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yl hetarylative dearomatization by
a radical docking-migration cascade

Jie Wang,ab Hao Kang,a Shan Yang,a Zhu Cao,a Xiangyang Chen *a

and Chen Zhu *ab

Despite the significant advances in dearomatization reactions, the challenge of achieving uncyclized

dearomatization to produce thermodynamically unstable 1,2-cis-products remains unresolved. Here, we

present a novel approach for uncyclized cis-selective dearomatization reaction via a radical docking-

migration cascade. The reaction proceeds under mild photochemical conditions, simultaneously

incorporating a CF2H and a hetaryl group into indoline backbones. A wide range of indoles with diverse

functional groups are compatible with the reaction. Furthermore, this method is also suitable for the

dearomatization of benzothiophenes, furans, thiophenes and a few polycyclic aromatic hydrocarbons.

This protocol features excellent selectivities, broad product diversity, and does not require

photosensitizers. DFT calculations rationalize the observed regioselectivities for various heteroarenes and

cis-stereoselectivities.
Introduction

Heteroarenes are predominant moieties in numerous biologi-
cally active compounds, but their at structural features oen
cause the problem of poor solubility and metabolic instability,1

thus increasing the demand for an “escape from atland”
imperative for medicinal chemists.2 The dearomatization reac-
tion represents a straightforward approach to convert planar
heteroarenes into three-dimensional heterocyclic frameworks,
providing more space for new drug discovery and structural
modication of drug molecules.3 In this scenario, the last few
decades have witnessed great progress in the eld of radical-
mediated dearomatization of heteroarenes,4 where indole
serves as one of the most privileged precursors, giving rise to
valuable indoline scaffolds that are abundant in natural prod-
ucts and drugs (Fig. 1A). Among these efforts, the indoles with
pendant aliphatic alkene or halide capable of generating an
alkyl radical are frequently utilized, engaging in kinetically
favoured intramolecular cyclization (Fig. 1B).5 Moreover, inter-
molecular approaches proceed mainly via thermodynamically
preferred trans-difunctionalization6 or [2 + 2] photocyclo-
addition.7 Nevertheless, the uncyclized dearomatization of
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indoles leading to unusual and thermodynamically less stable
cis-products remains unmet.

The radical docking-migration cascade is proving to be
a robust strategy for the structural modication of organic
molecules.8 Nevertheless, its versatility has only been demon-
strated in the conversion of alkenes and alkynes.9 We conceive
to explore the feasibility of using it to address the elusive
dearomative cis-difunctionalization. Here we disclose the proof-
of-principle studies. The uncyclized radical dearomatization of
indoles, leading to cis-disubstituted indolines, is accomplished
for the rst time (Fig. 1C). The reaction is facilitated by visible-
light irradiation, albeit in the absence of a photocatalyst.
Besides indoles, this protocol can also be adapted to other
electron-rich heteroarenes, including benzothiophenes, furans
and thiophenes. Notably, it can be extended to the conversion of
certain polycyclic aromatic hydrocarbons (PAHs), which are
typically recognized as challenging substrates.
Results and discussion

Initially, the reaction of N-benzyl indole (1a) with a bifunctional
sulfone reagent (2a) designed for the radical docking-migration
cascade was carried out to obtain the optimal reaction condi-
tions. Extensive investigations (see the SI for details) indicated
that the reaction gave rise to a good yield of the cis-di-
uoromethyl hetarylated product (3a) using sodium ascorbate
as an additive and DME/H2O as a co-solvent under blue light
irradiation (Table 1, entry 1). It is noteworthy that this photo-
chemical reaction proceeded efficiently without the need for
a photocatalyst. Replacing sodium ascorbate with ascorbic acid
resulted in a lower yield (Table 1, entries 2–6). Control
Chem. Sci.
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Table 1 Reaction parameter surveya

Entry Variation from the standard conditions Yieldb (%)

1 None 72
2 Ascorbic acid as an additive 40
3 TTMSS as an additive 15
4 HCO2Cs as an additive <10
5 Hantzsch ester as an additive <10
6 tert-Dodecylthiol as an additive Trace
7 No sodium ascorbate Trace
8 No light 0
9 No H2O Trace
10 0.2 mL H2O 35
11 1.0 mL H2O 41

a 1a (0.2 mmol), 2a (0.1 mmol), and sodium ascorbate (0.25 mmol) in
DME/H2O (v/v 4/0.5 mL), irradiated by 456 nm Kessil light at r.t.
under N2 for 6 h. b Yields of isolated products. TTMSS =
tris(trimethylsilyl)silane.

Fig. 1 (A) Indoline skeleton in natural products and drugmolecules. (B)
Reaction modes for dearomative radical difunctionalization of indoles.
(C) Radical dearomatization to generate cis-products.
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experiments further conrmed that both the additive and light
were essential for the conversion (Table 1, entries 7 and 8). The
addition of water serves to dissolve the sodium ascorbate and to
maintain high light permeability. Consequently, the reaction
without or with insufficient water resulted in poor yields (Table
1, entries 9 and 10). Conversely, the addition of excess water
hindered the conversion (Table 1, entry 11).

With the optimized reaction conditions in hand, we rst
investigated the dearomatization of various indoles (Fig. 2). The
reaction adapted to a broad spectrum of indole derivatives,
giving the corresponding cis-products (3a–3ao) in generally
good yields. The reaction could be easily scaled up, giving rise to
a synthetically useful yield of 3a. A variety of reactive substitu-
ents on the substrate such as bromide, cyano, nitro, carbonyl,
and ester were well tolerated. In particular, the position of the
strong electron-withdrawing nitro group did not impact the
reaction outcome (3o). The reaction of indoles with the substi-
tution at the 4-, 5-, 6- or 7-position readily afforded the corre-
sponding products (3i–3s), regardless of distinct steric
environments. The cis-relative conguration for the product was
Chem. Sci.
unambiguously assigned by the single-crystal structure of 3r
(see the SI for details). The benzyl protecting group could be
changed to silyl (e.g., TBS and TIPS), aromatic (e.g., PMP) or
aliphatic groups (3t–3y). Notably, the susceptible acetal group
also remained intact in the transformation (3z). The structure of
3aa was intriguing, presenting a polycyclic product with a useful
yield. Azaindole was also a suitable substrate for the reaction
(3ab). The reaction of the 2-substituted indole proceeded in
moderate yield (3ac) due to the increased steric hindrance
around the reaction site. The bifunctional sulfone reagents
could be varied. Installing an extra functional group on the
benzothiazolyl moiety did not impede the transformation,
regardless of the electronic properties of the substituents (3ad–
3al). When replacing benzothiazolyl with thiazolyl, the corre-
sponding products were also obtained in synthetically useful
yields (3am–3ao). Under standard conditions, benzothiophenes
were also readily converted to the corresponding cis-products
(4a and 4b) in moderate yields, with the same regio- and
stereoselectivities.

This protocol was further extended to the dearomatization of
furans and thiophenes (Fig. 3), which mainly underwent intra-
molecular 2,5-cyclizations in previous reports.10 A set of C5-
substituted furans was apt to give the 2,3-cis-difunctionalized
dihydrofuran products (5a–5h), with sensitive groups such as
acetal and epoxide remaining intact under the mild photo-
chemical conditions (5g, 5h, and 5j). Moreover, 4,5-disubsti-
tuted furans were also amenable to afford the target products in
useful yields (5k–5m). The reaction with furyl-substituted ethyl
acetate or acetone proceeded through the anticipated 2,3-di-
functionalization of furan followed by alkene isomerization,
leading to the tetrahydrofuran products in moderate yields (5n
and 5o). The cis-relative conguration of 5o was veried by
single-crystal X-ray diffraction analysis (see the SI for details).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dearomatization of indoles and benzothiophenes. Reaction
conditions: 1 (0.4mmol), 2 (0.2mmol), sodium ascorbate (0.5mmol) in
DME/H2O (v/v 8/1 mL), irradiated by 456 nm Kessil light at r.t. under N2

for 6–10 h. Yields of isolated products are given. aScaled-up prepa-
ration with 1a (4 mmol) and 2a (2 mmol).

Fig. 3 Dearomatization of furans and thiophenes. Reaction condi-
tions: 1 (0.4 mmol), 2a (0.2 mmol), sodium ascorbate (0.5 mmol) in
DME/H2O (v/v 8/1 mL), irradiated by 456 nm Kessil light at r.t. under N2

for 6–10 h. Yields of isolated products are given.

Fig. 4 Dearomatization of PAHs. Reaction conditions: arene (0.4
mmol), 2a (0.2 mmol), sodium ascorbate (0.5 mmol) in DME/H2O (v/v
8/1 mL), irradiated by 456 nm Kessil light at r.t. under N2 for 6–10 h.
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Furthermore, thiophene also proved to be a suitable substrate
for the 2,3-cis-difunctionalization (6). Of note, the regio-
selectivity obtained is reversed compared to that of indoles and
benzothiophenes, presumably dictated by the electronic prop-
erties of the substrates.

Simple arenes are challenging substrates, which have been
rarely harnessed for dearomatization,11 due to their low reac-
tivities and the poor selectivity in the presence of multiple
reaction sites. This method offers the potential for the dear-
omative 1,2-difunctionalization of PAHs (Fig. 4). For instance,
the dearomatization of phenanthrene and acenaphthylene
readily took place, yielding the corresponding cis-products (7a
and 7b). Unfortunately, naphthalene could not be efficiently
converted to the dearomative product (7c).
© 2025 The Author(s). Published by the Royal Society of Chemistry
When treating the cis-products (3a, 4a, 5l, 6 and 7a) with
photocatalytic HAT conditions,12 these compounds were epi-
merized to the corresponding trans-products (Fig. 5A). The
relative conguration of trans-4a was conrmed by the single-
crystal X-ray diffraction analysis (see the SI for details). This
result further supports that the cis-products obtained via the
docking-migration cascade are thermodynamically unstable. In
3w, the benzothiazolyl group could be readily removed, facili-
tating rearomatization and the formation of 3-diuoromethyl
indole (8) (Fig. 5B). On treatment with DDQ, 3a could be
oxidized rst to the disubstituted indole 9 and then further to
the 3-formylindole 10 by converting CF2H into a formyl group.
Yields of isolated products are given.

Chem. Sci.
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Fig. 5 Product transformations. (A) Product epimerization. (B)
Aromatization via dehetarylation. (C) Transformation of CF2H group.

Fig. 6 Mechanistic studies and proposed mechanism.
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Alternatively, the compound 10 could be directly obtained from
3a in one step with an extended reaction time. The reduction of
10 afforded the indole-3-carbinol 11; or the product 11 was
obtained directly from 3a under heating conditions using
Cs2CO3 as the base (Fig. 5C).

The addition of the radical scavenger TEMPO to the reaction
effectively inhibited the conversion (Fig. 6A), potentially indi-
cating the existence of radical pathways. Then, a series of
deuterium-labeling experiments was performed. When using
D2O instead of H2O as cosolvent or deuterated ascorbic acid
instead of sodium ascorbate as a reducing agent, neither of the
products was deuterated. However, using deuterated THF
instead of DME as the organic solvent, the deuterated product
was obtained. This indicates that the hydrogen atom in the
CF2H group comes from the organic solvent (Fig. 6B). The UV-
Vis absorption experiments displayed that no EDA complex is
formed between the substrates and sodium ascorbate. More-
over, irradiation of 2a under blue LEDs in the absence of
a photocatalyst produced 2a0 in 45% yield (Fig. 6C), suggesting
that the reaction is initiated by light-promoted homolytic
cleavage of the C–Br bond of the bifunctional reagents to
generate an active diuoroalkyl radical intermediate. 2a
exhibited weak absorption in the range of 400 to 450 nm in the
blue region (Fig. 6D), which might trigger the photolysis of 2a to
initiate the transformation. In addition, the quantum yield test
(F = 4.2) demonstrated that the radical chain process is
involved in the reaction (see the SI for details). Accordingly,
a possible reaction mechanism is proposed in Fig. 6E. Initially,
Chem. Sci.
the single-electron transfer (SET) between 2a and sodium
ascorbate forms an electrophilic diuoroalkyl radical species I,
which rapidly adds to the C]C bond of heteroarene, generating
radical intermediate II. Sodium ascorbate acts as a reducing
agent and transforms itself into dehydroascorbic acid. Alter-
natively, the C–Br bond of 2a can undergo homolytic cleavage
under blue light irradiation, which offers a minor pathway to
produce radical I. Subsequently, intramolecular heteroaryl
migration via a kinetically favorable ve-membered cyclic
transition state followed by SO2 extrusion takes place, leading to
the diuoromethyl radical IV. This radical then abstracts the H-
atom from DME to furnish the nal product 3a and meanwhile
generates a new alkyl radical V. This radical either abstracts the
Br-atom from 2a to regenerate intermediate I, thus perpetuating
the radical chain, or reacts with the in situ generated Br-atom.
The resulting alkyl bromide can be detected by GC-MS analysis.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DFT calculations. (A) HOMOs. (B) Optimized structures. (C) Free
energy profile. Distances are in Å. All energies are given in kcal mol−1.
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Detailed mechanisms were further investigated by density
functional theory (DFT) calculations at the uB97XD/def2-
TZVPP-SMD(DME)//uB97XD/def2-SVP theory level. As shown in
Fig. 7A, the HOMO coefficient at C3 is signicantly larger than
at C2 in indole and benzothiophene, whereas the opposite trend
is observed in thiophene and furan. This difference in elec-
tronic distribution ultimately governs the regioselectivity for the
reactions, which is consistent with the experimentally observed
products. The free energy prole of the reaction and the opti-
mized transition state structures are presented in Fig. 7B and C.
The addition of radical intermediate IN1 to the C]C bond of
heteroarenes 1 via TSI is 13.5 kcal mol−1 high in energy,
generating radical intermediate IN2. Subsequent intra-
molecular heteroaryl migration proceeds through ve-
membered cyclic transition states, TSII and TSII0, leading to
the formation of cis and trans products, respectively. TSII is
17.3 kcal mol−1 lower in energy than TSII0, attributed to reduced
ring twisting (highlighted in yellow) and smaller structural
distortion (Fig. S229). Finally, SO2 is released through TSIII with
an energy of −6.1 kcal mol−1, followed by hydrogen abstraction
from the solvent DME, leading to the nal cis-product via
kinetic pathways.
Conclusions

We have described the rst example of an uncyclized cis-selec-
tive dearomatization reaction using a radical docking-migration
strategy. The reaction proceeds readily under photochemical
conditions without the use of extra photosensitizers. The
protocol is applicable to a vast array of electron-rich hetero-
arenes, such as indoles, benzothiophenes, furans and
© 2025 The Author(s). Published by the Royal Society of Chemistry
thiophenes, and certain PAHs, giving the 1,2-cis-diuoromethyl
hetarylative products. In particular, the cis-products obtained
can be conveniently epimerized to the trans-products. The
protocol also features mild conditions, broad functional group
compatibility, and high product diversity. Mechanistic studies
reveal the involvement of a radical chain process in the trans-
formation. DFT calculations provide an explanation for the
regioselectivities observed for various heteroarenes and the
consistent cis-stereoselectivities.
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C. Daniliuc, K. Bergander, C. A. Strassert and F. Glorius,
Angew. Chem., Int. Ed., 2020, 59, 9639–9645; (g) J. Mateos,
F. Rigodanza, P. Costa, M. Natali, A. Vega-Peñaloza,
E. Fresch, E. Collini, M. Bonchio, A. Sartorel and
L. Dell'Amico, Nat. Synth., 2023, 2, 26–36.

8 (a) Z.-M. Chen, X.-M. Zhang and Y.-Q. Tu, Chem. Soc. Rev.,
2015, 44, 5220–5245; (b) W. Li, W. Xu, J. Xie, S. Yu and
C. Zhu, Chem. Soc. Rev., 2018, 47, 654–667; (c) X. Wu and
C. Zhu, Acc. Chem. Res., 2020, 53, 1620–1636; (d) X. Wu,
Z. Ma, T. Feng and C. Zhu, Chem. Soc. Rev., 2021, 50,
11577–11613; (e) H.-M. Huang, P. Bellotti, J. Ma, T. Dalton
and F. Glorius, Nat. Rev. Chem., 2021, 5, 301–321; (f)
A. R. Allen, E. A. Noten and C. R. J. Stephenson, Chem.
Rev., 2022, 122, 2695–2751; (g) Z. Ma, X. Wu and C. Zhu,
Chem. Rec., 2023, 23, e202200221; (h) W. Lee, I. Park and
S. Hong, Sci. China Chem., 2023, 66, 1688–1700; (i) F. Chen,
Z. Cao and C. Zhu, Angew. Chem., Int. Ed., 2025, 64,
e202424667.

9 (a) J. Yu, X. Wu and C. Zhu, Angew. Chem., Int. Ed., 2018, 57,
17156–17160; (b) T. M. Monos, R. C. Mcatee and
C. R. J. Stephenson, Science, 2018, 361, 1369–1373; (c)
M. Wang, H. Zhang, J. Liu, X. Wu and C. Zhu, Angew.
Chem., Int. Ed., 2019, 58, 17646–17650; (d) J. Liu, S. Wu,
J. Yu, C. Lu, Z. Wu, X. Wu, X.-S. Xue and C. Zhu, Angew.
Chem., Int. Ed., 2020, 59, 8195–8202; (e) G. R. Mathi,
Y. Jeong, Y. Moon and S. Hong, Angew. Chem., Int. Ed.,
2020, 59, 2049–2054; (f) Y. Moon, W. Lee and S. Hong, J.
Am. Chem. Soc., 2020, 142, 12420–12429; (g) H. Zhang,
M. Wang, X. Wu and C. Zhu, Angew. Chem., Int. Ed., 2021,
60, 3714–3719; (h) Y. Wei, H. Zhang, X. Wu and C. Zhu,
Angew. Chem., Int. Ed., 2021, 60, 20215–20219; (i) J. Yu,
X. Zhang, X. Wu, T. Liu, Z.-Q. Zhang, J. Wu and C. Zhu,
Chem, 2023, 9, 472–482; (j) J. Wang, X. Wu, Z. Cao,
X. Zhang, X. Wang, J. Li and C. Zhu, Adv. Sci., 2024, 11,
2309022; (k) Z. Cao, Y. Sun, Y. Chen and C. Zhu, Angew.
Chem., Int. Ed., 2024, 63, e202408177; (l) E. A. Noten,
C. H. Ng, R. M. Wolesensky and C. R. J. Stephenson, Nat.
Chem., 2024, 16, 599–606; (m) C. Hervieu, M. S. Kirillova,
Y. Hu, S. Cuesta-Galisteo, E. Merino and C. Nevado, Nat.
Chem., 2024, 16, 607–614; (n) D. J. Babcock, A. J. Wolfram,
J. Barney, S. M. Servagno, A. Sharm and E. D. Nacsa, Chem.
Sci., 2024, 15, 4031–4040; (o) S. Yang, Y. Chen and C. Zhu,
Chem. Sci., 2025, 16, 9715–9719; (p) J. Liu, J. Ma, T. Wang,
X.-S. Xue and C. Zhu, JACS Au, 2024, 4, 2108–2114; (q)
C. He, M. Wang, Y. Wang, L. Zhao, Y. Zhou, K. Zhang,
S. Shen, Y. Su, X.-H. Duan and L. Liu, Sci. China Chem.,
2024, 67, 2022–2028.

10 (a) K. Adams, A. K. Ball, J. Birkett, L. Brown, B. Chappell,
D. M. Gill, P. K. T. Lo, N. J. Patmore, C. R. Rice, J. Ryan,
P. Raubo and J. B. Sweeney, Nat. Chem., 2017, 9, 396–401;
(b) W. Luo, K. Jiang and B. Yin, Chin. J. Chem., 2022, 40,
2893–2899; (c) F. Long, K. Jiang, W. Song, W. Luo and
B. Yin, Org. Lett., 2024, 26, 1083–1087.

11 (a) M. P. Wiesenfeldt, Z. Nairoukh, T. Dalton and F. Glorius,
Angew. Chem., Int. Ed., 2019, 58, 10460–10476; (b) S. P. Roche
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07904g


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
2:

46
:0

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and J. A. Porco, Angew. Chem., Int. Ed., 2011, 50, 4068–4093;
(c) C. J. Huck and D. Sarlah, Chem, 2020, 6, 1589–1603; (d)
Y. Wang, W.-Y. Zhang, Z.-L. Yu, C. Zheng and S.-L. You,
Nat. Synth., 2022, 1, 401–406; (e) P. Ji, C. C. Davies, F. Gao,
J. Chen, X. Meng, K. N. Houk, S. Chen and W. Wang, Nat.
Commun., 2022, 13, 4565; (f) M.-Y. Wang, C.-J. Wu,
W.-L. Zeng, X. Jiang and W. Li, Angew. Chem., Int. Ed.,
2022, 61, e202210312; (g) J.-Y. Qiu, W.-L. Zeng, H. Xie,
M.-Y. Wang and W. Li, Angew. Chem., Int. Ed., 2023, 62,
e202218961; (h) M.-Y. Wang, W.-L. Zeng, L. Chen,
Y.-F. Yuan and W. Li, Angew. Chem., Int. Ed., 2024, 63,
e202403917; (i) Q. Fan, K. Jiang, B. Liu, H. Jiang, X. Cao
and B. Yin, Adv. Sci., 2024, 11, 2307074; (j) D.-H. Liu and
J. Ma, Angew. Chem., Int. Ed., 2024, 63, e202402819; (k)
P.-F. Yuan, X.-T. Huang, L. Long, T. Huang, C.-L. Sun,
© 2025 The Author(s). Published by the Royal Society of Chemistry
W. Yu, L.-Z. Wu, H. Chen and Q. Liu, Angew. Chem., Int.
Ed., 2024, 63, e202317968.

12 (a) V. D. Waele, O. Poizat, M. Fagnoni, A. Bagno and
D. Ravelli, ACS Catal., 2016, 6, 7174–7182; (b) G. Laudadio,
Y. Deng, K. V. D. Wal, D. Ravelli, M. Nuño, M. Fagnoni,
D. Guthrie, Y. Sun and T. Noël, Science, 2020, 369, 92–96;
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