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a b s t r a c t

A visible-light-induced spirocyclizative hydroarylation via reductive dearomatization of a series of non-

activated arenes including 2-phenyl indoles and naphthalene derivatives under mild conditions is de-

scribed. An intriguing chemoselective dearomative hydroarylation of 2-phenyl indoles is presented. This

dearomative hydroarylation protocol rapidly delivers valuable spirocycles with carbon−carbon double

bonds from readily accessible aromatic precursors in a single step.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the past decades, dearomatization reactions have been ex-

tensively studied, leading to the efficient generation of three-

dimensional molecules such as spirocycles [1], which are po-

tentially useful for drug discovery, natural product synthesis,

and privileged ligand production [2]. Therefore, several strate-

gies have been developed for dearomatizing electron-rich aro-

matics including phenols, naphthols, and indoles [1,3]. By com-

parison, non-activated arenes such as benzene- and naphthalene-

containing derivatives generally suffer from limited applicability in

dearomatization methodologies due to high resonance stabiliza-

tion energy of these arenes [1c,4-6]. Recently, a number of ad-

vances in visible-light-induced dearomatization reactions were dis-

closed [7,8], including several significant dearomatization proto-

cols of non-activated arenes [9-19]. Notably, König [9] and Miyake

[10] groups reported challenging Birch-type reduction of arenes

promoted by visible light independently. Several dearomative hy-

droalkylation reactions were also achieved by the group of Zhang,

Mei and You [11], as well as the groups of Stephenson [12] and

Murakami [13]. Importantly, the only reductive hydroarylation of

predominantly benzene derivatives via visible-light-induced dearo-

mative spirocyclization was achieved by the Jui’s group through

a radical-polar crossover process (Scheme 1a) [14]. Despite these
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significant progresses, dearomatization of non-activated arenes to

produce novel sophisticated polycyclic architectures or to avoid the

use of toxic reagents (SmI2/hexamethylphosphoramide) in similar

traditional transformations [20] via visible-light-induced reductive

process deserves further investigation.

Most recently, our group developed a visible-light-induced

spirocyclizative remote arylcarboxylation via reductive dearomati-

zation of non-activated arenes with CO2 through a radical-polar

crossover cascade process [21]. Based on this work and inspired by

Jui’s results [14], we wondered whether the radical-polar crossover

process could be applied for dearomative hydroarylation of corre-

sponding non-activated arenes of our previous study. Herein, we

report two novel protocols of visible-light-induced spirocyclizative

hydroarylation of a series of non-activated arenes such as 2-phenyl

indoles and naphthalene derivatives via reductive dearomatization

under mild conditions, providing a rapid access to spirocycles with

carbon−carbon double bonds that are beneficial for further trans-

formations (Scheme 1b).

To start our investigation, bromide 1a bearing a phenyl group

at the C2-position of the indole ring was selected as the model

substrate. The dearomatization reaction was conducted under blue

LEDs in the presence of 4-CzIPN as the photocatalyst (PC) (Table 1).

After extensive evaluation of the reaction conditions, the spiro-

cyclizative hydroarylation product 2a was obtained in 69% iso-

lated yield by employing HEH and DIPEA as co-reductants, and

MeOH:H2O (9:1) as the mixed solvent under argon for 18 h at
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Scheme 1. Visible-light-induced spirocyclizative hydroarylation of arenes.

Table 1

Optimization of the reaction conditions.

Entry Deviation from standard conditionsa Yield (%)b

1 none 71 (69)c

2 without 4-CzIPN N.D.

3 in the dark N.D.

4 without HEH 12

5 without DIPEA N.D.

6 Et3N instead of DIPEA 32

7 DBU instead of DIPEA 39

8 DIPEA (3.0 equiv.), without HEH 58

9 HEH (3.0 equiv.), without DIPEA 20

10 [Ir(ppy)2(dtbbpy)]PF6 as PC 38

11 Ru(bpy)3Cl2 as PC 24

12 fac-Ir(ppy)3 as PC N.D.

13 MeOH as solvent 67

14 MeOH:H2O (20:1) as solvent 66

15 I instead of Br in 1a 45

16 Cl instead of Br in 1a 4

N.D. = not detected. HEH: Hantzsch ester; bpy: 2,2′-bipyridine; ppy: 2-

phenylpyridine; dtbbpy: 4,4-di-tert-butyl-2,2′-bipyridine.
a Reaction conditions: 1a (0.2 mmol), 4-CzIPN (3.0 mol%), DIPEA (0.2 mmol), HEH

(0.24 mmol), MeOH:H2O (v/v = 9:1, 2 mL), Ar, 30 W blue LEDs, r.t., 18 h.
b Yield was determined by 1H NMR with CH2Br2 as internal standard.
c Isolated yield in parentheses.

room temperature (entry 1). Notably, it was intriguing to find 6-

exo-trig cyclizative dearomatization of the non-activated 2-phenyl

ring occurred selectively rather than dearomatization of the in-

dole’s ring via a 5-exo-trig cyclization at C2–C3 double bond [8].

Moreover, the main side product (about 5%) was formed via direct

debromination. The structure of 2a was confirmed by X-ray crystal-

lographic analysis. Control reactions revealed that no desired prod-

uct was produced without 4-CzIPN or light, suggesting the reac-

tion was promoted by light (entries 2 and 3). Moreover, only very

low yield was obtained without HEH while using 1 equiv. of DI-

PEA (entry 4). And the reaction was shut down in the absence of

DIPEA (entry 5). A significant decrease in the yield was observed

when DIPEA was replaced by Et3N or DBU (entries 6 and 7). No-

tably, the yield was reduced when DIPEA was used as the sole re-

ductant (entry 8), and only 20% yield could be received with HEH

as the sole reductant (entry 9). It appeared that 4-CzIPN was the

most suitable PC after comparing with other photocatalysts such

as [Ir(ppy)2(dtbbpy)]PF6, Ru(bpy)3Cl2 and fac-Ir(ppy)3 (entries 10-

12). A slightly lower yield of 2a was obtained when MeOH or

MeOH:H2O (20:1) was used as the solvent (entries 13 and 14). Fi-

nally, the yield of 2a decreased dramatically when the iodide ana-

log of 1a was employed (entry 15), and only trace product was

detected using the chloride analog (entry 16).

With the optimized reaction conditions in hand, the scope of

2-aryl indoles was studied (Scheme 2). First, good isolated yield

(70%) was delivered with substrate 1a on a 2 mmol scale. Mod-

est to good yields were obtained with substrates bearing electron-

donating alkyl groups (2b-2d), methoxy (2e) or phenoxy (2f) group

on the indole ring. Slightly better yields were received with sub-

strates bearing halogen substituents (2g-2i). However, substitu-

tion with a fluoro group at C8 led to a lower yield of product

(2j). Subsequently, the effect of substitution on the benzene ring

of the 2-bromobenzoyl moiety was investigated. Pleasingly, de-

sired products (2k-2n) could be obtained in modest to good yields

with several types of substituents, though the scope was still nar-

row at current stage. Finally, desired products could also be deliv-

ered when a methyl or bromo group was introduced to the ben-

zene ring at the C2-position (2o, 2p). However, other groups were

not allowed on this benzene ring. Finally, desired product could

be generated with a 2-phenyl benzoimidazole derivative using

Ru(bpy)3Cl2 as the catalyst, albeit the yield was modest (2q), but

2-phenyl pyrrole derivative was not viable under our reaction con-

ditions (2r). It should also be mentioned that the main side prod-

uct from direct debromination of the substrates could generally be

observed.

Inspired by the above results, we moved on to expand the

applicability of this process by investigating other non-activated

arenes such as 1-naphthalenes (Scheme 3). After modifying the

reaction conditions by using Ru(bpy)3Cl2 as the PC and DIPEA

as the sole reductant (see Supporting information for details),

we were delighted to obtain 74% yield of desired hydroarylation

product with naphthamide 3a. Moreover, the yield (70%) only

decreased slightly on a larger scale with substrate 3a. Subse-

quently, naphthamides with a variety of substituents that were ei-

ther at the meta- or para-position of the iodine atom were com-

patible with this transformation, leading to the desired hydroary-

lated products (4b-4m) in moderate to good yields (50%–77%).
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Scheme 2. Scope of spirocyclizative hydroarylation of 2-phenyl indoles. Reaction conditions: 1 (0.2 mmol), 4-CzIPN (3.0 mol%), DIPEA (0.2 mmol), HEH (0.24 mmol),

MeOH:H2O (v/v = 9:1, 2 mL), Ar, 30 W blue LEDs, r.t., 18 h. Isolated yields. a2.0 mmol scale. bMeOH as the solvent. cDeviation: Ru(bpy)3Cl2 (1.0 mol%), DIPEA (0.6 mmol),

MeCN:H2O (v/v = 4:1, 2 mL), 24 h. N.D.: not detected.

Scheme 3. Scope of spirocyclizative hydroarylation of 1-naphthalenes. Reaction conditions: 3 (0.2 mmol), Ru(bpy)3Cl2 (1.0 mol%), DIPEA (0.6 mmol), MeCN:H2O (v/v = 1:1,

2 mL), Ar, 30 W blue LEDs, r.t., 24 h. Isolated yields. a2.0 mmol scale. bMeCN:H2O (v/v = 4:1, 2 mL) as the solvent. cH2 (1 atm), 10% Pd/C (10 mol%), MeOH (8 mL), 40 °C 18

h. d48 h.

In addition, pyridinyl-containing substrates were also viable with

this method (4n, 4v, and 4w). Methyl substituent on the naph-

thalenyl was also tolerated (4o and 4p). Furthermore, the ver-

satility of this spirocyclizative hydroarylation transformation was

studied with naphthalenyl ethers and desired products were ob-

tained in good to excellent yields (4q-4w). It should be men-

tioned that the original products were hydrogenated before purifi-

cation due to the difficulty in isolation of desired original prod-

ucts for examples of 4q to 4u. Finally, several aniline deriva-

tives were also compatible with the reaction to give desired prod-

ucts in satisfied yields (4x-4ac). It should be noted some side

products such as those from 1,2-hydroarylation and direct de-

iodination could also be detected (see section 2.1 of Supporting

information).

Subsequently, the generality of this hydroarylation process was

further explored by employing 2-tethered naphthalenes as the

substrates (Scheme 4). Pleasingly, several 2-tethered naphthalenes

were found to be compatible with the reaction conditions, lead-

ing to dearomatized 1,2-hydroarylation products (6a-6h), albeit in

generally moderate yields.

Preliminary mechanistic studies were then carried out to elu-

cidate possible reaction mechanism (see Supporting information

for details). First, the Stern-Volmer luminescence quenching ex-

periments showed the light-activated 4-CzIPN catalyst (PC∗) was

readily quenched by substrate 1a. Moreover, isotope-labeling stud-

ies were also conducted, which indicated the formation of an an-

ion intermediate. A possible catalytic cycle with substrate 1a was

thus proposed based on the above mechanistic studies (Scheme 5).
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Scheme 4. Scope of spirocyclizative hydroarylation of 2-naphthalenes. Reaction

conditions: 5 (0.2 mmol), Ru(bpy)3Cl2 (1.0 mol%), DIPEA (0.6 mmol), MeCN:H2O

(v/v = 4:1, 2 mL), Ar, 30 W blue LEDs, r.t., 48 h. Isolated yields. Direct de-iodination

side products could be detected.

Scheme 5. Proposed catalytic cycle.

Upon blue light irradiation, the excited PC∗ (A) is generated and

then quenched by 1a to give oxidized PC•+ (B) (E1/2 [PC•+/PC∗] = –

1.18 V vs. SCE in MeCN) [22] and corresponding aryl radical (C).

Subsequently, aryl radical (C) undergoes a 6-exo-trig cyclization to

afford the spirocyclic radical intermediate D, which is reduced by

excited PC∗ (A) to generate an anionic intermediate E. Finally, pro-

tonation of E would deliver the desired dearomatized product 2a.

The oxidized PC•+ (B) can be reduced by a reductant (DIPEA or

HEH) to close the oxidative quenching cycle of PC.

In summary, we have developed two novel protocols of visible-

light-induced spirocyclizative hydroarylation of a series of non-

activated aromatic precursors including 2-phenyl indoles and

naphthalenes under mild conditions via reductive dearomatiza-

tion. An intriguing chemoselective dearomative hydroarylation of

2-phenyl indoles was discovered. These transformations rapidly de-

livered valuable complex spirocycles from readily accessible non-

activated arenes. Further exploration of this strategy is underway

in our laboratory.
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