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The direct α-heteroarylation of tertiary amines has been accomplished via photoredox catalysis to 
generate valuable benzylic amine pharmacophores.  A variety of five- and six-membered 
chloroheteroarenes are shown to function as viable coupling partners for the α-arylation of a diverse 
range of cyclic and acyclic amines.  Evidence is provided for a homolytic aromatic substitution 
mechanism, in which a catalytically-generated α-amino radical undergoes direct addition to an 10 

electrophilic chloroarene.

Introduction 

 
Heterocycles and heteroaromatics are ubiquitous components of 
biological systems and pharmaceutical research. These invaluable 15 

structural motifs are broadly employed in the development of 
medicinal agents due to their capacity to (i) drive therapeutic 
potency, (ii) lower drug lipophilicity, (iii) increase aqueous 
solubility, and (iv) reduce the inhibition of cytochrome P450s.1 
Indeed, at the present time heteroaromatics feature in 20 

approximately half of the top 200 pharmaceuticals sold 
worldwide.2  It is not surprising therefore that coupling reactions 
which generically connect heterocyclic moieties to other 
molecular fragments are now mainstay transformations in 
medicinal agent synthesis.  For example, couplings between 25 

heterocycles and amines via C–N bond-forming reactions, either 
via nucleophilic aromatic substitution (SNAr)3 or transition metal-
catalyzed approaches,4 have been extensively studied and applied 
(Figure 1, Eq. 1).5 In contrast, fragment coupling methods that 
unite heteroaromatic units with the amine α-carbon position 30 

(Figure 1, Eq. 2) are relatively unknown, despite the opportunity 
to access medicinal agents with similar physiological properties 
and with proven clinical utility (e.g. Veliparib,6 Pradaxa,7 and 
Benthiavalicarb8). While important strategies for amine α-
arylation have been reported by Dieter,9 Campos,10 Nakamura,11 35 

and others,12 a generic yet mild α-arylation protocol remains 
largely elusive. 
 
 
________________________________ 40 

 
Merck Center for Catalysis at Princeton University, Princeton, New 

Jersey, 08544, USA. E-mail: dmacmill@princeton.edu; Fax: +1 609 

2585922; Tel: +1 609 2582254 

† Electronic supplementary information (ESI) available: Experimental 45 

procedures, structural proofs, and spectral data for all new compounds are 
provided (97 pages) (PDF). See DOI: xxxxxx 

  

 Visible light photoredox catalysis has emerged in recent years 
as a powerful platform for the development of new reactions in 50 

organic synthesis.13 In this context, we have recently 
demonstrated that photoredox catalysis can be employed to 
mediate the α-arylation of amines using electron-deficient 
benzonitrile coupling partners.14  In this protocol, activation of 
the amine α-C–H bond is achieved via single-electron oxidation 55 

followed by α-deprotonation to generate the critical α-amino 
radical 1 (Scheme 1).15 Concomitant single-electron reduction of 
an accompanying benzonitrile provides a stabilized radical anion, 
which undergoes selective hetero radical–radical coupling with 
the nradical species 1 to forge the desired α-amino 60 

arylation products. Taking inspiration from the Minisci 
reaction,16 we recently questioned whether a photoredox-based  

Page 1 of 6 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 
Scheme 1 Proposed arylation via homolytic aromatic substitution 

amine α-arylation could be achieved by the addition of an α-
amino radical 1 to a ground-state, neutral arene via a homolytic 
aromatic substitution pathway.17–19 This approach would 5 

constitute an alternative catalytic mechanism that would obviate 
the need for cyanoarenes and the accompanying radical anion 
pathway.  Herein, we report the successful execution of this plan 
and describe a new coupling mechanism that employs 
chloroheteroarenes for the direct α-arylation of amines. 10 

Design plan 

As shown in Scheme 1, our proposed mechanism called for a 
sufficiently oxidizing photocatalyst, e.g. iridium complex 
Ir(ppy)2(dtbbpy)PF6 (ppy = 2-phenylpyridine, dtbbpy = 4,4´-di-
tert-butyl-2,2´-bipyridine, E1/2

*III/II = +0.66 V vs. SCE)20 to 15 

oxidize the amine substrate via a single electron transfer (SET) 
mechanism (E1/2

red = +0.71 vs. SCE for N,N-dimethylaniline).21 
This electron transfer step would lead to a reduced iridium 
complex IrII(ppy)2(dtbbpy) with concomitant formation of the 
amine radical cation 2, a species that may be deprotonated at the 20 

α-C–H position to generate the α-amino radical 1.22 Addition of 
    1 to a highly 
electrophilic heteroarene 3 via homolytic aromatic substitution 
was expected to provide the radical σ-complex 4, which may 
readily undergo single-electron reduction (E1/2

red = –0.26 V vs. 25 

SCE for the hydroxycyclohexadienyl radical)23,24 followed by 
loss of an anionic leaving group (Cl–) to provide the α-heteroaryl 
amine product 5.  This reduction step would simultaneously 
complete the photoredox cycle (Ir(II) to Ir(III)) via reconstitution 
of the Ir(ppy)2(dtbbpy)PF6 catalyst.  Importantly, the 30 

incorporation of an anionic leaving group in the arene coupling 
partner would render this process redox neutral, obviating the 
need to employ either stoichiometric oxidants or reductants, 
while only generating HX as a reaction byproduct.  Moreover, we 
anticipated that this strategy would enable the coupling of a 35 

diverse array of heteroaromatic rings while exhibiting 
complementary scope to our previously reported cyanoarene 
radical anion pathway. 

Results and discussion 

We initiated our α-amino arylation investigation by examining 40 

the utility of various 2-halo-benzothiazoles given their utility as 
potent electrophiles in two-electron SNAr chemistry. While 

attempts to employ the cyano-substituted benzothiazole met with 
little success, we were delighted to find that bromo- and chloro-
leaving groups provided the product of α-heteroarylation in 45 

useful yields using tris(2-phenylpyridinato-C2,N)iridium(III) [fac-
Ir(ppy)3] as the photocatalyst (Table 1, entries 3 and 4, 50 and 
56% yield). Next, evaluation of a variety of visible light 
photocatalysts revealed higher efficiencies could be obtained with 
the heteroleptic iridium complex Ir(ppy)2(dtbbpy)PF6 in the 50 

presence of 2-chlorobenzothiazole (entry 6, 75% yield). 
Moreover, lowering the photocatalyst and amine loadings did not 
lead to diminished reaction yields (entries 7 and 8). Intriguingly, 
the addition of water was found to improve the overall efficiency 
of this arylation protocol, with ten equivalents providing optimal 55 

yields (entry 10, 87% yield).25 Finally, while a low yield of 
product was obtained upon visible light irradiation in the absence 
of photocatalyst (entry 11),26 no reaction was observed in the 
absence of either light or base (entries 12 and 13). 

With respect to the scope of the arene component in this 60 

coupling reaction, we have found that a range of five-membered 
heteroaryl chlorides function as suitable substrates (Table 2).   
For example, a variety of benzoxazole, benzothiazole, and 
benzimidazole-derived scaffolds may be installed in high yields 
(entries 1–5 and 7, 87–93% yield). Moreover, monocyclic 65 

imidazole and thiazole substrates are well-tolerated (entries 6, 9, 
and 11, 77–82% yield).  The nature of the 6,5-heteroaromatic 
may also be broadly varied, as exemplified by the installation of 
the imidazopyridine and caffeine ring systems (entries 8 and 10, 
94 and 81% yield). Furthermore, five-membered heteroaromatic 70 

rings that incorporate three heteroatoms may be utilized, as 
highlighted by the coupling of a 1,3,4-thiadiazole (entry 12, 65% 
yield).  Importantly, heteroaromatic substrates that include a 
 
Table 1 Evaluation of arene coupling partners and photocatalysts  75 

 
aYield after 24 h determined by 1H NMR analysis of crude reaction 

mixture with internal standard. Reactions performed with 2 equiv. NaOAc 

and 0.25 M DMA. bWith 3 equiv. H2O. cWith 10 equiv. H2O, isolated 

yield. dPerformed in the absence of light. ePerformed in the absence of 80 

NaOAc. 
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Table 2 Coupling of five-membered heteroarenes: arene scopea  

 
aConditions as in Table 1, entry 10 unless noted. bChloroarene starting 

material and product are a 1:1 mixture of regioisomers with respect to 

position of the Boc group. cPerformed using 3.0 equiv. arene to 1.0 equiv. 5 

amine and 30 equiv. H2O. dPerformed at 0 ºC. ePerformed using 1.5 equiv. 

arene to 1.0 equiv. amine. fPerformed with 40 equiv. H2O. gPerformed 

without H2O. 

 
second halide substituent (F, Cl, Br) at a non-electrophilic site 10 

remain viable in this protocol (entries 4, 5, and 9), an important 
consideration with respect to (i) predictable regiocontrol of the 
arylation coupling site and (ii) the compatibility of this protocol 
with complementary coupling technologies in a synthetic 
sequence. 15 

Having successfully demonstrated α-heteroarylation with a 
variety of five-membered heteroarenes, we next anticipated that 
electrophilic six-membered heterocycles might also engage in 
this new α-amino coupling protocol (Table 3). In general, 
pyrimidine substrates were found to be viable, with a second 20 

electron-withdrawing substituent typically providing superior 
yields. Thus, 2-chloropyrimidines bearing ester, amide, or 
trifluoromethyl functionality at the 5-position undergo coupling 
with excellent efficiency (entries 1–3, 73–84% yield).27 
Pyrimidines that incorporate a second aromatic ring (entry 4, 73% 25 

yield) or a halide substituent (entry 5, 74% yield) may also be 
successfully employed.  Performing these reactions at sub-
ambient temperatures (0 ºC) with added water is critical for 
suppressing arene decomposition and achieving high levels of  

Table 3 Coupling of six-membered heteroarenes: arene scopea  30 

 
aConditions employ 25 equiv. H2O at 0 ºC, unless otherwise noted. 
bPerformed using 5 equiv. H2O, 1.0 equiv. amine, and 1.5 equiv. arene. 
cPerformed at 10 ºC. dPerformed using 40 equiv. H2O, 1.0 equiv. amine, 

and 3.0 equiv. arene; product obtained as a single regioisomer. 35 

ePerformed using 1.0 equiv. amine and 1.5 equiv. arene. fPerformed using 

50 equiv. H2O. 

 
reaction efficiency (see Supplementary Information).  
Pyrimidines bearing a chloride leaving group at the 4-position 40 

also undergo coupling (entries 6–8, 72–92% yield), and ortho-
substitution on the pyrimidine ring is tolerated, albeit with 
diminished yield (entry 9, 64% yield).  Again, the compatibility 
of a second chloride substituent on the pyrimidine substrate 
allows for subsequent product functionalization via a range of 45 

transformations. Finally, this photoredox protocol may be used to 
install a variety of other 6-membered heteroarenes including 
purines (entry 10, 73% yield) and 1,3,5-triazines (entries 11 and 
12, 88 and 84% yield).  

With regard to the scope of the amine coupling partner, we 50 

anticipated that a range of readily oxidized tertiary anilines would 
serve as competent substrates. Indeed, using 2-chlorobenzoxazole 
as a representative heteroarene, we were pleased to find that both 
acyclic (Table 4, entries 1 and 2, 83 and 72% yield) and cyclic 
dialkylanilines (entries 3 and 7, 79 and 94% yield) undergo α-55 

arylation with excellent efficiency. Moreover, saturated 
heterocyclic ring systems such as morpholine, thiomorpholine, 
and piperazine were found to be amenable to this photoredox  
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Table 4 Photoredox amine α-heteroarylation: amine scopea  

 
aConditions employ 10 equiv. H2O unless otherwise noted. bPerformed 

with 5 equiv. H2O. cPerformed at 0 ºC. dPerformed with 15 equiv. H2O. 
ePerformed with 1.0 equiv. amine and 1.5 equiv. arene at 0 ºC. fPerformed 5 

with 40 equiv. H2O. gPerformed with 20 equiv. H2O. 

 

heteroarylation (entries 4–6, 62–84% yield). Electron-donating as 
well as withdrawing substituents on the N-aryl ring are tolerated, 
and may be incorporated at the para, meta, or ortho positions 10 

(entries 8–12, 79–93% yield). Medicinally relevant 
tetrahydroquinoline and indoline architectures can also be 
successfully employed, with arylation proceeding regioselectively 

at the α-amino ring position in lieu of the exocyclic benzylic site 
(entries 13 and 14, 67 and 62% yield). Unsymmetrical, acyclic 15 

dialkylanilines interestingly undergo functionalization at methyl 
α-substituents in preference to methine (entry 15, single 
regioisomer) and methylene (entry 16, 9:1 r.r.) α-positions.28 
Finally, we provide examples of heteroaryl chloride–amine 
combinations that undergo coupling with moderate levels of 20 

reaction efficiency. As shown, the use of N,N-dimethylaniline, N-
phenylmorpholine, and N-phenylpiperazine with 4,6-
dichloropyrimidine resulted in diminished yields (entries 17–19, 
22–66% yield). While these transformations remain of value to 
medicinal chemists, we are focused upon overcoming these 25 

limitations in efficiency.29 To demonstrate the scalability of the 
arylation reaction, we additionally performed the coupling of 2-
chlorobenzoxazole and tert-butyl 4-phenylpiperazine-1-
carboxylate on a 4.0 mmol scale, providing the α-arylated 
product in 80% yield (1.22 g product, cf. Table 4, entry 6, 84% 30 

yield). 
Mechanism. We have sought to obtain evidence for the 

proposed homolytic aromatic substitution mechanism as outlined 
in Scheme 1. Stern–Volmer fluorescence quenching studies using 
the preferred Ir(ppy)2(dtbbpy)PF6 photocatalyst revealed 35 

significant emission quenching by N-phenylpyrrolidine, yet no 
change in the emission was observed using a variety of 
chloroheteroarene substrates.  This finding indicates that a 
reductive quenching cycle is operative (wherein the excited state 
of the catalyst first performs amine oxidation).  To determine if 40 

the neutral α-amino radical 1 undergoes addition to the ground 
state heteroarene 3 (as proposed in Scheme 1) or if the 
chloroarene undergoes reduction via electron transfer with the 
transient IrII(ppy)2(dtbbpy) species (as observed in our 
cyanoarene studies),14 the reduction potentials of several 45 

chloroheteroarene substrates were measured by cyclic 
voltammetry. These potentials were found to range from –1.70 V 
to –2.19 V vs. SCE (see Supplementary Information). More 
specifically, 2-chlorobenzoxazole was found to undergo 
reduction at –2.19 V vs. SCE, indicating that electron transfer 50 

from the IrII(ppy)2(dtbbpy) species is highly endothermic and 
suggesting that a radical anion–neutral radical coupling 
mechanism is not operative.30, 31 

Conclusions 

In conclusion, we have leveraged photoredox catalysis to achieve 55 

the α-heteroarylation of tertiary amines with a diverse array of 
five- and six-membered heterocycles via a putative homolytic 
aromatic substitution pathway. Given the prevalence of 
heterocycles in medicinal agents, as well as the commercial 
availability of a large number of chloroheteroarenes, we expect 60 

that this reaction will find immediate application in the synthesis 
of biologically active compounds. 
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29 We postulate that the superior reactivity of pyrrolidines arises from 
the ability of this ring system to accommodate conjugation between 
the α-amino SOMO and the nitrogen lone pair without incurring 
destabilizing eclipsing interactions. See: a) D. D. M. Wayner, K. B. 
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30 Stern–Volmer quenching experiments were also performed using fac-
Ir(ppy)3, a complex which in its photoexcited state (E1/2

IV/*III = –1.73 
V vs. SCE) is slightly more reducing than IrII(ppy)2(dtbbpy) (E1/2

III/II 125 

= –1.51 V vs. SCE). Minimal quenching (kqτ0 < 2 M–1) was observed 
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31 It has furthermore been demonstrated that the reduction of 130 
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