Downloaded viaDALIAN INST OF CHEMICAL PHY SICS on December 24, 2020 at 12:01:38 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OL ‘ Organic
Letters ,

pubs.acs.org/OrgLett

Highly Enantioselective Ruthenium-Catalyzed Cascade Double
Reduction Strategy: Construction of Structurally Diverse Julolidines

and Their Analogues

Li-Ren Wang, Dan Chang, Yu Feng,* Yan-Mei He, Guo-Jun Deng,* and Qing-Hua Fan*

Cite This: Org. Lett. 2020, 22, 2251-2255

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: A direct and facile construction of optically pure
julolidine derivatives through ruthenium-catalyzed enantioselective
cascade hydrogenation and reductive amination of 2-(quinolin-8-
yl)ethyl ketones has been developed. By means of this protocol,
various chiral julolidine compounds were obtained in high isolated
yields (up to 94%) with excellent diastereoselectivities (up to
>20:1 dr) and enantioselectivities (up to 99% ee) under mild
conditions. Furthermore, the synthetic practicality of this protocol
was illustrated by the preparation of hexahydrojulolidines and a

chiral fluorescent molecular rotor.

ulolidine and its derivatives, as one of the important classes
of heteropolycyclic compounds, have attracted continued
attention from the scientific community because of their many
applications in the photochemical industry as fluorescent dyes
and also in biological systems (Figure 1)." Over the past
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Figure 1. Some examples and applications of julolidine derivatives.

several decades, numerous strategies and methods have been
developed for the synthesis of julolidine derivatives.””
However, the catalytic asymmetric synthesis of optically active
julolidine derivatives is less studied.” In 2010, Gong and co-
workers realized the construction of chiral julolidine derivatives
through an enantioselective three-component cascade Povarov
cycloaddition and intramolecular hydroamination reaction
followed by reduction with sodium triacetoxyborohydride
(Scheme 1a).>* Most recently, Rueping and co-workers
reported a highly enantioselective synthesis of a julolidine
analogue through a Bronsted acid-catalyzed aza-Diels—Alder
reaction between in situ-generated aza-o-quinone methide and
styrene (Scheme 1b).*" These approaches, however, still suffer
from low diastereoselectivity and/or the lack of substrate
generality. Therefore, the development of step-efficient
asymmetric approaches for the rapid and direct generation of
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structurally diverse chiral julolidine derivatives is highly
desirable and still a big challenge.

Recently, we found that chiral cationic Ru(diamine)
complexes” are very efficient catalysts for the enantioselective
hydrogenation of N-containing heteroarenes and ketimines
with high activities and excellent enantioselectivities.”® More
recently, we demonstrated that this catalytic system can
efficiently catalyze the enantioselective cascade hydrogenation/
reductive amination of quinolinyl ketones and quinoxalinyl
ketones, affording various chiral quinolizidine and indolizidine
derivatives in high yields and optical purity.” Inspired by these
results, we proposed that 2-(quinolin-8-yl)ethyl ketones 1
could be directly converted into optically pure julolidine
derivatives 2 through a cascade double reduction strategy
(Scheme 1c). Herein we describe a protocol involving
ruthenium-catalyzed highly enantioselective cascade hydro-
genation and reductive amination of 2-(quinolin-8-yl)ethyl
ketones, providing facile access to structurally diverse chiral
julolidine derivatives.

In our initial studies, the cascade reaction of 1a catalyzed by
1.0 mol % (R,R)-C1 was selected as the model reaction for
optimization of the reaction conditions (Table 1 and Tables S1
and S2 in the Supporting Information). To our delight, the
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Scheme 1. Strategies for Enantioselective Synthesis of
Chiral Julolidines

a) The enantioselective three-component relay reaction (Gong, L.-Z. et al.)
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Table 1. Optimization of the Reaction Conditions”
RR)-C1:

B

( R'= 4-CH3CgHy; R2 = H; rf-arene = p-cymene
7 (
W N (R.R)-C3:
'Ru\ .
o' N (R.R)-C4:
R? (R.R)-C5:
(

Ru cat

(R, R)-Cat (1 mol%)
TfOH (5 mol%)

H, (50 atm), 25 °C
18 h, solvent

R' = CHg; R? = H; rf-arene = p-cymene
R' = CHg; R? = H; 7f-arene = mesitylene
R'" = CHg; R? = H; 7-arene = hexamethylbenzene

R' = CHj; R? = H; 7%-arene = benzene

(R,R)-C1-C6 R,R)-C6: R" = 4-CH3CgHy4; R? = CHg; 7°-arene = p-cymene
conv. ee of 2a

entry  solvent catalyst (%)° 2a:32” dr® (%)
1 MeOH (RR)-C1 >95 78:22 9:1 99
2 EtOH  (RR)-C1 >95 87:13 91 98
3 IPA (RR)-C1 >9S 9S:§ 9:1 98
4  THF (RR)-C1 < - -
s IPA (RR)-C2 88 94:6 6:1 95
6 IPA (RR)-C3 77 60:40 61 96
7 IPA (R,R)-C4 88 93:7 9:1 97
8  IPA (R,R)-C5 38 83:17  10:1 90
9  IPA (RR)-C6 >95 88:12 91 99
107 1pPA (RR)-C1 >95 88:12  12:1 99
11°¢ IPA (R,R)-C1 65 90:10 S:1 98
127 1PA (RR)-C1 >95 94:6 12:1 99

“Reactions were carried out on a 0.1 mmol scale using (R,R)-Ru
catalyst (1.0 mol %) and TfOH (S mol %) in the solvent (0.5 mL)
under an atmosphere of H, (50 atm) at 25 °C for 18 h. “Determined
by '"H NMR analysis of the crude products. “Determined by HPLC
analysis using a chiral column. “In the absence of TfOH. °(R,R)-C1
(0.2 mol %).7(R,R)-C1 (2.0 mol %).

cascade reaction in methanol proceeded smoothly, affording
the desired chiral julolidine 2a in full conversion with good
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diastereoselectivity and excellent enantioselectivity (entry 1).
High reactivity could only be observed in alcoholic solvents
(Table 1, entries 1—4, and Table S1), and isopropanol (IPA)
was found to be the optimal solvent in terms of both
chemoselectivity and stereoselectivity (entry 3). Moreover,
various Ru(diamine) catalysts were screened (entries 5—9),
and (R,R)-C1 proved to be the optimal catalyst (entry 3).
Notably, slightly decreased chemoselectivity was observed
under TfOH-free conditions, indicating that the acid additive
enhanced the reductive amination process (entry 10). Further
studies were made to adjust the hydrogen pressure and
reaction temperature. The best result was achieved under 50
atm H, at 25 °C (Table S2). When the catalyst loading was
reduced to 0.2 mol %, identical enantioselectivity but
decreased conversion and diastereoselectivity were observed
(entry 11). Increasing the catalyst loading to 2 mol % slightly
improved the enantioselectivity (99% ee) and diastereoselec-
tivity (12:1 dr) (entry 12). Therefore, the optimal conditions
were identified to be the following: (R,R)-C1 (2 mol %) as the
catalyst and IPA as the solvent under 50 atm H, at 25 °C for
18 h.

With the optimal conditions in hand, various 2-(2-
alkylquinolin-8-yl)ethyl aryl ketones were investigated. In
general, all of the cascade reactions proceeded smoothly,
affording the desired products 2a—m in high isolated yields
with good to excellent diastereoselectivities (7:1 to >20:1 dr)
and excellent enantioselectivities (97—99% ee). It is note-
worthy that electron-donating and electron-withdrawing
substituents at the para position of the phenyl ring exhibited
little effect on either the reactivity or the selectivity (2a—e).
Moreover, a substrate bearing a methoxy group at the 2-
position of the phenyl ring gave similar excellent enantiose-
lectivity but slightly lower diastereoselectivity (2g vs 2c and
2f). Interestingly, improved diastereoselectivities (10:1 to
>20:1 dr) were observed with alkyl chains (R;) of increasing
length from a methyl group to a 2-phenylethyl group (2a
versus 2i—k). In addition, the absolute configuration of chiral
julolidines 2a—m was determined to be (3R,SR) by single-
crystal X-ray analysis of product 2d (Figure S1).

Subsequently, the tandem reaction of 2-(2-alkylquinolin-8-
yl)ethyl alkyl ketones was also examined (Scheme 2, 2n—s).
To our delight, the substrates bearing linear alkyl groups also
gave excellent results. Various chiral dialkyl-substituted
julolidine products were obtained in high isolated yields
(80%—92%) with excellent levels of diastereoselectivity (17:1
to >20:1 dr) and enantioselectivity (98—99% ee) (2n-—r).
However, a slightly lower enantioselectivity (93% ee) was
observed when a sterically hindered cyclopropyl group was
introduced as R, (2s). Encouraged by these results, we also
studied the challenging substrate 2-(2-phenylquinolin-8-yl)-
ethyl tolyl ketone (1t). Unfortunately, only moderate
conversion (57%) and low enantioselectivity (13% ee) were
observed under the same conditions (Table S3, entry 1). Upon
further optimization of the reaction parameters (Tables S3 and
S4), the reduced product, diaryl-substituted julolidine 2t, was
obtained in 85% isolated yield with >20:1 dr and 61% ee using
10 mol % (R,R)-C5 in the presence of S0 mol % TfOH.

To further exemplify the synthetic applicability of the above-
developed cascade strategy, hexahydrojulolidine derivatives
and a chiral fluorescent molecular rotor were prepared
(Schemes 3 and 4). Under the above optimal reaction
conditions, the cascade reactions of la and 1n on scales of
605 mg and 632 mg, respectively, proceeded smoothly,
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Scheme 2. Synthesis of Chiral Julolidines: Substrate Scope”
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“Reaction conditions: substrate (0.1 mmol) in IPA (0.6 mL), (R,R)-C1 (2.0 mol %), H, (50 atm), stirred at 25 °C for 18 h. Isolated yields of both
reduced isomers are shown. The ee values were determined by HPLC with a chiral stationary phase. “The isolated yield of the main isomer is
shown. “(R,R)-C5 (10.0 mol %), TfOH (50 mol %).

Scheme 3. Synthesis of Chiral Hexahydrojulolidine Hexahydrojulolidine is the basic ring skeleton in various
Derivatives biologically active Lycopodium alkaloids.® However, efficient
synthetic methods for this class of polycyclic aliphatic N-
heterocycles have rarely been reported to date.” As shown in
Scheme 3, optically pure (3S,5R)-2n was smoothly hydro-
genated in the presence of 15 mol % Rh/C in IPA," followed
by treatment with HCI to afford the chiral hexahydrojulolidine
4n°HCI in 93% isolated yield with high diastereoselectivity
(93:7 dr). Similarly, chiral 4p-HCl was also obtained in 89%
yield with good diastereoselectivity (81:19 dr). Furthermore,
the absolute configuration of chiral product 4n was determined
to be (35,4'R,SR,7aS,10aR) by single-crystal X-ray analysis of
the hydrochloride of 4n (Figure S2).
(355R)-2p (854'R/5R,7aS,10aR)-4p-HCI Fluorescent molecular rotors have been attracting much
0-112 9 (0.46 mmol), 9% ee 89% yield (0.117 g), 81:19 dr attention because of their ability to serve as viscosity sensors in
various media."' To our delight, by means of this cascade
Scheme 4. Synthesis of Chiral Molecular Rotor 7 strategy a julolidine-based chiral fluorescent molecular rotor
Br OHC—_S<_B(OH), could be easily synthesized via a four-step procedure starting
NBS, MeCN, rt, 3h U from a readily available quinoline derivative. As illustrated in

PA(PPhy)s, KoCOs Scheme 4, bromination of chiral julolidine (35,5R)-2n by NBS
Toluene-EtOH, 80 °C, 3h in MeCN gave bromo compound 5 in 85% isolated yield. Then
(35,5R)-2n 5 the Pd(0)-catalyzed Suzuki cross-coupling reaction of § with $-

99% ee 8% formyl-2-thiopheneboronic acid followed by Knoevenagel
condensation with malononitrile afforded the target chiral
fluorescent molecular rotor 7 in 65% yield over the two steps.
We believe that this new chiral fluorescent molecular rotor 7
has the potential to serve as a viscosity sensor in chiral active
materials.

In summary, a step-efficient protocol for the construction of
structurally diverse and enantioenriched julolidine derivatives
from 2-(quinolin-8-yl)ethyl ketones through Ru-catalyzed
affording the corresponding chiral julolidines 2a and 2n with cascade enantioselective hydrogenation and reductive amina-
similar excellent results (Scheme S2). tion has been developed. Various chiral julolidine derivatives

1) 15 mol% Rh/C, H, (40 atm)

IPA, 25 °C, 18 h
N >

2) HCl in ether (1 M)

(3S,5R)-2n (35,4'R,5R,7aS,10aR)-4n-HCI
0.3 g (1.4 mmol), 99% ee 93% vyield ( 0.334 g), 93:7 dr

1) 15 mol% Rh/C, H, (40 atm)
IPA, 25°C, 18 h

2) HCl in ether (1 M)

/ S
_ NC.__CN
— >

Al,03, DCM, tt, 1h

75%
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were obtained in high isolated yields with excellent
diastereoselectivities and enantioselectivities. Furthermore,
the utility of this protocol was showcased by the preparation
of hexahydrojulolidines and a new chiral fluorescent molecular
rotor.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00444.

Optimization tables, experimental procedure, details of
synthesis and characterization data for all of the
substrates and products, and crystallographic informa-
tion for 2d and 4n*HCI (PDF)

Accession Codes

CCDC 1974650 and 1974652 contain 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
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK,; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Authors

Yu Feng — Beijing National Laboratory for Molecular Sciences,
CAS Key Laboratory of Molecular Recognition and Function,
Institute of Chemistry, Chinese Academy of Sciences (CAS),
Beijing 100190, P. R. China; © orcid.org/0000-0001-8659-
9592; Email: fengyu211@iccas.ac.cn

Guo-Jun Deng — Key Laboratory for Green Organic Synthesis
and Application of Hunan Province, Key Laboratory of
Environmentally Friendly Chemistry and Application of
Ministry of Education, College of Chemistry, Xiangtan
University, Xiangtan 411105, P. R. China; © orcid.org/0000-
0003-2759-0314; Email: gjdeng@xtu.edu.cn

Qing-Hua Fan — Beijing National Laboratory for Molecular
Sciences, CAS Key Laboratory of Molecular Recognition and
Function, Institute of Chemistry, Chinese Academy of Sciences
(CAS), Beijing 100190, P. R. China; © orcid.org/0000-0001-
9675-2239; Email: fangh@iccas.ac.cn

Authors

Li-Ren Wang — Key Laboratory for Green Organic Synthesis
and Application of Hunan Province, Key Laboratory of
Environmentally Friendly Chemistry and Application of
Ministry of Education, College of Chemistry, Xiangtan
University, Xiangtan 411105, P. R. China; Beijing National
Laboratory for Molecular Sciences, CAS Key Laboratory of
Molecular Recognition and Function, Institute of Chemistry,
Chinese Academy of Sciences (CAS), Beijing 100190, P. R.
China

Dan Chang — Key Laboratory for Green Organic Synthesis and
Application of Hunan Province, Key Laboratory of
Environmentally Friendly Chemistry and Application of
Ministry of Education, College of Chemistry, Xiangtan
University, Xiangtan 411105, P. R. China; Beijing National
Laboratory for Molecular Sciences, CAS Key Laboratory of
Molecular Recognition and Function, Institute of Chemistry,
Chinese Academy of Sciences (CAS), Beijing 100190, P. R.
China

2254

Yan-Mei He — Beijing National Laboratory for Molecular
Sciences, CAS Key Laboratory of Molecular Recognition and
Function, Institute of Chemistry, Chinese Academy of Sciences
(CAS), Beijing 100190, P. R. China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c00444

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is dedicated to Prof. Albert S. C. Chan on the
occasion of his 70th birthday. We thank the National Natural
Science Foundation of China (21790332, 21521002, and
21871270), CAS (QYZDJSSWSLHO023), and the Youth
Innovation Promotion Association, Chinese Academy of
Sciences (2013024) for financial support.

B REFERENCES

(1) (a) Castelino, R. W.; Hallas, G. J. Chem. Soc. B 1971, 793—795.
(b) Kamino, S.; Murakami, M.; Tanioka, M.; Shirasaki, Y.; Watanabe,
K.; Horigome, J.; Ooyama, Y.; Enomoto, S. Org. Lett. 2014, 16, 258—
261. (c) Liu, F.; Xu, H.; Zhang, H.; Chen, L.; Liy, J.; Bo, S.; Zhen, Z,;
Liu, X.; Qiu, L. Dyes Pigm. 2016, 134, 358—367. (d) Zhang, Y.; Luo,
D.; Yang, L.; Cheng, W.; He, L.; Kuang, G.; Li, M,; Li, Y.; Wang, G. J.
Nat. Prod. 2018, 81, 2259—226S. (e) Zhang, Y.; Yang, L.; Luo, D,;
Chen, N; Wu, Z,; Ye, W.; Li, Y.; Wang, G. Org. Lett. 2018, 20, 5942—
5946. (f) Beck, M. W,; Kathayat, R. S.; Cham, C. M.; Chang, E. B;
Dickinson, B. C. Chem. Sci. 2017, 8, 7588—7592. (g) Brewer, T. F.;
Burgos-Barragan, G.; Wit, N.; Patel, K. J.; Chang, C. J. Chem. Sci.
2017, 8, 4073—4081. (h) Schulz-Fincke, A.; Tikhomirov, A. S.;
Braune, A.; Girbl, T.; Gilberg, E.; Bajorath, J.; Blaut, M.; Nourshargh,
S.; Giitschow, M. Biochemistry 2018, S$7, 742—752.

(2) For a recent review, see: (a) Varejao, J. O. S.; Varejao, E. V. V,;
Fernandes, S. A. Eur. ]. Org. Chem. 2019, 2019, 4273—4310. For
selected examples, see: (b) Shono, T.; Matsumura, Y.; Inoue, K;
Ohmizu, H.; Kashimura, S. J. Am. Chem. Soc. 1982, 104, 5753—5757.
(c) Mellor, J. M.; Merriman, G. D. Tetrahedron 1995, §1, 6115—6132.
(d) Katritzky, A. R;; Rachwal, B.; Rachwal, S.; Abboud, K. A. J. Org.
Chem. 1996, 61, 3117—3126. (e) Ghoshal, A.; Sarkar, A. R.; Kumaran,
R. S.; Hegde, S,; Manickam, G.; Jayashankaran, J. Tetrahedron Lett.
2012, 53, 1748—1752. (f) Abd El-Aal, H. A. K; Khalaf, A. A,; El-
Khawaga, A. M. A. J. Heterocycl. Chem. 2014, 51, 262—268. (g) Yao,
Q;; Li, H; Xian, L.; Xu, F; Xia, J.; Fan, J.; Du, J.; Wang, J.; Peng, X.
Biomaterials 2018, 177, 78—87. (h) Minakawa, M.; Watanabe, K,;
Toyoda, S.; Uozumi, Y. Synlett 2018, 29, 2385—2389. (i) Abranches,
P. A. S.; de Paiva, W. F.; de Fatima, A.; Martins, F. T.; Fernandes, S.
A. . Org. Chem. 2018, 83, 1761—1771.

(3) (a) Wang, C.; Han, Z.-Y.; Luo, H.-W.; Gong, L.-Z. Org. Lett.
2010, 12, 2266—2269. (b) Liao, H.-H.; Hsiao, C.-C.; Atodiresei, I;
Rueping, M. Chem. - Eur. J. 2018, 24, 7718—7723.

(4) (a) Noyori, R;; Hashiguchi, A. S. Acc. Chem. Res. 1997, 30, 97—
102. (b) Ohkuma, T.; Utsumi, N.; Tsutsumi, K.; Murata, K;
Sandoval, C.; Noyori, R. . Am. Chem. Soc. 2006, 128, 8724—8725.

(5) (a) Wang, D.-S.; Chen, Q.-A.; Ly, S.-M.; Zhou, Y.-G. Chem. Rev.
2012, 112, 2557—2590. (b) He, Y.-M.; Song, F.-T.; Fan, Q.-H. Top.
Curr. Chem. 2013, 343, 145—190. (c) Wiesenfeldt, M. P.; Nairoukh,
Z.; Dalton, T.; Glorius, F. Angew. Chem., Int. Ed. 2019, 58, 10460—
10476. (d) Wang, W.-B; Ly, S.-M.; Yang, P.-Y.; Han, X.-W.; Zhou, Y.
G. J. Am. Chem. Soc. 2003, 125, 10536—10537.

(6) (a) Zhou, H.; Li, Z.; Wang, Z.; Wang, T.; Xu, L.; He, Y.; Fan, Q.-
H.; Pan, J,; Gu, L; Chan, A. S. C. Angew. Chem., Int. Ed. 2008, 47,
8464—8467. (b) Wang, T.; Zhuo, L.-G; Li, Z.; Chen, F.; Ding, Z;
He, Y.; Fan, Q-H,; Xiang, J.; Yu, Z.-X;; Chan, A. S. C. J. Am. Chem.
Soc. 2011, 133, 9878—9891. (c) Chen, F.; Ding, Z.; Qin, J.; Wang, T.;
He, Y,; Fan, Q.-H. Org. Lett. 2011, 13, 4348—4351. (d) Wang, T.;

https://dx.doi.org/10.1021/acs.orglett.0c00444
Org. Lett. 2020, 22, 2251-2255


https://pubs.acs.org/doi/10.1021/acs.orglett.0c00444?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00444/suppl_file/ol0c00444_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1974650&id=doi:10.1021/acs.orglett.0c00444
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1974652&id=doi:10.1021/acs.orglett.0c00444
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="Yu+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8659-9592
http://orcid.org/0000-0001-8659-9592
mailto:fengyu211@iccas.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guo-Jun+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2759-0314
http://orcid.org/0000-0003-2759-0314
mailto:gjdeng@xtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing-Hua+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9675-2239
http://orcid.org/0000-0001-9675-2239
mailto:fanqh@iccas.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Ren+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Mei+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00444?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00444?ref=pdf

Organic Letters pubs.acs.org/OrgLett

Chen, F.; Qin, J.; He, Y.-M.; Fan, Q.-H. Angew. Chem., Int. Ed. 2013,
$2,7172—7176. (e) Zhang, J.; Chen, F.; He, Y.-M.; Fan, Q.-H. Angew.
Chem., Int. Ed. 2015, 54, 4622—4625. (f) Yang, Z.; Chen, F.; He, Y;
Yang, N; Fan, Q.-H. Angew. Chem., Int. Ed. 2016, 55, 13863—13866.

(7) (a) Chen, Y.; He, Y.-M.; Zhang, S.; Miao, T.; Fan, Q.-H. Angew.
Chem., Int. Ed. 2019, 58, 3809—3813. (b) Chen, Y.; Pan, Y.; He, Y.-
M.; Fan, Q.-H. Angew. Chem., Int. Ed. 2019, $8, 16831—16834.

(8) For selected reviews, see: (a) Ma, X.; Gang, D. R. Nat. Prod. Rep.
2004, 21, 752—772. (b) Siengalewicz, P.; Mulzer, J.; Rinner, U.
Alkaloids: Chem. Biol. 2013, 72, 1—151. (c) Murphy, R. A.; Sarpong,
R. Chem. - Eur. ]. 2014, 20, 42—56.

(9) (a) Potts, K. T.; Rochanapruk, T.; Padwa, A; Coats, S. J;
Hadjiarapoglou, L. J. Org. Chem. 1995, 60, 3795—380S. (b) Schultz,
A. G; Guzzo, P. R; Nowak, D. M. J. Org. Chem. 1995, 60, 8044—
8050. (c) Sato, T.; Ueda, H.; Tokuyama, H. Tetrahedron Lett. 2014,
5SS, 7177-7180.

(10) Gualandi, A.; Savoia, D. RSC Adv. 2016, 6, 18419—18451.

(11) For selected recent reviews, see: (a) Kuimova, M. K. Phys.
Chem. Chem. Phys. 2012, 14, 12671—12686. (b) Lee, S.-C.; Heo, J;
Woo, H. C; Lee, J.-A,; Seo, Y. H.; Lee, C.-L.; Kim, S.; Kwon, O.-P.
Chem. - Eur. ]. 2018, 24, 13706—13718. (c) Haidekker, M. A,;
Theodorakis, E. A. Org. Biomol. Chem. 2007, S, 1669—1678. For
selected recent examples, see: (d) Shao, J; Ji, S.; Li, X; Zhao, J;
Zhou, F; Guo, H. Eur. ]. Org. Chem. 2011, 2011, 6100—6109.
(e) Goh, W. L.; Lee, M. Y,; Joseph, T. L.; Quah, S. T.; Brown, C. J;
Verma, C.; Brenner, S.; Ghadessy, F. J.; Teo, Y. N. J. Am. Chem. Soc.
2014, 136, 6159—6162.

2255 https://dx.doi.org/10.1021/acs.orglett.0c00444
Org. Lett. 2020, 22, 2251-2255


pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00444?ref=pdf

