-electron or SET

mechanisms, depending largely upon the substrate’s structure and the oxidants and ligands

used. Copper-catalyzed intra- and intermolecular net C–H aminations of activated alkenes

(vinyl arenes) that involve nitrogen radical intermediates have also been reported (14).

The C–H amination of alkanes under oxidizing conditions (15) can occur and proceed either

as concerted, C–H insertion of copper nitrenes ([Cu]=NR), or cascades in which C–H atom

abstraction is followed by radical rebound processes. In both cases, weaker C–H bonds, such

as those adjacent to phenyl rings and alkenes, can be targeted (see the figure, panel F).

Asymmetric catalysis has been achieved in a few allylic amination cases; yields and

enantioselectivities are promising but moderate (yields up to 44%; enantioselectivities up to

70%) (16).

Copper catalysts enable the addition of amine nucleophiles to alkenes by acting as an

electrophile to accept π-bond electrons. Copper(II)-2,2′-isopropylidenebis[(4R,5S)-4,5-

diphenyl-2-oxazoline]ditriflate {[Cu(4R,5S)-bis-Ph-box](OTf)2} catalyzes intramolecular

additions of sulfonamides to terminal alkenes with concomitant addition of the stable

oxygen radical (2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO) (see the figure, panel G)

(17). The mechanism involves concerted intramolecular addition of R2N-[CuII] across the

alkene followed by C-[CuII] homolysis and subsequent carbon radical coupling with

TEMPO. A different ring-forming alkene amino-functionalization strategy involves

electrophilic addition of a chiral organocopper(III) complex (formed in situ by oxidation of a

chiral CuI complex with [Ph-I-Ph]AsF6) (where Ph is phenyl) to the electron-rich alkene of

an indole (see the figure, panel G) (18). Amine addition to the resulting iminium ion forms a

new C–N bond, and reductive elimination provides the chiral C–C bond.

Finally, diamination is one of the more sought-after alkene difunctionalization reactions, and

it can occur as an intermolecular copper-catalyzed reaction of dienes with diaziridinones

with complementary regioselectivity by either a two-electron or single-electron mechanism,

depending upon the ligands used (see the figure, panel H) (19). Oxidative addition of [CuI]
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into the diaziridinone gives a new [CuIII] species that can be in equilibrium with a [CuII]

species by Cu–N homolysis. Electrophilic addition of the copper(III) species to the alkene

occurs at the more electron-rich, internal alkene, generating the internal diamine. This

preference can be changed by addition of the bulky PCy3 (tricyclohexylphosphine) ligand,

which shifts the equilibrium to the copper(II)-aminyl radical species that favors addition to

the terminal alkene carbon.
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Figure 1. Copper catalysis of carbon-nitrogen bond formation
Examples and mechanistic details are shown for reactions that form amides from (A to D)

aryl and alkyl halides, and (E and F) activated C-H bonds. In (G), nucleophilic addition of

amine nucleophiles to alkenes is shown for aminooxygenation and carboamination. In (H),

an example of diamination in shown. Conditions in (D) were 10 mol % CuI, 20 mol % chiral

ligand, Cs2CO3, dioxane, room temperature (rt) for 10 hours (h). Conditions in (E) were 20

mol % copper(II) acetate, 1 atm O2. For the first example, p-toluenesulfonamide,

dimethylsulfoxide, 48 hours, 160°C were used, and for the other examples 4-NOC6H4NH2,

dimethylformamide, potassium tert-butoxide, TEMPO, 40° or 80°C, 24 hours were used.
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