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Abstract

The Curtius rearrangement is a classic, powerful method for converting carboxylic acids into 

protected amines, but its widespread use is impeded by safety issues (the need to handle azides). 

We have developed an alternative to the Curtius rearrangement that employs a copper catalyst in 

combination with blue-LED irradiation to achieve the decarboxylative coupling of aliphatic 

carboxylic acid derivatives (specifically, readily available N-hydroxyphthalimide esters) to afford 

protected amines under mild conditions. This C–N bond-forming process is compatible with a 

wide array of functional groups, including an alcohol, aldehyde, epoxide, indole, nitroalkane, and 

sulfide. Control reactions and mechanistic studies are consistent with the hypothesis that copper 

species are engaged in both the photochemistry and the key bond-forming step, which occurs 

through out-of-cage coupling of an alkyl radical.

TOC graphic

Due in part to the bioactivity of many amines,1 the construction of N–alkyl bonds is an 

important objective in organic synthesis; thus, processes such as reductive amination are 
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among the most widely used reactions in the pharmaceutical industry.2 The Curtius 

rearrangement of acyl azides3 is a powerful method for the generation of amines from 

carboxylic acids (eq 1),4 which are a class of readily available compounds that have received 

a great deal of recent interest as feedstock starting materials for synthesis.5 However, safety 

concerns associated with azides are an impediment to the use of the Curtius rearrangement, 

leading to the pursuit of strategies such as flow chemistry in order to enable applications of 

this important transformation while mitigating potential hazards.6

(1)

N-Hydroxyphthalimide (NHP) esters, which are readily prepared from carboxylic acids, 

have recently been intensively investigated as precursors to organic radicals, which then 

engage in intermolecular coupling reactions with a wide array of synthetically useful 

partners (eq 2).7,8,9 In these processes, the phthalimide unit of the original NHP ester 

becomes part of the waste stream.

(2)

We have recently described a variety of photoinduced, copper-catalyzed coupling reactions 

that we believe are initiated by electron transfer to an electrophile to generate an organic 

radical, which then engages in copper-mediated bond formation with an added 

nucleophile.10,11,12 We became interested in expanding this approach to the development of 

an alternative to the Curtius rearrangement wherein NHP esters are employed as substrates 

(eq 3); this strategy has the attractive features of avoiding the use of azides and of efficiently 
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utilizing the phthalimide of the NHP ester as the source of a protected amine.13,14 In this 

report, we describe the achievement of this objective.15,16

(3)

Thus, irradiation with blue LED lamps of a solution of the illustrated NHP ester in the 

presence of 10 mol% CuCN, 5 mol% 2,9-dimethyl-1,10-phenanthroline (dmp; neocuproine), 

and 15 mol% xantphos in 1,2-dichloroethane at 5–10 °C furnishes the desired protected 

amine in 77% yield (Table 1, entry 1). Control experiments establish the importance of light, 

CuCN, dmp, and xantphos for efficient C–N bond formation (entries 2–6). The coupling is 

sensitive to water (0.1 equiv; entry 7), but not to air (entry 8). If the NHP ester is heated, 

irradiated alone, irradiated in the presence of commonly employed ruthenium and iridium 

photoredox catalysts, or treated with a nickel catalyst,9a decarboxylative coupling is not 

observed (eq 4).17

This photoinduced, copper-catalyzed decarboxylative C–N coupling can be applied to a 

range of NHP esters. Table 2 provides examples wherein the R group is a primary alkyl 

substituent. Although the efficiency of the process is impacted by the size of the substituent 

(entries 1–4), a reasonable yield is obtained even when R = neopentyl (entry 4). A wide 

variety of functional groups, including an olefin, ether, aryl bromide, aryl iodide, alkyl 

chloride, alkyl bromide, ester, ketone, carbamate, and thiophene, are compatible with the 

reaction conditions (entries 5–14). The method can be applied to a more complex structure 

(entry 15).

(4)

Decarboxylative amination can be achieved under the same conditions when the R group of 

the NHP ester is a secondary alkyl substituent (Table 3). Although C–N bond formation 

proceeds in modest yield if the group is acyclic (entry 1), improved efficiency is observed if 

it is cyclic (entries 2–7). The substrate can bear functional groups such as an olefin, alkyl 
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fluoride, and ether (entries 5–7). The product of the coupling depicted in entry 3 can be 

isolated in comparable yield (60%) in a gram-scale reaction.18

We have further examined the functional-group tolerance of this new method by conducting 

a reaction in the presence of various additives (Table 4). We have determined that the 

presence of an alkene, alkyne, alkylboronate ester, indole, nitrile, aldehyde, benzofuran, 

epoxide, nitroalkane, secondary alcohol, tertiary amide, aryl tosylate, aryl triflate, or sulfide 

has essentially no impact on C–N bond formation, and that the additive can be recovered 

virtually quantitatively at the end of the reaction (≥90% yield). On the other hand, C–N bond 

formation is impeded by the presence of a primary amine or an alkylthiol.

An outline of a possible pathway for this photoinduced, copper-catalyzed decarboxylative 

C–N coupling is outlined in Figure 1, involving a sequence of: photoexcitation of a copper(I) 

complex;19,20 electron transfer by the excited copper(I) complex to the NHP ester to form a 

copper(II) complex and the radical anion of the NHP ester, which successively fragments to 

produce the phthalimide anion (which binds to copper), CO2, and R•; recombination of R• 

and a copper(II)–phthalimide complex to afford the coupling product and regenerate a 

copper(I) complex.11,21,22 According to this mechanism, copper species are engaged in both 

the photochemistry and in the key bond-forming step.23 Although a number of photoinduced 

coupling reactions of NHP esters have been described,7,8,13 to the best of our knowledge this 

would be the first wherein a copper complex likely serves as the light absorber.24

Various observations (Table 1 and eq 4) are consistent with the mechanistic hypothesis 

outlined in Figure 1; for example, in the absence of CuCN, the NHP ester does not react to a 

significant extent (>90% recovery; entry 4 of Table 1). The blue LED lamps used in this 

study do not emit at wavelengths less than 380 nm, whereas CuCN, dmp, the NHP ester, and 

xantphos do not individually absorb appreciably at wavelengths greater than 380 nm (Figure 

2). In contrast, the combination of CuCN, dmp, and xantphos does absorb in the range from 

380–460 nm (Figure 2),19 and the resulting emission can be quenched by the addition of the 

NHP ester.

The loss of CO2 from a carboxyl radical occurs with a rate constant of ~2–7 × 109 s−1 (R = 

ethyl or isopropyl in MeOH at 20 °C),25 which is similar to typical rate constants for 

diffusion (generally >108 s−1).26 In order to gain insight into whether escape of the reactants 

from the solvent cage occurs prior to C–N bond formation, we have conducted crossover 

experiments (Figures 3a and 3b) and a trapping experiment with TEMPO (Figure 3c); our 

observations of crossover and of trapping by TEMPO are consistent with cage escape. 

Furthermore, we have carried out radical-clock studies that indicate that, once R• is formed, 

it undergoes coupling more slowly than the illustrated ring-opening and ring-forming 

reactions (Figures 3d and 3e).27,28,29,30

In conclusion, we have developed a photoinduced, copper- catalyzed decarboxylative C–N 

coupling that, by achieving the overall conversion of an aliphatic carboxylic acid to a 

protected amine, provides an alternative to the Curtius rearrangement that avoids the use of 

hazardous azides. The reaction proceeds under mild conditions (5–10 °C; blue LED) with a 

catalyst derived from commercially available components (CuCN, dmp, and xantphos) and 
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is compatible with a very wide array of functional groups (e.g., an alcohol, aldehyde, indole, 

nitroalkane, and sulfide); in contrast, the Curtius rearrangement typically involves heating to 

≥80 °C and generates a reactive isocyanate intermediate. We suggest a possible mechanism 

wherein copper plays a key role both in the photochemical step and in C–N coupling, and 

we present experiments that are consistent with the formation of radical intermediates that 

escape from the solvent cage prior to C–N bond formation. Our current efforts are directed 

at continuing to expand the scope of photoinduced, copper-catalyzed coupling reactions, 

including developing enantioconvergent processes of racemic substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Outline of a possible pathway for photoinduced, copper-catalyzed decarboxylative C–N 

coupling (phth = phthalimidate).21
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Figure 2. 
Absorption spectra in ClCH2CH2Cl of: (A) CuCN; (B) dmp; (C) NHP ester (R = 

CH2CH2Cy); (D) xantphos; (E) CuCN:dmp:xantphos (2:1:3) (reaction mixture without the 

NHP ester); (F) reaction mixture; (G) [Cu(dmp)2]PF6 (not observed in the reaction mixture).
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Figure 3. 
Photoinduced, copper-catalyzed decarboxylative C–N coupling: Mechanistic studies.
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Table 1

Photoinduced, Copper-Catalyzed Decarboxylative C–N Coupling: Effect of Reaction Parameters.

entry variation from the "standard" conditions yield (%)a

1 none 77

2 no light <1b

3 no light, 80 °C <1b

4 no CuCN <1b

5 no dmp <1b

6 no xantphos <1b

7 H2O (0.1 equiv) 7

8 capped vial under air 76

a
The yield was determined through GC analysis with the aid of a calibrated internal standard (average of two experiments).

b
Recovered starting material: >90%.
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Table 4

Photoinduced, Copper-Catalyzed Decarboxylative C–N Coupling: Functional-Group Tolerance.
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