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Direct photo-induced reductive Heck cyclization of indoles 
for the effi  cient preparation of polycyclic indolinyl compounds

Photo-induced cleavage of C(sp2)–Cl bonds is an appealing 
synthetic tool in organic synthesis but usually requires the 
use of high UV light, photocatalysts and/or photosensitizers. 
In this study, the authors describe a metal- and photocatalyst-
free, light-induced strategy for chloroarene activation that can 
be used in the reductive Heck cyclization of indoles for the 
preparation of polycyclic compounds and functionalization 
of natural product analogues under 365 or 410 nm LEDs 
irradiation. The chloroarene compounds examined display room 
temperature phosphorescence in the solid state and long-lived 
excited states that undergo bimolecular redox reactions with 
amines leading to the activation of C(sp2)–Cl bonds in solution.
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14050 | Chem. Sci., 2021, 12, 14050–
uced reductive Heck cyclization of
indoles for the efficient preparation of polycyclic
indolinyl compounds†

Daohong Yu, abc Wai-Pong To, b Yungen Liu, a Liang-Liang Wu, b

Tingjie You,b Jesse Linge and Chi-Ming Che *abde

The photo-induced cleavage of C(sp2)–Cl bonds is an appealing synthetic tool in organic synthesis, but

usually requires the use of high UV light, photocatalysts and/or photosensitizers. Herein is described

a direct photo-induced chloroarene activation with UVA/blue LEDs that can be used in the reductive

Heck cyclization of indoles and without the use of a photocatalyst or photosensitizer. The indole

compounds examined display room-temperature phosphorescence. The photochemical reaction

tolerates a panel of functional groups including esters, alcohols, amides, cyano and alkenes (27

examples, 50–88% yields), and can be used to prepare polycyclic compounds and perform the

functionalization of natural product analogues in moderate to good yields. Mechanistic experiments,

including time-resolved absorption spectroscopy, are supportive of photo-induced electron transfer

between the indole substrate and DIPEA, with the formation of radical intermediates in the photo-

induced dearomatization reaction.
Introduction

Aryl halides are commonly used as building blocks in organic
synthesis.1 Due to the high negative reduction potential and
bond energy of C(sp2)–Cl bonds [e.g., for PhCl, Ered(PhCl/
PhClc�) ¼ �2.78 V vs. SCE;2 BDE (C–Cl) ¼ 97.1 kcal mol�1],3 the
reduction of aryl chloride to give an aryl radical usually requires
harsh conditions, such as a strong base under thermal condi-
tions4 or ultraviolet (UV) light irradiation5 is usually used.
Highly reactive organic super-electron donors,6 consecutive
visible light-induced electron transfer reactions7 and electro-
photocatalysis8 are also employed to activate aryl chlorides, via
one-electron reduction. Recent studies on photochemical C–Cl
bond activation oen entailed the use of a photocatalyst that
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initiates the reaction by electron transfer upon light
irradiation.9

For decades, UV light-excitation of aryl halides has been
known to induce homolytic carbon–halide bond cleavage and
lead to cyclization if an arene/alkene is in close proximity.10

Nonetheless, application studies of this strategy in the synthesis
of indoles with complexity are sparse, as the decomposition of
indole, photo-Fries rearrangement and photo-dehalogenation
were usually observed, leading to low product yields and
undesirable regioselectivity.10b,c,g Tin and radical initiators or
transition metal catalysts are usually required for free radical
cyclization10 or reductive Heck cyclization,11 in which the C–Br
or C–I bond is involved (Scheme 1a). Reactions involving the C–
Cl bond are comparatively less developed and they oen entail
an electron-rich phosphine ligand and high temperature.11c,f–i

Reductive Heck cyclization without a radical initiator and
transition metal catalyst has not been reported so far.

We conjecture that organic compounds which could attain
a reactive, triplet excited state in solution can be harnessed for
achieving photoredox reactions without the need for a photo-
catalyst/photosensitizer. During our study on organic amide
compounds, we found that N-(2-chlorobenzoyl)indoles display
long-lived phosphorescence at room temperature, suggesting
that this class of compoundsmay attain long-lived excited states
in solution.12 Since carbonyl compounds exhibit rich photo-
chemistry,13–16 we examined the photochemical reactivity of
these N-benzoylindoles and discovered that they can undergo
efficient photocyclization to give indolinyl compounds in the
presence of a base. Herein, we describe a general light-induced
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reported strategies for (a) the cyclization of indole. (b) Our
metal- and photocatalyst-free strategy for chloroarene activation and
dearomatization of indole, and synthesis of complex molecules.
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Heck cyclization of aryl chlorides with broad substrate scope
and its synthetic applications (Scheme 1b). During the prepa-
ration of the present manuscript, photo-induced [2 + 2] cyclo-
addition and reductive arylcarboxylation of indole derivatives
which require the use of a photosensitizer were reported by
several groups.17
Results and discussion

Considering both the halogen atom effect and n / p* transi-
tion of carbonyl groups in facilitating singlet-to-triplet inter-
system crossing,18 we synthesized a class of indole compounds
containing a 2-chlorobenzoyl group (e.g., N-(2-chlorobenzoyl)
indole; S1). Upon excitation at 355 nm, S1 exhibits a broad,
structureless emission band with lmax at �435 nm and decay
Fig. 1 (a) Time-resolved emission spectra of S1 in the solid state
(excitation, 355 nm; the arrow indicates the change in emission
intensity). (b) ns-TA spectra of S1 (0.1 M) in degassed MeCN (excitation,
355 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
time constants (s) of 4.7 and 22 ms in the solid state at room
temperature (Fig. 1). The pulse excitation (355 nm) of S1 at 77 K
results in a short (�0.2 s) blue aerglow visible to the naked eye.
In 2-methyltetrahydrofuran at 77 K, the decay of the blue
aerglow of S1 is lengthened to a few seconds (Fig. S3†).
Nanosecond time-resolved absorption difference (ns-TA) spec-
troscopic measurement on S1 in MeCN revealed a positive
DO.D. signal from 380 to�550 nm, which decays to the baseline
in 1 ms (Fig. 1). Similarly, N-(2-chlorobenzoyl)-5-chloroindole
(S3) in the solid form exhibits uorescence with a peak
maximum at 453 nm (s ¼ 58 ns; Fig. S4 and S5†) and a struc-
tured emission prole (500–700 nm), which slowly fades with
a lifetime of 111 ms (Fig. S5†). The ns-TA spectra of S3 in
degassed MeCN revealed a long-lived signal, which persists for
at least 10 ms (Fig. S6†). The above two examples suggest that
this class of amide compounds could attain a long-lived triplet
excited state in solution upon light excitation.

We are intrigued to utilize the long-lived excited state of N-
benzoylindoles for C(sp2)–Cl bond activation as proposed in
Scheme 2. A long-lived excited state of N-(2-chlorobenzoyl)
indole, A, undergoes a bimolecular redox reaction with the
reductant (amine) to form the radical anion, B (reductive
quenching by amine).19 This radical anion would undergo
intramolecular C(sp2)–Cl bond activation, fragmenting into
a phenyl radical C and chloride ion.20 The ensuing intra-
molecular radical cyclization of C generates benzylic radical D.
Finally, the hydrogen atom abstraction21 with DIPEAc+ or further
reduction of D to carbanion E followed by protonation gener-
ates the reductive Heck cyclization product 1.

We selected the reductive Heck cyclization of S1 under LED
irradiation to examine the feasibility of photocyclization.
Several sacricial electron donors were screened. In the pres-
ence of 2.5 equivalents of N,N-diisopropylethylamine (DIPEA),
the reaction proceeded smoothly with a 76% product yield
under 410 nm LED irradiation (12 W; Fig. S1†), with an N-
benzoylindole byproduct in 5% yield (Table 1, entry 1). The use
of N,N,N0,N0-tetramethylethane-1,2-diamine (TMEDA) and Et3N
also gave the product in 5–10% yields (Table 1, entries 2 and 3).
Electron donors such as 1,4-diazabicyclo[2.2.2]octane (DABCO)
or bases such as K2CO3 and pyridine did not afford the corre-
sponding product, with S1 recovered quantitatively (Table 1,
Scheme 2 Proposed reaction pathway.
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Table 1 Reaction condition optimization for the reductive Heck
cyclization of S1a

Entrya Additive X Time (h) Yield (%)

1 DIPEA 2.5 8 76
2 TMEDA 2.5 8 10
3 Et3N 2.5 8 5
4 DABCO 2.5 8 0b

5 K2CO3 2.5 8 0b

6 Me2S 2.5 8 0b

7 Pyridine 2.5 8 0b

8 — — 12 0b

9c DIPEA 2.5 8 0b

10d DIPEA 2.5 8 0b

11e DIPEA 2.5 12 80
12e,f DIPEA 2.5 12 65 (52g)

a S1 (0.2 mmol), DIPEA (0.5 mmol) and acetonitrile (2.0 mL), under
argon and 410 LED irradiation at 30–35 �C for 8–12 hours. Yields were
determined by 1H NMR using dibromomethane or 1,3,5-
trimethoxybenzene as an internal standard. b The substrate was
recovered completely. c Reaction conducted in the dark. d 450 nm
LEDs were used. e 365 nm LEDs were used. f Under air. g Averaged
isolated yield of three trials.

Table 2 Photo-induced reductive Heck cyclization reactiona,e

a Substrate (0.5 mmol), DIPEA (1.25 mmol), MeCN (5 mL) under 410 nm
LED irradiation at 30–35 �C for 10–14 h; isolated yield. b The reaction
was irradiated with 365 nm LEDs. c Averaged yield of two trials in two
independent laboratories. d N-(2,4,6-Trichlorobenzoyl)indole as the
substrate. e X ¼ Cl unless otherwise noted.
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entries 4–7). As S1 was also fully recovered in the reaction
without an additive (Table 1, entry 8), the reaction is unlikely to
proceed via direct light-induced homolysis of S1. The product
yield decreased to 21–33% and low substrate conversion was
observed when DIPEA was decreased to 1 or fewer equivalents
(Table S1, entries 12 and 13†). Shortening the reaction time was
deleterious to the reaction (Table S1, entries 1–3†). The solvent
effect was evaluated, with MeCN yielding the best results (Table
S1, entries 4–11†). The reaction did not proceed when per-
formed in the dark (Table 1, entry 9), or under 450 nm LEDs
(Table 1, entry 10). Upon 365 nm LED irradiation for 12 h, the
cyclized product was obtained in 80% yield (Table 1, entry 11),
which is higher than that obtained with Ir(III) photocatalysts
(Table S1, entries 18 and 19,† 50–59%). When the chlorine atom
in substrate S1 was replaced by a bromo or iodo group, the
reaction also proceeded to give 1 in 70% or 72% yield, respec-
tively, under 410 nm LED irradiation (Table 2).

Under the optimized conditions, we examined the scope of
the reductive Heck cyclization reaction (Table 2; see Scheme S1†
for a list of substrates). A wide variety of functional groups,
including both electron-donating and -withdrawing ones, were
well tolerated and the corresponding products were obtained in
good yields (1–16). The bromo or chloro substituent on the
indole moiety remained intact (2–3, 11); this can benet further
transformation, such as the cross-coupling reaction. Sterically
hindered N-(2-chlorobenzoyl)-2-methylindole (S18) afforded the
product with one quaternary carbon centre in 60% yield with
the use of 365 nm LEDs (18). The substrate with both bromo
14052 | Chem. Sci., 2021, 12, 14050–14058
and hydroxyl groups on indole afforded the product in 73%
yield (19).

We found that when both ortho C–Cl and C–F bonds are
present, only C–Cl bond cleavage occurred, with a product yield
of 68% (20). When N-(2,4-dichlorobenzoyl)indole was subjected
to the reaction, only the ortho C–Cl bond reacted to afford 21 in
80% yield. Interestingly, for N-(2,4,6-trichlorobenzoyl)indole,
which has two ortho C–Cl bonds, the cyclized product 21 with
both ortho C–Cl bonds cleaved was obtained in 58% yield. We
speculated that the reaction rst gave the 2,4-dichloro-
substituted cyclized product, followed by photoreduction with
amine to give 21. Other electron-donating (AcNH and OMe) or
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Natural products containing an indole moiety.
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electron-withdrawing (F and CF3) functional groups on the
benzoyl moiety were tolerated, affording the corresponding
products in moderate yields (22–25). However, no reaction
occurred for substrates having phenol, aldehyde, pyridine or
azide groups (Scheme S1†). When N-(2-chlorobenzoyl)-5-
nitroindole (S28) was subjected to the reaction, the cyclization
reaction did not occur; the nitro group was reduced to an amino
group to give the amino product (S36) in 80% yield.22 Increasing
the amount of DIPEA to 5 molar equivalents and extending the
reaction time to 24 hours still resulted in S36 being the major
product (81% yield).

Since indole alkaloids are prevalent in natural products and
pharmaceuticals (examples are shown in Scheme 3),23–25 this
photocyclization strategy was applied to the modications of
indole-containing polycycles (Scheme 4). As shown in Scheme
4a, the treatment of Uhle's ketone,26 a key intermediate in the
synthesis of lysergic acid,27 a-ergocryptine,27 N-methyl-
welwistatin28 and cycloclavine,23,29 with 2-chlorobenzoyl chlo-
ride followed by reduction afforded 26 (Scheme S4†). By
subjecting 26 to our photochemical reaction conditions,
Scheme 4 Modification of polycyclic compounds.

© 2021 The Author(s). Published by the Royal Society of Chemistry
compound 27 was obtained in 66% yield (overall yield of 55%
from Uhle's ketone). We also explored the modication of
selected medicinal compounds and drug-like molecules. Indo-
metacin analogue 28 cyclized into product 29 in 32% yield upon
365 nm LED excitation with excellent diastereoselectivity
(Scheme 4b). Glioperazine C is known to display appealing
bioactivity and anti-inammatory effects. Similarly, when we
subject compound 30, a structural analogue of anti-
inammatory alkaloid glioperazine C,25a to our photochemical
reaction conditions, diketopiperazine 31 was produced in 71%
yield as a single diastereomer without affecting the pre-existing
stereogenic centres (Scheme 4c). Finally, tricyclic lactam 32
underwent photochemical cyclization to afford pentacyclic
compound 33 in 72% yield (Scheme 4d).

To demonstrate the synthetic utility of our method, we chose
to derivatize 14, 15 and 16 (see Table 2), with their functionalized
side chains serving as handles for further transformations. The
reaction of S14 was scaled up to 1.4 grams. Product 14 (trans : cis
¼ 9 : 1) was obtained in 85% yield by prolonging the reaction
time to 24 h. Further reduction of 14 was effected with LiAlH4 as
the reductant, generating indoline 35 in 95% yield with a slight
decrease in the trans : cis ratio. However, when 14 was reduced
with NaBH4 in THF/MeOH, alcohol 34was obtained in 85% yield
but with a signicant drop in the trans : cis ratio to 1.5 : 1
(Scheme 5). We noted that when 1 was treated with NaBH4 in
a THF/CD3OD mixture at 65 �C, the incorporation of deuterium
at C2 was observed, suggesting that the H at C2 could undergo
exchange in the presence of a base and protic solvent (Fig. S7†),
thus accounting for the drop in the trans : cis ratio.

Recently, we have developed an iron-catalyzed intra-
molecular C(sp3)–H insertion reaction of alkyl azides.30 To
prepare complex indoline-containing compounds with this
synthetic strategy, we converted trans-34 into azide 36. Using
iron(II) phthalocyanine as the catalyst, pentacyclic indoline 37
was successfully prepared from 36 in 89% yield (27% from S14,
4 steps) (Scheme 6a). This indoline, incorporated with
a quaternary aminal carbon centre, was characterized by X-ray
crystallography (Fig. S14†). Compound 39 was synthesized
using the same strategy in four steps, with an overall yield of
53% from S14 (Scheme 6b). A panobinostat31 derivative, 41, was
obtained from 15 and methyl (E)-3-(4-(bromomethyl)-phenyl)
acrylate 40 in moderate yield (Scheme 6c). Compound 31 was
also synthesized in an overall 74% yield from 16 (Scheme 6d).
Scheme 5 Further transformation of 14.

Chem. Sci., 2021, 12, 14050–14058 | 14053
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Scheme 6 Synthesis of complex compounds.

Scheme 7 Mechanistic experiments.
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We conducted several experiments to examine the photo-
chemical reaction and found the following: (1) when TEMPO
was added, no product was formed and the substrate was
recovered quantitatively, suggesting the involvement of radi-
cal(s) in the photochemical reaction (Table 3, entry 1). However,
no TEMPO-trapped intermediate was detected by mass spec-
trometry. When 0.5 equivalent of butylated hydroxytoluene
(BHT) was added, the product was obtained in only 50% yield
(Table 3, entry 2). Hydroquinone and 1,4-dinitrobenzene are
commonly used as single electron transfer (SET) inhibitors.32

With hydroquinone present, the product yield plummeted to
30% (Table 3, entry 3). No reaction was observed when 1-chloro-
2,4-dinitrobenzene was added (Table 3, entry 4). These results
indicate that a SET process is involved in the reaction.

(2) The use of N-(2-chlorobenzyl)indole 42 (no carbonyl
group) did not give the desired cyclized product, 43; the
substrate remained intact (Scheme 7a). Hence, the presence of
the carbonyl group is critical for the photochemical cyclization
Table 3 Mechanistic experiments

Entry Additive Yield (%)a

1 TEMPO (1.0 eq.) 0
2 BHT (0.5 eq.) 50
3 Hydroquinone (0.5 eq.) 30
4 1-Chloro-2,4-dinitrobenzene (0.5 eq.) 0

a Yields were determined by 1H NMR spectroscopy using
dibromomethane or 1,3,5-trimethoxylbenzene as the internal standard.

14054 | Chem. Sci., 2021, 12, 14050–14058
reaction. (3) When using CD3CN as the solvent, product 1 was
obtained without deuteration (Scheme 7b). A solvent mixture
with D2O, however, produced deuterated 1 with deuterium
incorporated at the C3 position and C2 position to a lesser
extent, (Scheme 7c). As D2O served as an external proton source
in competition with DIPEAc+, these results suggest the forma-
tion of the product as a consequence of protonation of anion
intermediate E instead of hydrogen atom abstraction.10g,33 The
deuteration at the C2 position could be a result of proton
exchange aer the product was formed (similar to the treatment
of 1 with NaBH4 as aforementioned) because deuteration at the
C2 position was also observed when the non-deuterated product
1 was subjected to the same reaction conditions shown in
Scheme 7c (Fig. S7†). (4) When N-(2-chlorobenzoyl)-3-(2-
bromoethyl)indole (S27) was subjected to the reaction, 44 was
obtained in 30% yield and a spiro cyclopropane, 45, was formed
in 43% yield. We surmised that the radical intermediate D0 is
further reduced by DIPEA to afford the anion intermediate E0,
giving product 45 via nucleophilic substitution (Scheme 7d).
The results depicted in Scheme 7b–d support the mechanism of
protonation of cyclized anion intermediates E with water in
solvent or an aminium radical cation (DIPEAc+).17d,21,34 (5) The
quantum yield for the photochemical conversion of S1 to 1 with
365 nm LEDs was estimated using potassium ferrioxalate as
a chemical actinometer (see the ESI†); the photon ux of the
LEDs was 3.91 � 10�6 einstein s�1. By subjecting S1 to the
reaction conditions b depicted in Table 2, 89.2 mmol of 1 was
formed in 40 minutes (18% yield). Thus, the quantum yield of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) ns-TA spectra recorded at 4 ms after pulse excitation at
355 nm, and (b) DO.D. intensity at 500 nm for degassed MeCN solu-
tions containing S1 (0.1 M; black line), S1 (0.1 M) and DIPEA (0.25 M; red
line) or DIPEA (0.25 M; blue line).
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the reaction is 2.1%, suggesting that a light-induced catalytic
pathway is favored over a radical chain process.35

(6) ns-TA spectral measurements in degassed MeCN
revealed that, at 4 ms aer pulse excitation (355 nm), S1 or
DIPEA alone showed no discernible signal. However, the
solution containing both S1 and DIPEA displayed a broad ns-
TA band (maximum at �500 nm) at the same time point
(Fig. 2a). The signal with the DO.D. at 500 nm assigned to the
ketyl radical anion36 was relatively long-lived showing
a decay time constant of 28 ms. The excited state potential
E(S1*/S1�) was estimated to be 1.15 V vs. Ag/AgCl (S1's E0–0 ¼
2.9 eV; Epc(S1/S1

�) ¼ �1.75 V), which is higher than the re-
ported potential of E(DIPEAc+/DIPEA) (0.9 V vs. Ag/AgCl).37

Therefore, upon excitation, S1 attains a triplet excited state,
which accepts an electron from DIPEA to give one-electron
reduced S1 (Scheme 2, species B) and DIPEAc+. (7) In situ
formation of electron donor–acceptor complexes is another
strategy for light-induced C–Cl bond activation.38 In MeCN,
Fig. 3 DFT calculated transition states at the M06-2X-D3/6-
311++G**/PCM//B3LYP-D3/6-311G*/PCM level of theory. Critical
bond lengths are given in Å.

© 2021 The Author(s). Published by the Royal Society of Chemistry
DIPEA (0.25 M) shows an intense absorption at 250–300 nm
and weak absorption beyond 325 nm. For indole substrate S1
(0.1 M), there is an intense absorption at 250–330 nm, with
absorption tail ending at �390 nm (Fig. S11†). As the mixture
of S1 and DIPEA used in the photochemical experiment
showed no new absorption band, the possibility of in situ
formation of an electron donor–acceptor complex is
disfavored.38a,39

DFT calculations (Fig. 3) revealed that the calculated tran-
sition state (TS) energy for carbon–halogen bond cleavage of
radical-anion S1c� is 8.9 kcal mol�1. On the other hand, the
direct homolytic cleavage of the aryl–halogen bond in the triplet
state (TS10, 14.7 kcal mol�1) and concerted bond cleavage and
C–C formation (TS100, 17.1 kcal mol�1) have higher TS energy.
Therefore, the photoexcited S1 (triplet state) is more likely to
undergo electron transfer with DIPEA to form the radical-anion
species, which then undergoes C–Cl cleavage to form interme-
diate C. The subsequent cyclization of C is facile with a barrier
of 9.5 kcal mol�1 (Fig. S16†). The computational results further
lend support to the proposed radical-anion decomposition
pathway as depicted in Scheme 2.
Conclusions

Herein, we have described a general and operationally simple
direct photo-induced reductive Heck cyclization reaction of
indole derivatives. This reaction has a high tolerance to func-
tional groups, such as esters, amides, alcohols, allylics and
alkenes. More importantly, this method can be applied to the
functionalization of natural product derivatives and prepara-
tion of complex polycyclic indolinyl compounds.
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A. B. Peñéñory, Chem. Rev., 2003, 103, 71.

21 H. Kim and C. Lee, Angew. Chem., Int. Ed., 2012, 51, 12303.
22 (a) T. Hirao, J. Shiori and N. Okahata, Bull. Chem. Soc. Jpn.,

2004, 77, 1763; (b) S. Gazi and R. Ananthakrishnan, Appl.
Catal., B, 2011, 105, 317.

23 (a) F. R. Petronijevic and P. Wipf, J. Am. Chem. Soc., 2011,
133, 7704; (b) W. Wang, J.-T. Lu, H.-L. Zhang, Z.-F. Shi,
J. Wen and X.-P. Cao, J. Org. Chem., 2014, 79, 122; (c)
N. Netz and T. Opatz, J. Org. Chem., 2016, 81, 1723.

24 K. Douki, H. Ono, T. Taniguchi, J. Shimokawa, M. Kitamura
and T. Fukuyama, J. Am. Chem. Soc., 2016, 138, 14578.

25 (a) P. Wang, L. Miao, H. Zhao, D. Wu, L. Wang, Y. Teng,
H. Sun and P. Yu, J. Chem. Pharm. Res., 2015, 7, 85; (b)
Y. Wang, P. Wang, H. Ma and W. Zhu, Expert Opin. Ther.
Pat., 2013, 23, 1415.

26 (a) F. C. Uhle, J. Am. Chem. Soc., 1949, 71, 761; (b)
K. Teranishi, S. Hayashi, S.-i. Nakatsuka and T. Goto,
Tetrahedron Lett., 1994, 35, 8173.
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