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ABSTRACT: A carbene-catalyzed enantioselective cascade reaction of substituted methylenemalononitriles and α-bromoenals is
disclosed. Key steps of this cascade process include a formal [4 + 2] cycloaddition, aldol reaction, and intramolecular lactonization.
Our reaction offers streamlined and highly stereoselective access to complex tetrahydrocarbazole derivatives, with simultaneous
formation of four chemical bonds and four chiral centers.

Chiral hydrocarbazoles are polycyclic indole architectures
found in numerous natural products such as alkaloids

that exhibit important bioactivities (Figure 1A).1 For example,
(+)-vincadifformine and its analogues display remarkable

cytotoxicity in vitro against a total of 60 human tumor cell
lines derived from nine cancer types.2 (+)-Aristoteline has
been used as anti-inflammation and pain-reducing drugs.3

Uleine has been proven to be the major antimalarial indole
alkaloid isolated from Aspidosperma parvifolium.4 In recent
years, enantioselective catalytic access to chiral hydro-
carbazoles and their derivatives via transition-metal-free
approaches have received considerable attention.5 Most of
the success in this regard relies on the use of chiral amine
catalysts to activate one of the reaction partners via iminium6

or enamine7 catalytic pathways, as disclosed by the groups of
MacMillan,8 Melchiorre,9 Chen,10 Zanardi,11 and others.12 A
potentially efficient approach to make this class of molecules is
functionalization of indole derivatives.13 In 2013, we reported
that indole-3-carboxaldehydes could be activated via N-
heterocyclic carbene (NHC) organic catalysis14 to form
ortho-quinodimethane intermediates for formal [4 + 2]
reactions with reactive ketones15 (Figure 1B). Based on
studies from us and others, we postulate that reacting similar
indole ortho-quinodimethane intermediates16 with NHC-
bound dienophiles17 can effectively provide hydrocarbazoles
bearing all-carbon rings fused with the indole skeleton (Figure
1C). Key steps in our approach (Figure 1C) include a formal
[4 + 2] cycloaddition, aldol reaction, and intramolecular
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Figure 1. Rapid access to complex hydrocarbazole derivatives.
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lactonization (see Supporting Information for a complete
pathway). The catalytic reaction efficiently builds two new
rings and four chiral centers. The reaction products contain
multiple functional groups and can be readily transformed to
diverse hydrocarbazole derivatives. Our catalytic strategy can
be extended from indole-based substrates to other allylidene
malononitriles, providing quick access to multicyclic hydro-
pyranone products.
We started by using methylenemalononitrile 1a and α-

bromoenal 2a as model substrates to search for suitable
conditions (Table 1). NHC A gave the desired tetrahydro-

carbazole product 3a in a promising yield and excellent ee
(entry 1). Other NHC catalysts bearing different N-
substitutnets could also provide the target products with
excellent ee values, albeit with lower yields (entries 2−4). By
increasing the amount of Et3N to 3.0 equiv, the product could
be obtained in a moderate yield (54% yield, entry 5). Then the
amount of 2a was examined (entries 6−8). To our delight, the
yield of 3a could be improved to 73% with 3 equiv of 2a used
(entry 6). A further increase of the amount of 2a led to a slight
drop of the reaction yield (entries 7−8). Strong organic or
inorganic bases (e.g., entries 9, 10) could not be used for this
reaction. A variety of organic solvents could be used in this
reaction, and the product could be obtained in excellent

enantioselectivities but in lower yields (e.g., entries 11−14).
Finally, we established the optimal reaction conditions for this
reaction: using NHC A as catalyst, 2a (3.0 equiv), Et3N (3.0
equiv) as the base, and THF as the solvent. In this case, the
desired product was obtained in a good yield with excellent
enantioselectivity. As a technical note, the desired product 3a
we obtained in these cases are single diastereomers (dr >20:1).
With acceptable conditions in hand (Table 1, entry 6), we

first examined various substituted methylenemalononitriles 1
for this transformation (Scheme 1). Different substituents on

the indole core of 1 were well tolerated. Substitution at the 5-
or 6-positions with electron-withdrawing or electron-donating
groups gave the products 3b to 3g with moderate to good
yields and excellent enantioselectivities. The N-Boc group of
1a could be switched to an N-Ts group, with the desired
product 3h afforded in a moderate yield and excellent optical
purity. Electron-donating N-substituents were not effective for
this transformation. Benzofuranmalononitrile could also work
in this cascade cycloaddition reaction, with the corresponding
product 3i afforded in a moderate yield with excellent
enantioselectivity. We have also examined the benzothio-
phene-derived malononitrile substrate, but the reaction yield
was very low. Replacement of the dicyano unit on the substrate
1a with a cyanoester unit also led to no product formation.
We then examined the scope of various substituted α-

bromoenals 2 (Scheme 2). Electron-withdrawing and -donat-
ing groups were well tolerated on the benzene rings of the
substrate 2, with all the desired multicyclic tetrahydrocarba-
zoles 3 afforded in good yields and excellent ee values as single

Table 1. Optimization of Reaction Conditionsa

entry NHC base solvent yield (%)b eec

1 A Et3N THF 30 99
2 B Et3N THF 22 99
3 C Et3N THF 21 99
4 D Et3N THF 21 99
5d A Et3N THF 54 99
6e A Et3N THF 73 99
7f A Et3N THF 70 99
8g A Et3N THF 69 99
9e A DBU THF − −
10e A Cs2CO3 THF − −
11e A Et3N DCM 45 99
12e A Et3N DCE 45 99
13e A Et3N PhCH3 44 99
14e A Et3N 1,4-dioxane 33 99

aGeneral conditions (unless otherwise specified): 1a (0.05 mmol), 2a
(0.10 mmol), base (0.10 mmol), NHC (0.01 mmol), 4 A MS (50
mg), THF (1.0 mL), rt, 24 h. Dr values for all the products (>20:1)
were determined by crude 1H NMR. bIsolated yield of 3a. cEe was
determined via HPLC on chiral stationary phase. d1a (0.05 mmol), 2a
(0.10 mmol), base (0.15 mmol). e1a (0.05 mmol), 2a (0.15 mmol),
base (0.15 mmol). f2a (0.2 mmol), base (0.15 mmol) were used. g2a
(0.25 mmol), base (0.15 mmol) was used.

Scheme 1. Scope of Methylenemalononitriles 1a

aReaction conditions as stated in Table 1, entry 6. Yields are isolated
yields after purification via SiO2 column chromatography. Dr values
for all the products (>20:1) were determined by crude 1H NMR. Ee
values were determined via HPLC on chiral stationary phase.
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diastereomers (3j to 3o). In addition, the β-phenyl group of
the α-bromoenal 2a could be replaced with a 1-naphthyl
group, with the corresponding product 3p afforded in a
moderate yield and excellent enantioselectivity. Moreover, the
β-phenyl group of the α-bromoenal 2a could also be switched
to a furanyl group or even an alkenyl group, although the
optically pure products 3q and 3r could only be afforded in
low yields under the current catalytic conditions.
To our delight, cinnamaldehyde could also be used instead

of the α-bromoenals 2 as the reaction substrates in this
transformation, although the enantiomerically pure product 3s
could only be afforded in 33% yield (Figure 2a). The
application of other electrophiles such as imines or electron-
deficient ketones in this cascade cyclization process remained
unsuccessful (Figure 2b).
The versatility of the cascade reaction could be further

demonstrated by using allylidene malononitriles 4 instead of 1
as the reaction substrates (Scheme 3). 1-Tetralone-derived
allylidene malononitriles worked well under the current
reaction conditions and gave the desired products 5a and 5b
in good yields with excellent enantioselectivities. However, 1-

indanone-derived allylidene malononitrile only gave the
desired product 5c in 54% yield with 75% ee at this moment.
β-Methylcinnamaldehyde-derived allylidene malononitrile
could also be used in this transformation, with the desired
product 5d afforded in a good yield and excellent
enantioselectivity.
The chiral tetrahydrocarbazoles products can be used in

various transformations (Scheme 4). The Boc group in 3a
could be removed by acid and gave 6 in a good yield. 3a could
be efficiently oxidized to carbazole derivative 7 with retention
of the optical purity. Furthermore, the CC bond of 3a could
be hydrogenated and debrominated to give 8 in a good yield.
Chiral alkynes 9 and 10 could be efficiently afforded from 3a
through the Sonogashira coupling process without obvious
erosion of the optical purities. The C−O bond of the lactone
motif could be broken under mild basic conditions and give
the heavily substituted product 11 and 12 in good yields and
stereoselectivities. The malononitrile moiety of 3a could be
smoothly converted to a carboxylate group, with compound 13
afforded in a good yield.

Scheme 2. Scope of α-Bromoenals 2a

aReaction conditions as stated in Table 1, entry 6. Yields are isolated
yields after purification via SiO2 column chromatography. Dr values
for all the products (>20:1) were determined by crude 1H NMR. Ee
values were determined via HPLC on chiral stationary phase.

Figure 2. Examination of various electrophiles.

Scheme 3. Reaction of Allylidene Malononitriles with α-
Bromoenalsa

aReaction conditions as stated in Table 1, entry 6. Yields are isolated
yields after purification via SiO2 column chromatography. Dr values
for all the products (>20:1) were determined by crude 1H NMR. Ee
values were determined via HPLC on chiral stationary phase.
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In summary, we have developed a new NHC-catalyzed
cascade reaction for efficient synthesis of tetrahydrocarbazole
derivatives. The optically pure products bear multiple cycles
with four chiral centers. The afforded products could be used
in various transformations and gave a variety of chiral
functional molecules in good yields.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00418.

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

Accession Codes

CCDC 1921695 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

Huifang Chai − Guizhou University of Traditional Chinese
Medicine, Guizhou, Huaxi District, Guiyang 550025, China;
Email: hfchai@126.com

Yonggui Robin Chi − Division of Chemistry & Biological
Chemistry, School of Physical & Mathematical Sciences,
Nanyang Technological University, Singapore 637371
Singapore; orcid.org/0000-0003-0573-257X;
Email: robinchi@ntu.edu.sg

Authors

Chengli Mou − Guizhou University of Traditional Chinese
Medicine, Guizhou, Huaxi District, Guiyang 550025, China;

Division of Chemistry & Biological Chemistry, School of
Physical & Mathematical Sciences, Nanyang Technological
University, Singapore 637371 Singapore

Liejin Zhou − Key Laboratory of the Ministry of Education for
Advanced Catalysis Materials, Institute of Physical Chemistry,
Zhejiang Normal University, Jinhua 321004, China; Division of
Chemistry & Biological Chemistry, School of Physical &
Mathematical Sciences, Nanyang Technological University,
Singapore 637371 Singapore

Runjiang Song − Division of Chemistry & Biological Chemistry,
School of Physical & Mathematical Sciences, Nanyang
Technological University, Singapore 637371 Singapore

Lin Hao − Division of Chemistry & Biological Chemistry, School
of Physical & Mathematical Sciences, Nanyang Technological
University, Singapore 637371 Singapore

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c00418

Author Contributions
∥C.M., L.Z., and R.S. contributed equally to this work.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Dr. Yongxin Li (NTU) for assistance with X-ray
structure analysis. We acknowledge financial support by the
Singapore National Research Foundation (NRF-NRFI2016-
06), the Ministry of Education of Singapore (RG 1/18; RG 5/
19; MOE2018-T3-1-003), an A*STAR Individual Research
Grant (A1783c0008; A1783c0010), GSK-EDB Trust Fund, a
Nanyang Research Award Grant, and Nanyang Technological
University; the Guizhou Province First-Class Disciplines
Project (Yiliu Xueke Jianshe Xiangmu)-GNYL(2017)008,
Guizhou University of Traditional Chinese Medicine
(China), QMYY [2017]101 (China); the National Natural
Science Foundation of China (Nos. 21772029, 21901233), the
National Key Technologies R&D Program (No.
2014BAD23B01), the “Thousand Talent Plan”, the 10 Talent
Plan (Shicengci) of Guizhou Province [2016]5649, and
Guizhou University, Department of Science and Technology
of Guizhou Province [2019]1020, Undergraduate Innovation
and Pioneer Training Program, Guizhou University of
Traditional Chinese Medicine 2018(31), Program of Introduc-
ing Talents of Discipline to Universities of China (111
Program, D20023).

■ REFERENCES
(1) For selected reviews, see: (a) Bonjoch, J.; Sole,́ D. Synthesis of
Strychnine. Chem. Rev. 2000, 100, 3455. (b) Knölker, H.-J.; Reddy, K.
R. Isolation and Synthesis of Biologically Active Carbazole Alkaloids.
Chem. Rev. 2002, 102, 4303. (c) Schmidt, A. W.; Reddy, K. R.;
Knoelker, H.-J. Occurrence, Biogenesis, and Synthesis of Biologically
Active Carbazole Alkaloids. Chem. Rev. 2012, 112, 3193. (d) Ishikawa,
H. G.; Elliott, I.; Velcicky, J.; Choi, Y.i.; Boger, D. L. Total Synthesis
of (−)- and ent-(+)-Vindoline and Related Alkaloids. J. Am. Chem.
Soc. 2006, 128, 10596. (e) Nikitenko, A.; Evrard, D.; Sabb, A. L.;
Vogel, R. L.; Stack, G.; Young, M.; Lin, M.; Harrison, B. L.; Potoski, J.
R. First Scale-Up: Problems and Resolutions on the Synthesis of
WAY-253752, a Novel, Dual-Acting SSRI/5HT1A Antagonist. Org.
Process Res. Dev. 2008, 12, 76. (f) Kato, D.; Sasaki, Y.; Boger, D. L.
Asymmetric Total Synthesis of Vindoline. J. Am. Chem. Soc. 2010,
132, 3685. (g) Tan, F.; Cheng, H.-G. Catalytic asymmetric synthesis
of tetrahydrocarbazoles. Chem. Commun. 2019, 55, 6151.

Scheme 4. Synthetic Transformations of Chiral Products 3a

aDCM/TFA (v = 1:1), 40 °C, 2 h. bDDQ, PhCl, reflux, 12 h. cPt/C,
H2, EtOH/THF (v = 1:1), rt, 5 h. dCuI, PdCl2(PPh3)2, Et3N, THF,
rt, 24 h. eFor 11: K2CO3, MeOH, rt, 0.5 h; for 12: BnNH2, THF, rt,
48 h. fmCBPA, K2CO3, MeOH, 0 °C, 0.5 h.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c00418
Org. Lett. 2020, 22, 2542−2547

2545

https://pubs.acs.org/doi/10.1021/acs.orglett.0c00418?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00418/suppl_file/ol0c00418_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1921695&id=doi:10.1021/acs.orglett.0c00418
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huifang+Chai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:hfchai@126.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonggui+Robin+Chi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0573-257X
mailto:robinchi@ntu.edu.sg
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chengli+Mou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liejin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Runjiang+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00418?ref=pdf
https://dx.doi.org/10.1021/cr9902547
https://dx.doi.org/10.1021/cr9902547
https://dx.doi.org/10.1021/cr020059j
https://dx.doi.org/10.1021/cr200447s
https://dx.doi.org/10.1021/cr200447s
https://dx.doi.org/10.1021/ja061256t
https://dx.doi.org/10.1021/ja061256t
https://dx.doi.org/10.1021/op700181n
https://dx.doi.org/10.1021/op700181n
https://dx.doi.org/10.1021/ja910695e
https://dx.doi.org/10.1039/C9CC02486G
https://dx.doi.org/10.1039/C9CC02486G
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00418?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00418?fig=sch4&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00418?ref=pdf


(2) Hollingshead, M. G.; Alley, M. C.; Camalier, R. F.; Abbott, B. J.;
Mayo, J. G.; Malspeis, L.; Grever, M. R. In vivo cultivation of tumor
cells in hollow fibers. Life Sci. 1995, 57, 131.
(3) (a) Stoermer, D.; Heathcock, C. H. Total synthesis of
alloaristoteline, (−)-serratoline, and (+)-aristotelone. J. Org. Chem.
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