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ABSTRACT: An intramolecular dearomatization of indole derivatives has been developed via an electron donor−acceptor
complex formed between indole derivatives and Umemoto’s reagent. Without the requirement of any catalyst and additive,
diverse trifluoromethyl-substituted spiroindolenines bearing a quaternary stereogenic center were obtained in good yields (up to
90%) merely upon the illumination of two starting materials in 1,2-dichloroethane solution at room temperature. This work
provides facile access to spiroindolenines bearing a trifluoromethyl group enabled by visible light.

Spiroindolenines, encountered as common substructures in
alkaloid natural products, constitute an important class of

biologically active molecules.1 Meanwhile, they also occupy a
prominent position in drug discovery research for new lead
compounds.2 Because of their high value in both synthetic and
pharmaceutical chemistry, continuing efforts have been
devoted to the development of their synthetic methods.3

Among them, the dearomatization reaction of indole
derivatives represents a straightforward and practical strategy
to assemble such scaffolds.4 For instance, alkylation reaction of
indoles via intramolecular reactions including allylic sub-
stitution,5 cross-coupling,6 additions to alkynes,7 and others8

have been developed. Despite these great advances, the
currently available approaches largely depend on the
nucleophilic property of the indole moiety and the assistance
of catalysts under thermal conditions. Developing new
strategies beyond these thermal pathways in a catalyst-free
fashion remains elusive but highly desirable.
Visible light, which is abundant and available in nature, has

long been appreciated as a mild energy source to drive
chemical transformations.9 Of particular interest are the
electron donor−acceptor (EDA, also called charge-transfer)
complexes capable of absorbing visible light and promoting
reactions involving open shell odd-electron species without any
external photocatalyst.10 However, due to the problems
associated with unproductive, fast, and reversible electron
transfer from the donor to the acceptor, the EDA complex-
enabled synthetic chemistry is limited. In this regard, one
recent elegant example from the Melchiorre group demon-
strated that indoles are suitable electron donors combined with
electron-deficient benzyl or phenacyl bromides as the accept-

ors, thus providing a novel strategy for the direct alkylation of
indoles (a, Scheme 1).11 Inspired by this pioneering work and

as part of our continuing efforts toward dearomatization
reactions, we began to explore the feasibility of indole
derivatives as the electron donor in the intramolecular
dearomatization reactions (b, Scheme 1). To achieve this,
several challenges must be overcome: (a) possible competitive
reactions including both intermolecular dearomatization and
direct hydrofunctionalization of alkenes and (b) unfavorable
energetic barrier and steric congestion caused during the
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Scheme 1. EDA Complex Consisting of Indole As the
Electron Donor
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dearomatization process. Herein, we report the results from
this work.
Fascinated by the ability of the trifluoromethyl group in

altering the intrinsic properties of organic compounds, our
attempt was launched with the investigation of the reaction
between indoles with Umemoto’s reagent 2a, with the goal of
incorporating the CF3 functionality into the spiroindolenines
(Table 1).12−14 However, the initial results were disappointing.

Different indoles including those bearing a nitrogen atom on
the linkage or seven-membered carbon linked ones were not
compatible. Gratifyingly, exposure of substrates 1a and 2a in
DMF to blue LEDs provided the desired spiroindolenines in
43% yield after 2 days in the form of two diastereoisomers with
a ratio of 1.3:1 (entry 1). Further experiments revealed the
solvents had a profound effect on the reaction outcome and
DCE gave the best yield with a much shorter reaction time
(83% yield, entry 6). The reaction is quite robust and performs
well in the presence of diverse bases including Et3N, which
might serve as a potential competitive electron donor (entries
10−14). Other trifluoromethylating reagents such as Togni’s

reagents 2b and 2c were also tested;15 it was found that the
reaction between 1a and 2c delivered the dearomative product
in 54% NMR yield, while no reaction occurred between 1a and
2b. Varying the light source to 23W CFL or increasing the
substrate concentration resulted in a slight drop in yield
(entries 17 and 18). The reaction carried out in air merely led
to a mixture without any observation of the desired product
(entry 19). Finally, the control experiment verified that visible
light is essential (entry 20).
With the optimized reaction conditions in hand, we next

explored the substrate scope. As illustrated in Scheme 2,

electron-donating or electron-withdrawing groups at various
positions of the phenyl moiety (4-OMe, 4-Me, 4-F, 4-Cl, 4-Br,
4-CO2Me, 4-CN, 4-NO2, 3-Me, 2-OMe, 2-Me, 2-CF3) or 1-
naphthyl group at the C2 position of indole were well
tolerated. The resultant dearomative products 3b−o were
obtained in 43−86% yields as diastereoisomeric mixtures
(1.2:1 to 6:1). Typically, the substrates bearing strong

Table 1. Optimization of the Reaction Conditionsa

entry 2 solvent base time (h) yieldb (%)

1 2a DMF 48 43
2 2a CH3CN 24 72
3 2a MeOH 48 56
4 2a CHCl3 2 78
5 2a DCM 2 80
6 2a DCE 2 83
7 2a 1,4-dioxane 24 57
8 2a Et2O 24 nd
9 2a toluene 24 nd
10 2a DCE K2HPO4 15 75
11 2a DCE K2CO3 15 77
12 2a DCE Cs2CO3 24 75
13 2a DCE tBuOK 48 52c

14 2a DCE Et3N 48 59c

15 2b DCE 24 ndc

16 2c DCE 24 54c

17d 2a DCE 4 77
18e 2a DCE 15 77
19f 2a DCE 24 nd
20g 2a DCE 24 nd

aGeneral conditions: 1a (0.05 mmol), 2 (0.075 mmol), and base
(0.075 mmol) in solvent (0.5 mL, 0.1 M) were stirred at room
temperature under visible light. Unless otherwise noted, 24W blue
LEDs were used as the light source. The product was observed in the
form of two diastereoisomers, and the dr value was determined as
1.3:1 by 19F NMR. bIsolated yield. cNMR yield determined by 19F
NMR with PhCF3 as the internal standard.

dLight source: 23W CFL.
eDCE (0.25 mL, 0.2 M). fOpen to air. gIn dark. nd = not detected.

Scheme 2. Substrate Scopea

aGeneral conditions: 1 (0.20 mmol) and 2a (0.30 mmol) in DCE
(2.0 mL, 0.1 M) were stirred at room temperature under the
irradiation of 24W blue LEDs. Unless otherwise noted, the reaction
time was 2 h. bIsolated yield. cThe product was observed in the form
of two diastereoisomers, and the dr value was determined by 19F
NMR. dReaction time: 8 h. eReaction time: 12 h.
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electron-withdrawing groups such as −CO2Me, −CN, −NO2,
and −CF3 required a prolonged reaction time. It is worth
noting that the diastereoselectivity is highly dependent on
specific structure. For example, the incorporation of a
substituent at the ortho-position of the phenyl moiety could
dramatically increase the diastereoselectivity of the products.
Furthermore, the reactions between indoles bearing an
aliphatic group such as Me- or tBu- at the C2 position and
Umemoto’s reagent 2a proceeded smoothly, delivering the
corresponding spiroindolenines 3p and 3q in 58% and 55%
yields with 2:1 and 7:1 dr, respectively. Meanwhile, indoles
bearing 4-Cl, 5-Me, 5-Cl, 5-Br, 6-Cl, 7-Me were all compatible
with this protocol, in all cases, leading to their corresponding
products in good to excellent yields (58−90%, 1.1:1−1.3:1 dr,
3r−w). The structure of the minor isomer in 3a has been
confirmed by X-ray diffraction analysis.16

To our great delight, the reaction of 1a in a 2.52 mmol scale
with 2a also proceeded smoothly, delivering product 3a in 70%
yield within 12 h, which highlights the robustness and
practicality of this method (eq 1, Scheme 3). Furthermore,

several transformations based on spiroindolenine 3a were
carried out. Upon the treatment with LiCl, selective removal of
one of the methyl ester groups in 3a occurred at 120 °C to give
compound 4 in 76% yield with 1.6:1 dr (eq 2, Scheme 3).
Interestingly, the spirocycle 5 bearing three contiguous
stereogenic centers could be obtained in 70% yield as a single
diastereoisomer through the reduction of the imine moiety of
3a in the presence of NaBH3CN and AcOH (eq 3, Scheme 3).
To gain insight into the reaction process, a series of

mechanistic experiments were performed. First, UV/vis
absorption spectrometry showed a bathochromic shift by
mixing the DCE solution of indole 1a with Umemoto’s reagent
2a, which was consistent with the sharp color change visually
(a, Figure 1). Then, a 1:1 ratio between 1a and 2a in the EDA
complex was established based on the Job’s plot with UV/vis
absorption experiments, in which maximal absorption appeared
at 50% molar fraction of indole 1a (b, Figure 1).17 Meanwhile,
the association constant KEDA was calculated to be 4.5 M−1 in
DCE via the nonlinear curve-fitting methodology (c, Figure
1).18 All of these above results support the formation of a
donor−acceptor complex between 1a and 2a. Next, the
reaction was monitored by electron paramagnetic resonance
(EPR) spectroscopy. Upon the addition of free radical spin-

trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO), the
spectrum recorded was identified as EPR signals of adduct
CF3-DMPO.16 In addition, the light-dark interval experiment
verified that constant illumination of light is an essential
element for product formation (d, Figure 1).
On the basis of all these experimental results, a plausible

mechanism was proposed. As exemplified by the reaction
between 1a and 2a, the combination of two starting materials
delivers the transient complex I, which upon visible-light
irradiation undergoes single-electron transfer from donor to
acceptor (II). The CF3 radical generated through S-CF3 bond
cleavage then proceeds via an addition to terminal alkene (III)
to afford the intermediate IV. Ultimately, the radical−radical
recombination occurs to provide the desired product 3a after
deprotonation (Scheme 4). Herein, the substituents intro-

duced at the C-2 position might render the radicals coupling
process in a diastereoselective manner due to the effect of
geometrical preferences. Notably, the radical chain mechanism
might also be operative in this case.19

In summary, we here introduced a novel method for the
intramolecular dearomatization reaction of indoles enabled by
visible-light promoted intermolecular charge transfer. Upon

Scheme 3. Gram-Scale Reaction and Transformations of
Product 3a

Figure 1. (a) Optical absorption spectra of the reaction components.
(b) Job’s plot between 1a and 2a (measured wavelength: 425 nm).
(c) Determination of the association constant (KEDA): nonlinear
curve-fitting methodology (measured wavelength: 425 nm). (d)
Light/dark cycle experiments for the model reaction.

Scheme 4. Proposed Mechanism
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mixing two starting materials in DCE solution, the cascade
sequence involving trifluoromethylation of alkenes coupled
with indole dearomatization is achieved merely by illumination
of visible light. This method features extremely mild and
simple reaction conditionsno heating and is free of catalyst
and additivesallowing access to a wide range of spiroindo-
lenines bearing trifluoromethyl (CF3) group in good yields.
The amenable capability to scale-up and flexible manipulation
of the resultant products further demonstrate its synthetic
utility. In addition, mechanistic studies suggest an unprece-
dented EDA complex formed between the indole substrate and
Umemoto’s reagent. To the best of our knowledge, this work
constitutes a previously elusive reaction type in EDA complex-
enabled chemical transformations. Further exploration of
visible-light promoted dearomatization reactions are currently
underway in our laboratory.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.8b01899.

Experimental procedures and analysis data for all new
compounds (PDF)

Accession Codes

CCDC 1844566 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

*E-mail: zhangxiao@sioc.ac.cn.
*E-mail: slyou@sioc.ac.cn.
ORCID

Shu-Li You: 0000-0003-4586-8359
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the National Key R&D Program of China
(2016YFA0202900), the National Basic Research Program of
China (2015CB856600), the NSFC (21332009), the Program
of Shanghai Subject Chief Scientist (16XD1404300), the
Shanghai Sailing Program (18YF1428900), and the CAS
(XDB20000000, QYZDY-SSW-SLH012) for generous finan-
cial support.

■ REFERENCES
(1) (a) Liu, C.-T.; Wang, Q.-W.; Wang, C.-H. Structure of koumine.
J. Am. Chem. Soc. 1981, 103, 4634. (b) Numata, A.; Takahashi, C.; Ito,
Y.; Takada, T.; Kawai, K.; Usami, Y.; Matsumura, E.; Imachi, M.; Ito,
T.; Hasegawa, T. Communesins, cytotoxic metabolites of a fungus
isolated from a marine alga. Tetrahedron Lett. 1993, 34, 2355.
(c) Verbitski, S. M.; Mayne, C. L.; Davis, R. A.; Concepcion, G. P.;
Ireland, C. M. Isolation, structure determination, and biological
activity of a novel alkaloid, Perophoramidine, from the Philippine
Ascidian Perophora namei. J. Org. Chem. 2002, 67, 7124. (d) Jadulco,
R.; Edrada, R. A.; Ebel, R.; Berg, A.; Schaumann, K.; Wray, V.; Steube,

K.; Proksch, P. New communesin derivatives from the fungus
penicillium sp. derived from the mediterranean sponge axinella
verrucosa. J. Nat. Prod. 2004, 67, 78.
(2) (a) Reymond, J.-L.; van Deursen, R.; Blum, L. C.; Ruddigkeit, L.
Chemical space as a source for new drugs. MedChemComm 2010, 1,
30. (b) Welsch, M. E.; Snyder, S. A.; Stockwell, B. R. Privileged
scaffolds for library design and drug discovery. Curr. Opin. Chem. Biol.
2010, 14, 347. (c) Hung, A. W.; Ramek, A.; Wang, Y.; Kaya, T.;
Wilson, J. A.; Clemons, P. A.; Young, D. W. Route to three-
dimensional fragments using diversity-oriented synthesis. Proc. Natl.
Acad. Sci. U. S. A. 2011, 108, 6799. (d) Reymond, J.-L.; Awale, M.
Exploring chemical space for drug discovery using the chemical
universe database. ACS Chem. Neurosci. 2012, 3, 649. (e) Vitaku, E.;
Smith, D. T.; Njardarson, J. T. Analysis of the structural diversity,
substitution patterns, and frequency of nitrogen heterocycles among
U.S. FDA approved pharmaceuticals. J. Med. Chem. 2014, 57, 10257.
(3) (a) James, M. J.; O’Brien, P.; Taylor, R. J. K.; Unsworth, W. P.
Synthesis of spirocyclic indolenines. Chem. - Eur. J. 2016, 22, 2856.
(b) Bariwal, J.; Voskressensky, L. G.; Van der Eycken, E. V. Recent
advances in spirocyclization of indole derivatives. Chem. Soc. Rev.
2018, 47, 3831.
(4) For selected reviews, see: (a) Roche, S. P.; Porco, J. A., Jr
Dearomatization strategies in the synthesis of complex natural
products. Angew. Chem., Int. Ed. 2011, 50, 4068. (b) Zhuo, C.-X.;
Zhang, W.; You, S.-L. Catalytic asymmetric dearomatization reactions.
Angew. Chem., Int. Ed. 2012, 51, 12662. (c) Zhuo, C.-X.; Zheng, C.;
You, S.-L. Transition-metal-catalyzed asymmetric allylic dearomatiza-
tion reactions. Acc. Chem. Res. 2014, 47, 2558 For recent examples,
see:. (d) Liao, L.; Shu, C.; Zhang, M.; Liao, Y.; Hu, X.; Zhang, Y.; Wu,
Z.; Yuan, W.; Zhang, X. Highly enantioselective [3 + 2] coupling of
indoles with quinone monoimines promoted by a chiral phosphoric
acid. Angew. Chem., Int. Ed. 2014, 53, 10471. (e) Zhang, Y.-C.; Zhao,
J.-J.; Jiang, F.; Sun, S.-B.; Shi, F. Organocatalytic asymmetric arylative
dearomatization of 2,3-disubstituted indoles enabled by tandem
reactions. Angew. Chem., Int. Ed. 2014, 53, 13912. (f) Wang, Y.; Sun,
M.; Yin, L.; Shi, F. Catalytic enantioselective arylative dearomatization
of 3-methyl-2-vinylindoles enabled by reactivity switch. Adv. Synth.
Catal. 2015, 357, 4031. (g) Ma, C.; Zhang, T.; Zhou, J.-Y.; Mei, G.-J.;
Shi, F. Catalytic asymmetric chemodivergent arylative dearomatiza-
tion of tryptophols. Chem. Commun. 2017, 53, 12124. (h) Jiang, F.;
Zhao, D.; Yang, X.; Yuan, F.-R.; Mei, G.-J.; Shi, F. Catalyst-controlled
chemoselective and enantioselective reactions of tryptophols with
isatin-derived imines. ACS Catal. 2017, 7, 6984.
(5) (a) Wu, Q.-F.; He, H.; Liu, W.-B.; You, S.-L. Enantioselective
construction of spiroindolenines by Ir-catalyzed allylic alkylation
reactions. J. Am. Chem. Soc. 2010, 132, 11418. (b) Nemoto, T.; Zhao,
Z.; Yokosaka, T.; Suzuki, Y.; Wu, R.; Hamada, Y. Palladium-catalyzed
intramolecular ipso-Friedel-crafts alkylation of phenols and indoles:
rearomatization-assisted oxidative addition. Angew. Chem., Int. Ed.
2013, 52, 2217. (c) Zhang, X.; Liu, W.-B.; Wu, Q.-F.; You, S.-L.
Ruthenium-catalyzed intramolecular allylic dearomatization reaction
of indole derivatives. Org. Lett. 2013, 15, 3746. (d) Iwata, A.; Inuki, S.;
Oishi, S.; Fujii, N.; Ohno, H. Synthesis of fused tetracyclic
spiroindoles via palladium-catalysed cascade cyclisation. Chem.
Commun. 2014, 50, 298.
(6) (a) Wu, K.-J.; Dai, L.-X.; You, S.-L. Palladium(0)-catalyzed
dearomative arylation of indoles: convenient access to spiroindolenine
derivatives. Org. Lett. 2012, 14, 3772. (b) Li, Y.; Zhang, L.; Zhang, L.;
Wu, Y.; Gong, Y. Rhodium-catalyzed intramolecular difluoromethy-
lenative dearomatization of phenols. Eur. J. Org. Chem. 2013, 2013,
8039. (c) Lei, X.; Xie, H.-Y.; Xu, C.; Liu, X.; Wen, X.; Sun, H.; Xu, Q.-
L. Dearomatization of indole derivatives via palladium-catalyzed C-H
bond functionalization of pyrroles: convenient construction of
spiroindolenines. Adv. Synth. Catal. 2016, 358, 1892. (d) Bai, L.;
Liu, J.; Hu, W.; Li, K.; Wang, Y.; Luan, X. Palladium/Norbornene-
catalyzed C−H alkylation/alkyne insertion/indole dearomatization
domino reaction: assembly of spiroindolenine-containing pentacyclic
frameworks. Angew. Chem., Int. Ed. 2018, 57, 5151.

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b01899
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b01899
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b01899
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b01899/suppl_file/ol8b01899_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1844566&id=doi:10.1021/acs.orglett.8b01899
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:zhangxiao@sioc.ac.cn
mailto:slyou@sioc.ac.cn
http://orcid.org/0000-0003-4586-8359
http://dx.doi.org/10.1021/acs.orglett.8b01899


(7) (a) Cera, G.; Crispino, P.; Monari, M.; Bandini, M.
Stereoselective synthesis of tetracyclic indolines via gold-catalyzed
cascade cyclization reactions. Chem. Commun. 2011, 47, 7803.
(b) Cera, G.; Chiarucci, M.; Mazzanti, A.; Mancinelli, M.; Bandini,
M. Enantioselective gold-catalyzed synthesis of polycyclic indolines.
Org. Lett. 2012, 14, 1350. (c) Peshkov, V. A.; Pereshivko, O. P.; Van
der Eycken, E. V. Synthesis of azocino[5,4-b]indoles via gold-
catalyzed intramolecular alkyne hydroarylation. Adv. Synth. Catal.
2012, 354, 2841. (d) James, M. J.; Clubley, R. E.; Palate, K. Y.;
Procter, T. J.; Wyton, A. C.; O’Brien, P.; Taylor, R. J. K.; Unsworth,
W. P. Silver(I)-catalyzed dearomatization of alkyne-tethered indoles:
divergent synthesis of spirocyclic indolenines and carbazoles. Org.
Lett. 2015, 17, 4372. (e) Magne,́ V.; Marinetti, A.; Gandon, V.;
Voituriez, A.; Guinchard, X. Synthesis of spiroindolenines via
regioselective Gold(I)-catalyzed cyclizations of N-propargyl trypt-
amines. Adv. Synth. Catal. 2017, 359, 4036.
(8) Zhou, Y.; Xia, Z.-L.; Gu, Q.; You, S.-L. Chiral phosphoric acid
catalyzed intramolecular dearomative michael addition of indoles to
enones. Org. Lett. 2017, 19, 762.
(9) For selected reviews, see: (a) Narayanam, J. M. R.; Stephenson,
C. R. J. Visible light photoredox catalysis: applications in organic
synthesis. Chem. Soc. Rev. 2011, 40, 102. (b) Xuan, J.; Xiao, W.-J.
Visible-light photoredox catalysis. Angew. Chem., Int. Ed. 2012, 51,
6828. (c) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible
light photoredox catalysis with transition metal complexes:
applications in organic synthesis. Chem. Rev. 2013, 113, 5322.
(d) Reckenthal̈er, M.; Griesbeck, A. G. Photoredox catalysis for
organic syntheses. Adv. Synth. Catal. 2013, 355, 2727. (e) Schultz, D.
M.; Yoon, M. T. P. Solar synthesis: prospects in visible light
photocatalysis. Science 2014, 343, 985. (f) Meggers, E. Asymmetric
catalysis activated by visible light. Chem. Commun. 2015, 51, 3290.
(g) Wang, C.; Lu, Z. Catalytic enantioselective organic trans-
formations via visible light photocatalysis. Org. Chem. Front. 2015,
2, 179. (h) Ravelli, D.; Protti, S.; Fagnoni, M. Carbon-carbon bond
forming reactions via photogenerated intermediates. Chem. Rev. 2016,
116, 9850. (i) Romero, N. A.; Nicewicz, D. A. Organic photoredox
catalysis. Chem. Rev. 2016, 116, 10075. (j) Shaw, M. H.; Twilton, J.;
MacMillan, D. W. C. Photoredox catalysis in organic chemistry. J. Org.
Chem. 2016, 81, 6898. (k) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Dual
catalysis strategies in photochemical synthesis. Chem. Rev. 2016, 116,
10035.
(10) For a recent review on EDA complexes enabled organic
synthesis, see: Lima, C. G. S.; Lima, T. de M.; Duarte, M.; Jurberg, I.
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