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Abstract

We report the amination of aryl carbamates using nickel-catalysis. The methodology is broad in 

scope with respect to both coupling partners and delivers aminated products in synthetically useful 

yields. Computational studies provide the full catalytic cycle of this transformation, and suggest 

that reductive elimination is the rate-determining step. Given that carbamates are easy to prepare, 

robust, inert to Pd-catalysis, and useful for arene functionalization, these substrates are particularly 

attractive partners for use in synthesis. The sequential use of carbamate functionalization/site-

selective cross-coupling processes highlights the utility of this methodology.

Introduction

The discovery of methods for the assembly of carbon-nitrogen bonds continues to be an 

active area of research. Among the numerous tactics available for C–N bond formation, 

transition metal-catalyzed processes, led by Buchwald and Hartwig, have become some of 

the most widely used methods in chemical synthesis.1 Recent efforts have focused on the 

catalytic amination of phenol derivatives,2–5 as phenols are readily available, with certain 

analogs being ideally poised for the synthesis of poly-substituted arenes.6

One particularly attractive class of electrophilies is the N,N-dialkyl aryl O-carbamate (1, Fig. 

1). Features of these substrates include their ease of preparation,7 pronounced stability, and 

low reactivity toward Pd(0). Furthermore, aryl carbamates can be used for arene 

functionalization8 prior to a cross-coupling event, using either electrophilic aromatic 

substitution,9 directed o-metallation,10 or recently described Pd- or Ir-catalyzed methods.11

Although aryl carbamates have been employed in C–C bond forming processes (Fig. 1, 1 → 
2),12,13 their use in amination reactions (1 → 3), has been less explored. Specifically, during 

the course of our own studies, only a single example of carbamate amination was reported 

using the N,N-diethylcarbamate derivative of phenol.4 Considering the importance of 

transition metal-catalyzed amination reactions in modern synthetic chemistry,1 coupled with 

the salient features of carbamate electrophiles, we sought to develop a general method for 
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carbamate amination. In this manuscript, we report the broad scope of carbamate amination 

methodology, as well as a computational study of the full catalytic cycle. In addition, we 

demonstrate the value of these reaction partners for the synthesis of polysubstituted aryl 

amines using sequential carbamate functionalization/site-selective cross-coupling 

methodologies.

Results and discussion

Optimization and substrate scope

To initiate studies, we attempted the amination of diethylnaphthylcarbamates with 

morpholine under a variety of reaction conditions. Although Ni/PCy3-based conditions have 

been useful for achieving C–C bond formation, it was not possible to achieve amination 

using related procedures.14 After conducting an extensive survey of reaction parameters 

(e.g., nickel catalysts, ligands, solvents, bases, temperature, etc.) it was observed that 

combinations of Ni catalysts and N-heterocyclic carbene ligands promoted the desired 

amination. Our laboratory and Chatani’s have previously noted analogous findings in 

couplings of sulfa- mates and pivalates, respectively.4,5

We identified the use of catalytic Ni(cod)2, SIPr HCl (4),15 and NaOtBu, in dioxane at 80 °C 

as optimal reaction conditions for amination and investigated the carbamate substrate scope 

(Table 1).16,17 Naphthyl carbamates, which typically function well in the Suzuki-Miyaura 

coupling, were excellent substrates for the amination (entries 1 and 2). Non-fused aromatics 

were also tolerated by the methodology (entries 3–7). The electron-donating methoxy group 

(entry 4) and the electron-withdrawing trifluoromethyl group (entry 5) were suitable 

substrates. Methyl substituents at the para and meta positions were tolerated as well (entries 

6 and 7).

The feasibility of coupling o-substituted carbamates, in addition to heterocyclic substrates, 

was examined (Table 2).17 Of note, o-substituted aryl carbamates are readily accessible by 

functionalization of the parent carbamate (using directed metallation10 or transition metal-

catalyzed processes11), but have proven to be exceptionally challenging substrates in the 

recently discovered nickel-catalyzed Suzuki–Miyaura coupling.12 We were delighted to find 

that a range of o-substituted phenylcarbamates could be employed in our amination 

methodology.18 Carbon substituents were well-tolerated (entries 1 and 2), as were 

heteroatoms (entries 3–5). Furthermore, heterocyclic substrates containing indole or pyridine 

underwent coupling with morpholine under nickel catalysis (entries 6 and 7).

As shown in Table 3, a variety of amines can be employed in the carbamate amination.17,19 

Both cyclic and acyclic secondary amines were tolerated (entries 1–3), in addition to anilines 

(entries 4–6). Of note, use of the sterically congested 2, 6-dimethylaniline delivered the 

corresponding aminated product in 92% yield (entry 6). The methodology also allows for the 

coupling of amines with appended heterocycles (entries 7 and 8).

Computational studies

Although the mechanism of palladium-based aminations has been studied computationally,
20–22 no theoretical studies of nickel-catalyzed aminations have been reported. Furthermore, 
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computational studies involving unconventional phenol-based electrophiles (e.g., esters, 

carbamates, sulfamates) are rare and have only been examined in the context of C–C bond 

formation.23Accordingly, we conducted a DFT study of the nickel-catalyzed carbamate 

amination, using N,N-dimethylphenylcarbamate and dimethylamine as substrates.24

The results of this computational study are shown in Fig. 2 in the form of a Gibbs free 

energy diagram, which in turn, provides the full catalytic cycle for carbamate amination. 

Analogous to Pd-catalyzed amination, three fundamental steps occur: oxidative addition, 

deprotonation, and reductive elimination.25 Previous mechanistic and theoretical studies on 

similar Pd- and Ni-catalyzed reactions suggested that the oxidative addition initiates via 
monoligated η2 complex 5.21,26,27 The oxidative addition occurs through five-centered 

transition state TS6, in which the carbonyl oxygen in the carbamate is coordinated with Ni.
28 The electron-rich NHC ligand facilitates the oxidative addition, which requires only 5.7 

kcal mol–1 with respect to the η2 complex 5.29 Similar oxidative additions with phosphine 

ligands require much higher activation energies (ΔG‡ = 13.5 kcal mol–1 when PCy3 ligand is 

used).23b

The oxidative addition leads to a stable intermediate (phenyl) nickel(II) carbamate 

intermediate 7 (–32.5 kcal mol–1). Complex 7 undergoes ligand exchange with 

dimethylamine and tert-butoxide to liberate carbamate anion and form intermediate 8 (–18.4 

kcal mol–1). This ligand exchange process is endergonic, mainly due to entropic effects. The 

proton transfer from the coordinated amine to tert-butoxide (TS9) requires only 3.7 kcal 

mol–1 activation energy from complex 8.30 Subsequent dissociation of tert-butanol gives the 

(phenyl)(amino)nickel(II) complex 11 (–36.2 kcal mol–1). Reductive elimination then occurs 

through TS12 (–13.1 kcal mol–1), which affords the product complex 13 (–26.2 kcal mol–1). 

The reductive elimination from 11 to TS12 requires 23.1 kcal mol–1 and is the rate-limiting 

step in the catalytic cycle. Thus, the overall energy span31 of the catalytic cycle is 23.1 kcal 

mol–1, in agreement with the experimental observations that the amination reaction readily 

occurs under slightly elevated temperatures. The barrier for reductive elimination with the 

Ni(NHC) catalyst is much higher compared to that of Pd-phosphine catalysts.20b,22e 

Following the reductive elimination, the reactant complex 5 can be regenerated by ligand 

exchange from the product complex 13 to initiate another catalytic cycle. The whole 

catalytic cycle is exergonic by 19.4 kcal mol–1.32

Site-selective cross-couplings and synthetic applications

Fig. 3 highlights a series of experiments that were undertaken to explore carbamate directing 

group ability and the low reactivity of these substrates to conventional catalytic 

transformations. The key substrate for our studies, dihydroquinone derivative 14, was 

selected with the aim of simultaneously probing the reactivity of aryl sulfamates, which have 

also proven to be extremely useful electrophiles in nickel-catalyzed couplings. Lithiation/

bromination of substrate 14 provided trisubstituted arene 15. In accord with literature 

precedent by Snieckus,13f the lithiation proceeded selectively adjacent to the carbamate. 

Bromoarene 15 was subsequently employed in a series of C–C and C–heteroatom bond 

constructions. Pd-catalyzed arylation (15 → 17), alkylation (15 → 18), and amination (15 
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→ 19) proceeded smoothly, as did Cu-catalyzed C–N bond formation (15 → 16). In all 

cases, the sulfamate and carbamate were not disturbed.

Having demonstrated the robust nature of carbamates and sulfamates to a variety of 

conditions, we examined the subsequent cross-couplings of these functional groups (Fig. 4). 

o-Methylated derivative 18, prepared by either o-bromination/Stille coupling (see Fig. 3) or 

direct o-methylation of 14, was used in this study. We have found that the sulfamate of 18 is 

more reactive compared to the carbamate, and that high degrees of selectivity can be 

obtained in arylation.33 Suzuki–Miyaura coupling of 18 furnished carbamate 20 in 52% 

yield. Subsequently, carbamate 20 was employed in our nickel-catalyzed amination to 

furnish polysubstituted aryl amine 21. We expect that the ability to consecutively cross-

couple bromides, sulfamates, and carbamates will be useful in the synthesis of complex 

molecules.

Conclusions

In summary, we have found that aryl carbamates are excellent substrates for the nickel-

catalyzed amination reaction. The scope of the methodology is broad with respect to both 

coupling partners, and includes the coupling of electron-rich, heterocyclic, and sterically 

congested carbamates. DFT calculations reveal the full catalytic cycle of the nickel-

catalyzed carbamate amination and suggest that reductive elimination (23.1 kcal mol–1 

barrier) is the rate-determining step. Moreover, we have demonstrated that aryl carbamates 

are outstanding precursors for the synthesis of polysubstituted aryl amines using sequential 

carbamate functionalization/site-selective coupling processes. The use of this methodology 

in natural product synthesis will be reported in due course.
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Refer to Web version on PubMed Central for supplementary material.
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18 → 20 is likely heightened because of the carbamate’s ortho substituent.
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Fig. 1. 
Known C–C and proposed C–N bond formation reactions using aryl carbamates as 

substrates.
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Fig. 2. 
Gibbs free energy diagram of Ni-catalyzed amination of N,N-dimethylphenylcarbamate and 

dimethylamine. Energies are given in kcal mol–1.
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Fig. 3. 
Carbamate functionalization and low reactivity of carbamates and sulfamates toward 

conventional Pd- and Cu-catalyzed couplings.
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Fig. 4. 
Synthesis of polysubstituted arenes using sequential sulfamate/ carbamate couplings.
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Table 1

Amination of aryl carbamates with morpholine.
a

Entry Ar-OCONEt2 Product Yield
b

1 91%

2 92%

3 90%

4
c 74%

5 90%

6
d 77%

7 80%

a
Conditions unless otherwise stated: Ni(cod)2 (5 mol%), 4 (10 mol%), carbamate substrate (1 equiv), morpholine (1.2 equiv), NaOtBu (1.4 equiv), 

3 h.

b
Isolated yields.

c
Ni(cod)2 (15 mol%), 4 (30 mol%), morpholine (1.8 equiv), NaOtBu (2.2 equiv).

d
Ni(cod)2 (10 mol%), 4 (20 mol%).
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Table 2

Amination of o-substituted and heterocyclic carbamates.
a

Entry Ar-OCONEt2 Product Yield
b

1
c 65%

2
d 53%

3
e 61%

4
d 55%

5
f 84%

6
g 55%

7 78%

a
Conditions unless otherwise stated: Ni(cod)2 (5 mol%), 4 (10 mol%), carbamate substrate (1 equiv), morpholine (1.2 equiv), NaOtBu (1.4 equiv), 

3 h.

b
Isolated yields.

c
Ni(cod)2 (15 mol%), 4 (30 mol%), morpholine (1.8 equiv), NaOtBu (2.2 equiv).

d
Ni(cod)2 (15 mol%), 4 (30 mol%), morpholine (2.4 equiv), NaOtBu (2.2 equiv).

e
Ni(cod)2 (20 mol%), 4 (40 mol%), morpholine (1.2 equiv), NaOtBu (1.7 equiv), 120 °C.

f
Ni(cod)2 (10 mol%), 4 (20 mol%).
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g
Ni(cod)2 (20 mol%), 4 (40 mol%), morpholine (1.8 equiv), NaOtBu (2.2 equiv).
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Table 3

Amination of aryl carbamates with various amines.
a

Entry Amine Product Yield
b

1
c 96%

2 91%

3 86%

4
d 84%

5
d 70%
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Entry Amine Product Yield
b

6
e 92%

7
c 94%

8
c 93%

a
Conditions unless otherwise stated: Ni(cod)2 (5 mol%), 4 (10 mol%), carbamate substrate (1 equiv), amine (1.2 equiv), NaOtBu (1.4 equiv), 3 h.

b
Isolated yields.

c
Ni(cod)2 (10 mol%), 4 (20 mol%).

d
Ni(cod)2 (15 mol%), 4 (30 mol%), amine (1.8 equiv), NaOtBu (2.2 equiv).

e
Ni(cod)2 (15 mol%), 4 (30 mol%), amine (2.4 equiv), NaOtBu (2.2 equiv).
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