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Abstract

Arene amination is achieved by site-selective C–H zincation followed by copper-catalyzed 

coupling with O-benzoylhydroxylamines under mild conditions. Key to this success is ortho-

zincation mediated by lithium amido diethylzincate base that is effective for a wide range of 

arenes, including non-activated arenes bearing simple functionalities such as fluoride, chloride, 

ester, amide, ether, nitrile, and trifluoromethyl groups as well as heteroarenes including indole, 

thiophene, pyridine and isoquinoline. An analogous C–H azidation is also accomplished using 

azidoiodinane for direct introduction of a useful azide group onto a broad scope of arenes and 

heteroarenes. These new transformations offer rapid access to valuable, diverse chemical space of 

aminoarenes. Their broad applications in organic synthesis and drug discovery are demonstrated in 

the synthesis of novel analogs of natural product (–)-nicotine and antidepressant sertraline by late-

stage amination and azidation reactions.

TOC image

INTRODUCTION

Developing general and rapid access to diversely functionalized aminoarenes is important as 

they are highly valuable skeletons widely found in ligands, natural products and 

pharmaceuticals (Figure 1).1–2 Recent developments in direct C–H amination provide an 
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attractive strategy3 that streamlines the synthesis of aminoarenes without the need of 

prefunctionalization of arene precursors (Scheme 1).4–7 (5, 6, 7) To achieve selective C–H 

amination reactions, an innate approach that is independent of arene substrates would be an 

ideal strategy. While notable progress has been achieved by steric or electronic control 

(Scheme 1, I), unambiguous selectivity remains challenging in many cases where reactions 

give multiple isomers of aminated arenes.4 Among arene substrate-guided strategies, 

selective amination of electron-deficient arenes has been commonly achieved via directed 

metalation of acidic aromatic C–H bonds.5 Simple, non-activated arenes, however, are more 

challenging, though such aminoarenes constitute one of the most common amine skeletons 

of well-recognized importance (Figure 1). Toward this end, transition metal catalyzed 

selective C–H amination reactions have been elegantly achieved by directing group assisted 

C–H activation (Scheme 1, II-a).6 Yet, this sophisticated strategy is limited by the need of 

specific directing groups on the arene substrates for facilitating the C– H activation step. 

Alternatively, selective ortho-metalation represents a more general strategy for a much 

broader scope of arenes bearing diverse directing moieties (Scheme 1, II-b). The Johnson 

group reported selective arene C–H amination by ortho-lithiation, transmetallation to 

arylzinc species, and Cucatalyzed electrophilic amination with hydroxylamines.7 In this one-

pot reaction, the formation of the key arylzinc intermediate relies on the initial lithiated 

intermediates, which intrinsically hinder the utility of this transformation by their instability 

and incompatibility with sensitive functional groups (e.g., halides, carbonyl).8 Recently, 

selective C–H amination has also been reported via deprotonative cupration for the 

preparation of primary anilines.9

In our efforts to develop rapid access to important and novel nitrogen-containing 

skeletons,5i,5j,10 we herein report the development of selective C–H amination and azidation 

reactions via deprotonative zincation (Scheme 1, II). These amination reactions are highly 

effective for an extensive scope of arenes and hetereoarenes, including those simple, non-

activated arenes that cannot be aminated by previous methods, with excellent regioselectivity 

and functional group compatibility. Our approach exploits the generality of C–H zincation 

on a wide range of arenes using a reactive dialkylzinc amide base complex, the mild 

reactivity of aryl zinc intermediates for good tolerance of sensitive functional groups,5f,11,12 

as well as the broad applicability of this strategy toward different electrophilic nitrogen 

sources. The impact of this amination approach in its applicability to other amino precursors 

is demonstrated by an azidation reaction of arenes using azidoiodinane. These new 

transformations afford a valuable and facile approach to access diverse, underexplored 

chemical space. Their broad applications in organic synthesis, medicinal chemistry and drug 

discovery are demonstrated in the rapid synthesis of novel aminoarene derivatives of (–)-

nicotine and antidepressant sertraline by late-stage amination and azidation reactions.

RESULTS AND DISCUSSION

Our development for this arene zincation/amination reaction began with identifying effective 

zinc-bases that enable selective deprotonation of unactivated arenes. Toward this end, 

lithium amido dialkylzincate complexes are known to promote directing-group mediated 

ortho-zincation of unactivated arenes,13 in a similar manner to ortho-directed lithiation,8 

while offering better compatibility of sensitive functional groups, such as halides, nitrile, and 
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esters that are unsuitable towards lithiate or magnesiate intermediates. One well-studied 

example among such zincate bases is Li[Zn(t-Bu)2(TMP)] (I) (Scheme 2A).13a The zincate 

base (I) was able to achieve alkali-metal-mediated zincation of various functionalized 

arenes, yet has been rarely explored in organic synthesis, likely due to its preparation that 

necessitates isolation of pyrophoric Zn(t-Bu)2. Rather, the analogous Li[ZnEt2(TMP)] 

complex (II) can be generated from commercially available ZnEt2 without the aid of a 

glovebox, which was only characterized structurally with synthetic utility little explored, to 

the best of our knowledge.13d

We chose to explore the use of this more readily available base (II) for the zincation of non-

activated arenes,14 such as N-methylindole 1 (Scheme 2B, pKa = 38.1).15 Compared to a 

neutral base16–17 such as Zn(TMP)Cl•LiCl LiCl5f,11c–e,17, which was ineffective in this case, 

the zincate base (II) was able to provide the desired indolyl zincate intermediate in 43% 

yield. With the addition of catalytic amount of LiTMP, the zincation was significantly 

improved to 89% yield. This result led us to examine the reactivity of 

LiTMP0.1Li[ZnEt2(TMP)] (III), which was prepared in a one-pot protocol.14 Encouragingly, 

the zincate complex III showed excellent efficiency for the zincation step of indole 1 and 

other non-activated arenes.14

With LiTMP0.1Li[ZnEt2(TMP)] (III) established for effective zincation of diverse arenes, 

we examined the amination using this deprotonative strategy with indole 1 and O-

benzoylhydroxylamine 2a (Table 1). In the absence of a catalyst, no aminated indole was 

observed (entry 1). When different copper salts were used (entries 2–7), the desired amine 3 
was formed, with Cu(OAc)2, Cu(OTf)2 and Cu(eh)2 among the most effective catalysts 

(entries 5−7). The reactions were more efficient with the increased equivalents of 2a (entries 

8–10), with Cu(eh)2 emerging as the best copper source (entry 10), which was chosen as the 

standard conditions in our studies.

We first looked into a series of heteroarenes bearing indole, thiophene, pyridine, and 

pyrimidine scaffolds (Table 2). Note that amination of these substrates was difficult via 

either C–H activation approaches or under our previous conditions (calculated pKa = 34–

44).15b Different indole derivatives, such as 5-methoxy, 5-chloro-, and 4-fluoro-N-

methylindoles, readily underwent amination at the 2-position. The electron-deficient N-

methyl-5-chloroindole required elevated temperatures to effect zincation, and the lower 

efficacy for the directed metalation of indoles bearing electron-withdrawing substituents 

agrees with the previous computational studies that suggest coordination to the lithium 

counter ion is mechanistically important.13d For indoles bearing an ethyl ester or a 

diethylamide group at the 2-position, the zincation occurred at the 3-position and the 

amination reactions provided 3-aminoindoles 7 and 8 accordingly. The amination reactions 

of simple thiophene, pyridine and even isoquinoline effectively formed 2-aminated products 

9–11. Pyrimidines bearing multiple substituents were also feasible in this transformation, 

giving 12 and 13 in moderate yields. Particularly impressive is the compatibility of halide 

groups (i.e., F, Cl and Br), which had no signs of metal exchange or aryne formation under 

reaction conditions, suggesting its advantages over other metalation strategies.
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Different arenes were also investigated for selective C–H amination under this system, 

revealing that both strong and weak ortho-directing functionalities were sufficient to assist 

the deprotonative amination reaction (Table 3).15b For example, the reaction of N,N-

diisopropylbenzamide gave 14 in 55% yield. Simple benzonitrile also underwent amination 

effectively, installing the amino group ortho- to the nitrile. Trifluoromethyl benzene was 

aminated in 68% yield, though, besides the ortho-aminated major product 16, the formation 

of meta- and para-isomers was observed. This suggests the possible migration of the zincate 

along the aromatic ring after the initial deprotonation step.18 Electron-rich arenes bearing 

mono-, or di-methoxy groups are also able to provide the aminated products 17–19. Ortho-

zincation of fluorobenzene readily occurs at room temperature, leading to the smooth 

formation of ortho-fluoroamino arenes 20 and 21. A range of di-, tri and tetra-substituted 

haloarenes also readily underwent ortho-amination to afford 22–25 in 60–73% yields. These 

results demonstrate the superior competency of this strategy to access diversely 

functionalized aminoarenes, including those that are difficult to access otherwise (e.g. 16, 

20–22)5e and that are pharmacologically valuable (e.g. dichloroaminoarene 23). Although a 

wide range of functional groups are well tolerated by the amination protocol, highly 

electrophilic moieties such as nitro group, aldehydes, and ketones were not compatible with 

the zincate intermediate, resulting in complex reaction mixtures upon metalation.

We next looked into the arenes bearing multiple functionalities to obtain some insight into 

their influence on the regioselectivity of this deprotonative amination reaction (Table 4). 

First, we examined the contribution of different directing groups in determining the 

regioselectivity. For example, the amination of N,N-diisopropyl-4-

(trifluoromethyl)benzamide gave 26 selectively with the amino moiety ortho to the amide 

group, likely resulting from the strong coordination of amides. The reaction of ethyl 4-

cyanobenzoate afforded 27 with amino group ortho to ester, while the amination of 2-chloro- 

and 2-bromo-benzonitriles gave products 28 and 29 with the amine moiety installed ortho to 

the stronger coordinating nitrile rather than the halides. We also examined the 

regioselectivity on the arenes bearing different halide groups. Amination of 4-bromo- and 4-

chloro-fluorobenzenes led to the selective formation of 30 and 31, via selective zincation 

ortho to fluoride, which has a stronger activating inductive effect. Likewise, regioselective 

aminations were observed for 1-bromo-2-fluorobenzene and 1-bromo-2-chlorobenzene in 

the formation of 32 and 33. Interestingly, the fluoride group overrides the directing effects of 

strong coordinating amide or methoxy group, as seen in the selective formation of 34 and 

35. In addition, we looked into the regioselective outcomes in the amination of pyridine 

derivatives, where pyridine itself may serve as an ortho-coordinating moiety for the 

deprotonative zincation step. As demonstrated in the formation of 36 and 37, the amination 

selectively proceeded via the thermodynamically stabilized aryl zincate intermediates, which 

benefits from the presence of electron-withdrawing ortho-fluorine group on the arenes. 

Additionally, a strong directing group such as methoxy is also capable of overriding the 

pyridine-directing group, as demonstrated by the regioselective formation of 38. No 

migration to the more acidic 4-pyridyl position was detected, indicating the importance of an 

ortho-coordinating moiety to stabilize the zincate intermediate. Finally, subjecting 2-

phenylpyridine to the standard amination conditions provided 2-aminated 6-phenylpyridine 

39, with no observation of 2-pyridyl aminoarene product which would be formed by the 

Hendrick et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2018 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



classic pyridine directed C−H activation pathway. These representative examples offer a 

framework for identifying suitable substrates and predicting the regioselective outcome of 

the metalation and amination sequence.

We also explored the scope of amines in the reactions of N-methylindole with different O-

benzoylhydroxylamines (Table 5). Beside Boc-protected piperazine, other six-membered 

amino precursors were also readily introduced onto the indole, including benzoyl piperazine, 

morpholine, and ethyl 4-piperidinecarboxylate (40–42). Note that both amide and ester 

groups remained unmodified, and even the presence of an acidic a-proton of the ester (i.e. 

42) did not impede the amination. Five- and seven-membered amines were viable for the 

formation of 43 and 44. Besides cyclic amine precursors, the reactions with acyclic amines 

were also efficient, as seen in the formation of 46–48 in good yields.

We also conducted amination reactions of representative arenes on different scales to 

evaluate the scalability and reliability of this method (Table 6). Gratifyingly, these scale-up 

reactions provided comparable efficiency with a decreased (10 mol %) loading of Cu(eh)2 

catalyst,19 and even better efficiency on larger gram scale.

Along with our investigations on this deprotonative amination strategy using O-

benzoylhydroxylamines, we also explored this approach for a C–H azidation reaction using 

an electrophilic azide reagent. C–H Azidation transformations that can readily install an 

azide group onto a wide range of arenes are highly valuable,20 as the azide is not only a 

useful intermediate for various nitrogen-containing functional groups,21 such as amines, 

amides, triazoles, and tetrazoles, but also one of the most versatile chemical reporters in 

bioorthogonal conjugation,22 such as Huisgen ‘click’ cycloaddition and the Staudinger 

ligation. Thus, we next established a Cu(eh)2-catalyzed azidation reaction using 

azidoiodinane23 as an azide precursor on a variety of arenes and heteroarenes (Table 7). 

Based on our earlier studies on the zincation step, we first used Zn(TMP)Cl•LiCl to affect 

the zincation of electron-deficient arenes. Benzimidazole and benzoxazoles underwent 

effective azidation at the 2-position, providing 49 and 50. The reactions of electron deficient 

pyridazine, pyridine, and arenes were also viable, with the azide group installed at the most 

acidic position as seen in 51–54. The azidation reaction of non-activated arenes and 

heteroarenes was achieved as demonstrated in the formation of azido arenes 55–60, where 

LiTMP0.1Li[ZnEt2(TMP)] was used for the deprotonative zincation step in the 

abovementioned amination reactions.

The impact of this amination strategy, given its generality of diverse arene scaffolds, 

predictable regioselectivity, and excellent functional group compatibility, has also been 

demonstrated in our studies for the late-stage amination of valuable and complex molecules 

(Schemes 3 and 4). For example, subjecting natural product (−)-nicotine24 to amination 

conditions led to the formation of 61 in 54% yield, with excellent regioselectivity for the less 

sterically hindered 6-position. We next examined the amination of 62, derivative of a 

common antidepressant drug sertraline, which rapidly afforded a novel derivative 63 in 58% 

yield. The analogous azidation reaction of N-Boc sertraline also provided 64 effectively 

(Scheme 4). Importantly, the compound 64 was readily transformed into free amine 65 via 

Staudinger reaction and into triazole 66 via 1,3-dipolar cycloaddition reaction with 1-
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heptyne, demonstrating great value of the azide group as a versatile amino precursor and 

chemical reporter. It is worth noting that this deprotonative amination approach successfully 

overcame the common problems in other C–H amination strategies, such as those involving 

the presence of basic amines, multiple potential metalation sites, and sensitive 

functionalities.

In conclusion, we have developed a highly general copper-catalyzed C–H amination strategy 

that provides effective and rapid access to diverse amino-heteroarenes and aminoarenes. 

Readily available O-benzoylhydroxylamines and azidoiodinane serve as convenient 

electrophilic nitrogen sources for amination and azidation reactions, respectively. Pivotal to 

this strategy is the use of zinc amide bases that effectively mediate the selective ortho-

zincation with the assistance of an exceptionally diverse range of simple functional groups. 

The amination is regioselective even for arenes bearing multiple directing groups as well as 

efficient in scale-up reactions. The successful late-stage amination and azidation reactions of 

complex arenes demonstrate broad applicability of this strategy as a rapid entry to valuable 

aminoarene derivatives. Our efforts in this area will continue on the development of novel 

zinc base-mediated C–H functionalization.
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Figure 1. 
Representative examples of functionalized aminoarenes in natural products and 

pharmaceuticals
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Scheme 1. 
Arene C–H Amination Reactions
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Scheme 2. 
Lithium Diethyl Amido Zincate Complex for Selective and Effective C–H Zincation of 

Indole
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Scheme 3. 
Late-stage Amination of Bioactive Molecules
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Scheme 4. 
Rapid Synthesis of Novel Analogs of Sertraline via Arene Azidation
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Table 1

Optimization for Amination Conditions.

entry equiv of 2a catalyst equiv 3 (%)b

1 1.5 ND

2 1.5 CuI 0.2 7

3 1.5 CuCl2 0.2 23

4 1.5 Cu(acac)2 0.2 46

5 1.5 Cu(OAc)2 0.2 53

6 1.5 Cu(OTf)2 0.2 49

7 1.5 Cu(eh)2 0.2 49

8 2.0 Cu(OAc)2 0.2 79

9 2.0 Cu(OTf)2 0.2 81

10 2.0 Cu(eh)2 0.2 85 (77)c

a
Conditions: 1 (0.2 mmol, 1.0 equiv), LiTMP0.1Li[ZnEt2(TMP)] (1.5 equiv), rt, 1 h; 2a, catalyst, rt, 24 h.

b
Yields determined by 1H NMR using CH2Br2 as an internal standard.

c
Isolation yield. ND = not detected. acac = acetylacetonate. eh = 2-ethylhexanoate.
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Table 2

Amination of Heteroarenes

Reactions run on 0.2 mmol scale. Isolated yields. Standard Conditions: heteroarene (1.0 equiv), LiTMP0.1Li[ZnEt2(TMP)] (1.5 equiv), rt, 1 h; 2a 

(2.0 equiv), Cu(eh)2 (20 mol %), rt, 24 h.

a
Zincation at 50 °C.

b
Zincation with 1.0 equiv of base for 30 min.

c
Amination with 3.0 equiv of 2a.

d
Amination at 50 °C.
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Table 3

Site-Selective Amination of Arenes

Reactions performed at 0.2 mmol scale. Isolation yields.

a
Amination with 3.0 equiv of 2a at 50 °C.

b
Zincation with 1.0 equiv of LiTMP0.1Li[ZnEt2(TMP)] for 15 min.

c
Zincation with 2.0 equiv of LiTMP0.1Li[ZnEt2(TMP)] for 3 h.
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Table 4

Regioselective Amination of Multiply Substituted Arenes and Heteroarenes

Reactions run on 0.2 mmol scale. Isolation yields.

a
Zincation step with 1 equiv of LiTMP0.1Li[ZnEt2(TMP)] for 15 min.

b
Zincation step at 50 °C and amination step with 3.0 equiv of 2a.

c
Major isomer shown. Regioselective ratio = 10:1.

d
Trace isomer observed on GC/MS but not detected by 1H NMR.

J Am Chem Soc. Author manuscript; available in PMC 2018 August 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hendrick et al. Page 19

Table 5

Scope of O-Benzoylhydroxylamines in the Arene Amination Reaction

Reactions run on 0.2 mmol scale. Isolation yields.
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Table 6

Scale-up Amination Reaction of Arenes

Isolation yields.

a
Zincation step with 1.0 equiv of base for 20 min.
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Table 7

Selective Azidation of Arenes and Heteroarenes

Reactions run on 0.2 mmol scale. Isolation yields.

a
Zincation step at 50 °C for 2 h.

b
Zincation step with 2.0 equiv of base for 3 h.

c
Yield based on the triazole derivative of 59 upon its cycloaddition reaction with 1-heptyne.
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