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tert-Butoxy Radical-Promoted α-Arylation of Alkylamines with Aryl 
Halides 
Ryota Ueno, Yuko Ikeda and Eiji Shirakawa* 

 

Abstract: In the presence of a tert-butoxy radical precursor, the reaction of 
alkylamines with aryl halides was found to give α-arylated alkylamines 
through homolytic aromatic substitution of the halogen atoms. 

Homolytic aromatic substitution (HAS), consisting of addition of an 
aliphatic sp3-carbon radical adjacent to a heteroatom to an aromatic 
compound (Ar–Y) followed by elimination of radical Y•, has high 
potential as a synthetic method to achieve α-arylation of heteroatom-
containing aliphatic compounds (Scheme 1, top).[1] The most successful 
example is the Minisci reaction, which employs sp3-carbon radicals 
adjacent to a heteroatom in combination with protonated pyridine 
derivatives to give α-pyridination products of amides, ethers and 
alcohols, H• being leaving group Y• here (Scheme 1, a).[2] The Minisci 
reaction utilizes readily available sp3-carbon radicals generated through 
hydrogen abstraction from heteroatom-containing aliphatic compounds 
such as amides and ethers. However, the unfavorable aromaticity-
breaking radical addition step requires high electrophilicity for aromatic 
compounds to facilitate the reaction with the nucleophilic sp3-carbon 
radicals having a heteroatom at α-position. This requirement limits its 
scope essentially to protonated pyridine derivatives. In this context, we 
have recently reported that use of a strong base such as NaOt-Bu as a 
promoter reduces the limitation to expand the scope to benzene 
derivatives having electron-withdrawing groups and/or a polycyclic 
structure (Scheme 1, b).[3] The both methods, employing H• as leaving 
group Y•, suffer from production of a mixture of regioisomers because 
selection of an optional C–H bond is intrinsically difficult. The 
regioselectivity problem can be solved by use of aryl halides [Y = 
halogen (X)], making the halogen atom to leave as the radical (X•).[4,5] 
Here we report α-arylation of alkylamines with aryl halides having an 
electron-withdrawing group and/or a polycyclic structure with the aid of 
a tert-butoxy radical precursor, where an HAS mechanism with X• as a 
leaving group is operative.[6,7] 

 During the course of the investigation on the α-arylation of ethers 
with arenes through the dehydrogenative coupling in (b) of Scheme 1,[3] 
we found that the reaction of 4-bromobenzonitrile (1a) with 
tetrahydrofuran (THF: 80 equiv) in the presence of t-BuOOt-Bu (1 
equiv) and NaOt-Bu (1 equiv) at 120 °C for 24 h gave a 
dehydrobrominative coupling product, 4-(2-
tetrahydrofuranyl)benzonitrile (2a: 6%), in addition to a 
dehydrogenative coupling product, 4-bromo-2-(2-
tetrahydrofuranyl)benzonitrile (3a: 22%) (Scheme 2). The reaction in 
the absence of NaOt-Bu, which had been shown to be indispensable for 
the effective dehydrogenative coupling, gave 2a exclusively but only in 
a low yield (26%). The eliminated bromine atom (Br •) is likely to be 
reduced to Br– by THF. We anticipated that alkylamines, which are more 
electron-rich than alkyl ethers, readily reduce Br •, or successively 
generated Br2, to Br –, and examined the α-arylation of alkylamines with 
aryl halides with the aid of t-BuOOt-Bu. 
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Scheme 1.  α-Arylation of heteroatom-containing aliphatic compounds 
through homolytic aromatic substitution (HAS). 

 
Scheme 2.  The reaction of tetrahydrofuran with 4-bromobenzonitrile 
using t-BuOOt-Bu in the presence or absence of NaOt-Bu. 
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 Treatment of 4-bromobenzonitrile (1a) with N-methylpyrrolidine 
(4a: 10 equiv) and t-BuOOt-Bu (1 equiv) at 120 °C for 24 h gave N-
methyl-2-(4-cyanophenyl)pyrrolidine (5aa) and N-(4-
cyanophenylmethyl)pyrrolidine (5’aa) (85:15) in 79% combined yield, 
where no dehydrogenative coupling products were observed (Table 1, 
entry 1).[8] The conversion and the yield were much lowered by use of a 
decreased amount (0.2 equiv) of t-BuOOt-Bu (Table 1, entry 2), showing 
that only a short radical chain is operative. No reaction took place in the 
absence of t-BuOOt-Bu or at a low temperature (60 °C) of which 
homolysis of t-BuOOt-Bu is negligible (Table 1, entries 3 and 4). The 
reaction using t-BuON=NOt-Bu, which undergoes much more facile 
homolysis than t-BuOOt-Bu to give t-BuO•,[9] at 60 °C scored a high 
yield with a high regioselectivity (Table 1, entry 5). These results show 
that the reaction proceeds at 60 °C when t-BuO• is available. In the 
following investigation, we used the reaction conditions of entry 1 or 5 
in Table 1 according to the combination of substrates. 
 

 The α-arylation of N-methylpyrrolidine (4a) using 
t-BuON=NOt-Bu at 60 °C for 24 h was applied to various aryl bromides 
(Table 2). Bromobenzenes having a conjugating electron-withdrawing 
group such as cyano and methoxycarbonyl at para or ortho underwent 
the reaction in high yields, whereas a cyano group at meta position or an 
inductively electron-withdrawing trifluoromethyl group at para position 
did not work effectively as a promoting substituent (Table 2, entries 1–
4; Table 1, Entry 5). These results show that the radical addition to 
monocyclic aryl halides has a character of nucleophilic conjugate 
addition.[10] Besides this type, another mode to accept addition of an α-
aminoalkyl radical is available when aryl halides have a polycyclic 
structure. Nonsubstituted bromobenzene (1f) was unreactive toward 4a, 
whereas 1-naphthyl and 9-anthryl bromides participated in the coupling 
without the aid of a conjugating electron-withdrawing group (Table 2, 
entries 5–7). The radical addition step is advantageous for these 
polycyclic aromatics over monocyclic ones because the loss of 
aromaticity upon addition is less severe. However, the yield was much 
lower with 2-bromonaphthalene than with 1-bromonaphthalene (Table 
2, entries 6 and 8), due to the difference in the stability of the 
intermediates after the radical addition: just a benzylic radical for the 
former and a benzylic as well as an allylic radical for the latter. 
Heteroaryl bromides also participated in the α-arylation (Table 2, entries 

9 and 10). The reaction is applicable also to aryl chlorides, though a high 
temperature is required. For example, the yield in the reaction of 4-
chlorobenzonitrile (1’a) was improved from 57% to 88% by raising the 
temperature from 60 °C to 120 °C using t-BuOOt-Bu instead of  
t-BuON=NOt-Bu (Table 2, entries 11 and 12).[11] Other aryl chlorides 
underwent the α-arylation with 4a under these conditions (Table 2, 
entries 13–15). 

Table 1:  α-Arylation of N-methylpyrrolidine with 4-bromobenzonitrile using a 
t-BuO• source.[a] 

 
 

 
 
Entry 

 
t-BuO• source 
(equiv) 

 
temp. 
(°C) 

conv. of 
1a 

(%)[b] 

yield of 
5aa + 5’aa 

(%)[b] 

 
 

5aa:5’aa[c] 

1 t-BuOOt-Bu (1) 120 100 79 85:15 

2 t-BuOOt-Bu (0.2) 120 37 35 79:21 

3 none 120 <1 <1 — 

4 t-BuOOt-Bu (1) 60 <1 <1 — 

5 t-BuON=NOt-Bu (1) 60 99 98 (95)[d] 94:6 
[a] The reaction was carried out under a nitrogen atmosphere for 24 h 
using 4-bromobenzonitrile (1a: 0.25 mmol), N-methylpyrrolidine (4a: 2.5 
mmol) and t-BuO• source. [b] Determined by 1H NMR. [c] Determined by 
GC and confirmed by 1H NMR. [d] The yield of the isolated product. 

Table 2:  α-Arylation of N-methylpyrrolidine with aryl halides.[a] 

 

Entry 1 yield of 5 + 5’ [%][b]   5:5’[c] 

1 
 

78 93:7 

2 
 

83 79:21 

3 
 

  16[d] 77:23 

4 
 

    3[d] 78:22 

5 
 

  <1[d]    — 

6 

 

88 90:10 

7 
 

81 88:12 

8 
 

  22[d] 88:12 

9 
 

95 82:18 

10 
 

85 83:17 

11 
 

57 94:6 

12[e] 
 

88 85:15 

13[e] 
 

70 90:10 

14[e] 

 

80 85:15 

15[e,f] 
 

53 95:5 

[a] The reaction was carried out under a nitrogen atmosphere for 24 h 
using an aryl halide (1 or 1’: 0.25 mmol), N-methylpyrrolidine (4a: 2.5 
mmol) and t-BuON=NOt-Bu (0.25 mmol). [b] The yield of the isolated 
products. [c] Determined by GC and confirmed by 1H NMR. [d] Determined 
by 1H NMR. [e] t-BuOOt-Bu was used instead of 
t-BuON=NOt-Bu at 120 °C. [f] t-BuOOt-Bu (2 equiv) was used. 
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Acyclic trialkylamines were also employed (Scheme 3). tert- 
Butyl(dimethyl)amine (4b) and triethylamine (4c) underwent the α-
arylation with aryl and heteroaryl halides in moderate to high yields 
(Scheme 3, entries 1–5). Dimethyl(sec-alkyl)amines (4d and 4e) were 
arylated at a methyl group in high preference to the secondary alkyl 
group (Scheme 3, entries 6–8). Preference for methyl over primary alkyl 
groups was observed but in low selectivities (Scheme 3, entries 9–11). 
The regioselectivity in the α-arylation of dissymmetric alkylamines is 
well-understood, considering the regioselectivity of the hydrogen 
abstraction as well as the rates in which the resulting radicals add to an 
aryl halide. In the hydrogen abstraction step, the steric factor, which 
favors the reaction order of methyl > primary >> secondary, seems to 
slightly surpass the electronic factor, which depends on the stability of 
the resulting radicals in order of secondary > primary > methyl. The 
same tendencies of the steric and electronic factors are likely to be 
operative in the addition step, where the electronic factor seems to 
slightly surpass the steric factor. As a consequence, the steric factor in 
the both steps makes secondary alkyl groups less reactive, whereas 
methyl and primary alkyl groups show similar reactivities due to the 
conflicting reaction orders in the steric and electronic factors. This does 
not hold true for N-methylpyrrolidine (4a in Tables 1 and 2), the five-
membered primary alkyl group of which gives an exceptionally stable 
alkyl radical,[12] making it electronically favored in both the hydrogen 
abstraction and the addition steps. 

 Although no α-arylation took place with primary and secondary 
alkylamines,[13] trimethylsilylated ones reacted with aryl bromides (1) to 
give the corresponding desilylated α-arylation products after aqueous 
work-up (Scheme 4). The resonance effect by the β-silyl group is likely 
to facilitate formation of the radical intermediates and enhance the 

reactivities toward aryl bromides with increased nucleophilicities.[14] 
Primary amines such as butyl, isopropyl and cyclohexylamines were 
subjected to the silyl protection–α-arylation–deprotection protocol to 
give the corresponding α-arylated primary alkylamines (Scheme 4, 
entries 1–3). The protocol is applicable also to secondary alkylamines 
(Scheme 4, entries 4–8). The arylation of 
cyclohexyl(methyl)(trimethylsilyl)amine (6n) took place exclusively at 
the methyl group (Scheme 4, entry 7). The selectivity of methyl over a 
primary alkyl was high in the reaction of 
butyl(methyl)(trimethylsilyl)amine (6o) compared with 
dibutyl(methyl)amine (4f) (Scheme 4, entry 8; cf. Scheme 3, entry 9). 

In order to elucidate the stoichiometry of the α-arylation, we 
pursued the products derived from an alkylamine (Scheme 5). In the 
reaction of 4-bromobenzonitrile (1a) with cyclohexyl(dimethyl)amine 
(4e) (cf. Scheme 3, entry 8), cyclohexyl(methyl)amine (7e) and 
cyclohexanone (8e) were obtained in 62% and 6% yields, respectively. 
Products 7e and 8e are most likely to be obtained through hydrolysis of 
methylidene- and cyclohexylidene-containing iminium bromides 
(Scheme 5, III), respectively, showing that an extra equivalent of the 
alkylamine is consumed to reduce X• into X–. 

 On the basis of these results, the α-arylation of alkylamines with 
aryl halides is likely to proceed through the mechanism we initially 
expected (Scheme 6). Homolysis of t-BuOOt-Bu or t-BuON=NOt-Bu 

 
Scheme 3.  α-Arylation of acyclic tertiary alkylamines. 

 
Scheme 4.  α-Arylation of trimethylsilylamines to give α-arylated primary 
and secondary alkylamines. 

 
Scheme 5.  Elucidation of the stoichiometry of the α-arylation of alkylamines. 

10.1002/ejoc.201700548European Journal of Organic Chemistry

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 
 
 
 

gives t-BuO•, which abstracts a hydrogen atom from a carbon–hydrogen 
bond adjacent to the nitrogen atom of an alkylamine (4 or 6) (Scheme 6, 
step a). The resulting α-aminoalkyl radical (I) adds to an aryl halide (1 
or 1’) to give cyclohexadienyl radical intermediate II (Scheme 6, step b). 
Although attack of I toward 1/1’ takes place also on carbon atoms having 
a hydrogen atom (Scheme 6, step b’), the addition products such as II’ 
do nothing but going back to I and 1/1’ as the radical addition step is 
reversible and its equilibrium lies far to I. Elimination of the halogen 
radical (X•) gives α-arylation product 5 (Scheme 6, step c). Although it 
is unclear how the eliminated X•, or the successively generated X2, is 
reduced into X–, alkylamine 4/6 accept two electron oxidation directly 
or indirectly by X• and t-BuO• to give iminium halides III, which are 
converted into the corresponding dealkylated amine (7) and 
aldehyde/ketone (8) by aqueous workup.[15] 

 In conclusion, we have disclosed α-arylation of tertiary 
alkylamines or silylated primary and secondary alkylamines with aryl 
halides utilizing a t-BuO• source. The reaction proceeds through 
chemoselective homolytic aromatic substitution, where halogen atoms 
(Br and Cl) act as leaving groups. 
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Scheme 6.  A plausible mechanism. 
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